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Preface

The building sector is evolving towards a more efficient management of natural resources

and the incorporation of circular economy criteria. In this way, the recovery and revaluation of

construction and demolition waste (CDW), energy efficiency or the development of new composite

materials are some of the lines that define research in building engineering in this decade. This work

compiles some of the most cutting-edge research on sustainability in building, showing advances in

the development of new materials, more efficient construction systems, the recycling of construction
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en Edifcación (MITE)” would like to thank all the researchers for their collaboration, and for their

confidence in this MDPI Topic. We sincerely hope that the work will be useful for other professors,

professionals, and researchers, and that future editions will receive the same level of participation.

For all these reasons, we can only say thank you.
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Abstract: Most of the ground in Japan is soft, leading to great damage in the event of liquefaction.
Various ground-improvement measures are being taken to suppress such damage. However, it is
difficult to carry out ground-improvement work while checking the internal conditions of the ground
during the construction. Therefore, a visible and measurable evaluation of the performance of the
ground-improvement work was conducted in this study. The authors performed a simulation analysis
of the relative stirred deep mixing method (RS-DMM), a kind of ground-improvement method, using
a computer-aided engineering (CAE) analysis based on particle-based methods (PBMs). In the
RS-DMM, the “displacement reduction type (DRT)” suppresses displacement during construction.
Both the DRT and the normal type (NT) were simulated, and a visible and measurable evaluation was
performed on the internal conditions during each construction, the quality of the improved body, and
the displacement reduction performance. As an example of these results, it was possible to visually
evaluate the discharge of surplus soil by the spiral rod attached to the stirring wing of the DRT. In
addition, the authors succeeded in quantitatively showing that more surplus soil was discharged
when the stirring wing of the DRT was used than when the stirring wing of the NT was used.

Keywords: excavation and stirring; ground improvement; MPS-CAE analysis; relative stirred deep
mixing method; visualization

1. Introduction

Japan is a disaster-prone country that is exposed to the threat of various disasters,
such as earthquakes, tsunamis, and floods caused by heavy rains. In addition, there are
many soft grounds mainly composed of fine particles, such as clay, silt, and sand, especially
in urban waterfront areas, which are the cause of great damage due to liquefaction. The
phenomenon of liquefaction was first noticed in the 1964 Niigata Earthquake, and more
recently in the Great East Japan Earthquake that occurred on 11 March 2011 and caused
substantial damage, especially in Urayasu City, Chiba Prefecture [1–3]. There is great
concern about damage caused by liquefaction in the event of an earthquake directly beneath
the Tokyo metropolitan area or a huge Nankai Trough earthquake that is expected to occur
in the future. In modern times, the world must protect its land from various disasters,
such as earthquakes, tsunamis, and floods caused by heavy rains. For that purpose, it is
necessary to improve the land, that is, the ground, so that it is sustainable against disasters.
This concept will directly contribute to the achievement of Goal 11 (Sustainable Cities and
Communities) in the Sustainable Development Goals (SDGs).

Various ground-improvement measures are being taken to suppress damage associ-
ated with various disaster [4,5]. Ground-improvement measures are indispensable mea-
sures for forming sustainable ground in the future. By performing ground-improvement

Sustainability 2022, 14, 58. https://doi.org/10.3390/su14010058 https://www.mdpi.com/journal/sustainability
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work, it is possible to prevent the liquefaction phenomenon and suppress its damage.
However, it is difficult to perform ground-improvement work while checking the internal
conditions of the ground during the construction, and the design and evaluation are based
on empirical rules [6–8]. Therefore, the purpose of the present study was to conduct a
visible and measurable evaluation of the quality and performance of ground-improvement
work by computer simulation.

A simulation analysis of the relative stirred deep mixing method (RS-DMM) [9], a kind
of ground-improvement method, was performed in this study using a computer-aided
engineering (CAE) analysis based on the moving particle semi-implicit (MPS) method,
which is one of the particle-based methods (PBMs) [10,11]. The RS-DMM is a method of
penetrating and stirring while rotating the inner and outer wings of the stirring wing in
opposite directions and discharging the solidifying material from the tip of the stirring
wing [9,12]. In addition, the “displacement reduction type (DRT)” of RS-DMM suppresses
displacement during the construction. A series of operations, such as penetration, stirring,
and extraction, performed by the DRT and the normal-type (NT) RS-DMM, was reproduced
with a 3D model. Then, a visible and measurable evaluation was conducted on the
conditions of the inside of the ground during each construction, the quality of the improved
body, and the displacement reduction performance.

2. Deep Mixing and Relative Stirred Deep Mixing Methods

2.1. Construction Methods

Ground improvement has various sustainable effects on soft grounds, such as the
prevention of liquefaction, increase in bearing capacity, and promotion of consolidation.
Currently, there are many ground-improvement methods, such as the replacement method,
accelerated consolidation method, compaction method, solidifying method, reinforcement
method, and injection method. They are selected for use according to the characteristics
of the targeted soft ground and the purpose of the improvement. Deep mixing methods
(DMMs) comprise one of the solidifying methods among ground-improvement methods.
In DMMs, while the stirring wing penetrates the targeted soft ground, slurry-like or
powder-like solidifying material and the soft ground are forcibly stirred and mixed to
construct a columnar improved body in the targeted soft ground. One of the DMMs, the
relative stirred deep mixing method (RS-DMM), is a method of rotating the inner and outer
wings of the stirring wing in opposite directions at different speeds while discharging a
slurry-like solidifying material from the tip of the stirring wing [9,12,13]. By rotating the
inner and outer wings in opposite directions, it is possible to add the effects of “kneading”
and “mixing” to the mixing of the targeted soft ground and the solidifying material. One
of the issues that can occur when a DMM is applied to a soft ground is “co-rotation”.
Co-rotation is the phenomenon in which the unimproved parts remain due to their rotating
together with the cohesive soil that becomes attached to the stirring wing during stirring
and mixing. It occurs especially in cohesive soil and causes variations in the quality of
the improved bodies. Cohesive soil adheres to the stirring wing due to the cohesion
force of the cohesive soil, further cohesive soil adheres due to the cohesion force of the
adhered cohesive soil, and cohesive soil also adheres to the outside. In this way, the
mass of cohesive soil becomes larger and larger and results in the stirring capacity of the
stirring wing becoming significantly reduced. The RS-DMM prevents such co-rotation by
“kneading” and “mixing” and makes it possible to construct a high-quality, high-strength
improved body without variation.

DMMs are used not only as liquefaction countermeasures but also as measures against
the subsidence of embankments, the prevention of the slip destruction of grounds including
embankments, the stabilization of foundation structures, and so on, and they can be applied
under a wide range of ground conditions. The construction flow of DMMs is shown in
Figure 1 and is described in the following:

2
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Figure 1. Outline of construction process of DMMs.

(1) Axial core set of the stirring wing: The construction position is determined, and the
axial core of the stirring wing is set.

(2) Penetration and stirring of the stirring wing: Penetration and stirring are performed
while solidifying material is discharged from the tip of the stirring wing.

(3) Bottoming and tip treatment: After the specified construction depth has been reached,
stirring is performed with the stirring wing for 1 min.

(4) Extraction and stirring of the stirring wing: Extraction and stirring is performed while
the solidifying material is discharged from the tip of the stirring wing. The stirring
wing rotates in the opposite direction to that during the penetration.

2.2. Occurrence of Displacement and Displacement Reduction Type of Stirring Wing

One of the situations that may arise when performing ground improvement using
the relative stirred deep mixing method (RS-DMM) is the effect of “displacement”. When
applying the RS-DMM, it is necessary to penetrate the stirring wing into the targeted
soft ground and inject a slurry-like solidifying material. When this solidifying material
is injected, the material pushes the surrounding soft ground out, increasing the pressure
inside the soft ground and causing “displacement” [14,15].

If there are railroads or buildings around the construction site, the construction must
be executed while giving due consideration to the impact of displacement. Especially in
construction works near railways, there must be strict control of track displacement, and
the construction must be handled with the utmost of care.

The stirring wing of the displacement reduction type (DRT) is used in the above
situations. The stirring wing of the DRT uses the stirring wing rod as a spiral rod. In order
to suppress the displacement, it is necessary to prevent the solidifying material from
pushing out the ground, but the effect of the spiral rod promotes the discharge of excess soil
equivalent to the solidifying material injection, as shown in Figure 2, and the displacement
can be suppressed by releasing the internal pressure in the soft ground. By using the
stirring wing of the DRT, it is possible to reduce the displacement as well as its influence
on the surrounding structures.

3
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Figure 2. Stirring wing of NT and stirring wing of DRT: (a) Stirring wing of NT; (b) Stirring wing
of DRT.

3. Computer-Aided Engineering Analysis with Particle-Based Methods

3.1. Computer-Aided Engineering (CAE)

Computer-aided engineering (CAE) is an alternative technology for large-scale ex-
periments, conducted in a room or in situ, using prototypes that have been prepared in a
study as part of the development process of “manufacturing”. In other words, CAE is a
general term for technology that simulates and analyzes prototypes on a computer created
by a computer-aided design (CAD) and so on, considering the site conditions [16–19].
At the same time, CAE may refer to computer-aided engineering work or its tools for the
prior examination, design, manufacturing, and process design of construction methods and
products. In the field of geotechnical engineering, CAE can be used not only to visualize the
inside of the ground and the stress loading on the inside of the ground but also to estimate
the results of experiments that would entail very high costs and/or phenomena that would
be difficult to reproduce. In addition, by performing appropriate post-processing, it is
possible to communicate with other people in a visually easy-to-understand manner.

In this study, a simulation using a CAE analysis, based on the moving particle semi-
implicit (MPS) method as one of the typical particle-based methods (PBMs), that is an “MPS-
CAE analysis”, for the RS-DMM, is performed as a kind of ground-improvement method,
and the visible and measurable performance in the targeted soft ground is evaluated.

The possibility and validity of applying the MPS-CAE analysis to the ground and
ground-improvement methods has been clarified by Inazumi et al. [13,18,20–22] and
Nakao et al. [23].

3.2. Particle-Based Methods (PBMs) and Moving Particle Semi-Implicit (MPS) Method

A major feature of particle-based methods (PBMs) is that, unlike the finite element
method (FEM) and the finite difference method (FDM), they do not use a lattice, but
instead discretize the continuum as particles that move each calculation point with a
physical quantity. However, this causes a large difference in the governing equation. When
describing the behavior of a continuum, the Euler method (with lattice: FEM, FDM, and
so on) and the Lagrange method (non-grid: PBM) are available. In the Lagrange method,
the calculation point moves as the object moves and deforms, so the convection term

4
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disappears from the governing equation. Equations (1) and (2) show the Navier–Stokes
equations by the Euler method and the Lagrange method, respectively [13,21,24–26]:

∂u(x, t)
∂t

+ (u(x, t)·∇)u(x, t) = −1
ρ
∇P(x, t) + υ∇2u(x, t) + g(x, t) (1)

Du(X, t)
Dt

=
1
ρ
∇P(x, t) + υ∇2u(X, t) + g(X, t) (2)

where u is the velocity, P is the pressure, g is the external force, ρ is the density, and υ is the
kinematic viscosity coefficient.

The moving particle semi-implicit (MPS) method, one of the typical PBMs, is an
incompressible flow analysis method that discretizes a continuum with particles, and
the basic governing equations are the continuity equation shown in Equation (3) and the
Navier–Stokes equation shown in Equation (4):

Dρ

Dt
= 0 (3)

D
→
u

Dt
= −∇P

ρ
+ ν∇2→u +

→
g (4)

where D/Dt represents the Lagrange derivative, ρ is the density,
→
u is the velocity, P is

the pressure, ν is the coefficient of kinematic viscosity, and
→
g is the gravity. In PBMs, the

Navier–Stokes equation is divided into two stages, namely, the pressure term is calculated
explicitly from Equation (5) and the pressure gradient term is implicitly calculated from
Equations (6) and (7):

→
u∗ −

→
uk

Δt
= ν∇2

→
uk +

→
g (5)

∇2Pk+1 =
ρ

Δt2
n∗ − n0

n0 (6)

→
uk+1 −

→
u∗

Δt
= −∇Pk+1

ρ
(7)

where n is the particle number density (dimensionless quantity representing the density of
the particle arrangement), n0 is the standard particle number density, and k is the time step.
The * indicates the physical quantity at the stage when the explicit calculation is completed.
Figure 3 shows the calculation algorithm of the MPS.

3.3. Visualization in Ground by MPS-CAE Analysis

Conventionally, when performing ground-improvement work, the construction man-
agement is carried out by repeating measures based on the empirical rules of the site. This
is because the target of the construction is the ground, and it is impossible to directly and
visually check the ground and its internal conditions during the construction. Therefore,
what is required is the visualization of the ground. By simulating the ground improvement
in advance and visualizing the construction status, it is possible to carry out surveys,
designs, and construction management based on scientific methods. In addition, ground
improvement situations can be simulated by applying various conditions, such as physical
property values and the movements of the stirring wing, which can be useful for improving
the economic efficiency and quality of the ground-improvement work.

Nakao et al. (2021) used an MPS-CAE analysis to three-dimensionally model the
process of penetration and stirring by the RS-DMM on a computer, and examined the
behavior inside a targeted soft ground and the effect of the RS-DMM on the surrounding
ground. They succeeded in visually capturing the process of penetration and stirring by
the RS-DMM and the inside of the targeted soft ground in the MPS-CAE analysis. It has

5



Sustainability 2022, 14, 58

also been confirmed that the simulation results by the MPS-CAE analysis are in good
agreement with the results of the mixture model experiment. However, a quantitative
evaluation based on the results of an MPS-CAE analysis has not been achieved, and the
inside of the targeted soft ground must be measurably reproduced and evaluated. After
that, if various external factors inside the ground can be incorporated into the MPS-CAE
analysis, it is expected that the co-rotation mechanism can be successfully investigated and
that an effective ground-improvement method can be designed and developed.

Figure 3. Calculation algorithm for MPS.

In this study, the visualization of the RS-DMM, a kind of ground-improvement method,
was attempted using an MPS-CAE analysis, which is one of the numerical analysis meth-
ods. By expressing the targeted soft ground and the solidifying material as collections of
particles, the purpose is to evaluate how they are stirred and the quality of the improved
body in the MPS-CAE analysis. In addition, the performance of the displacement reduction
and the quality of the improved body when the stirring wing of the DRT was used were
compared with those when the stirring wing of the normal type (NT) was used, and the
performances were evaluated.
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4. Parameter Setting and Analysis Model

4.1. Bingham Fluid Model

The MPS-CAE analysis requires the determination of the rheological parameters for
each fluid. In this analysis, the rheological properties of the cement slurry and targeted soft
ground are assumed as Bingham fluid models, which are non-Newtonian fluids because
they are mixtures of various substances.

The Bingham fluid model is a fluid in which the strain ratio remains 0 until the shear
stress exceeds the yield value. The authors adopted the bi-viscosity model, which behaves
as a viscoelastic fluid when flowing and as a highly viscous fluid when immobile (see
Figure 4). The apparent viscosity when flowing is shown in Equation (8), and the apparent
viscosity when immobile is shown in Equation (9):

η = ηp +
τy
.
γ

.
γ ≥ .

γc (8)

η = ηp +
τy
.

γc

.
γ <

.
γc (9)

where τy is the yield value, ηp is the plastic viscosity,
.
γ is the average shear velocity, and

.
γc is the yield reference value at the boundary between the fluid state and the immobility
state. A preliminary analysis was performed in this analysis, and the result was

.
γc = 1.

In the preliminary analysis, the value of
.

γc was constantly changed and set in terms of flow
time, solution stability, and calculation time.

Figure 4. Concept of bi-viscosity model.

4.2. Parameter Setting

The parameters required for this analysis are density, yield value, and plastic viscosity.
Table 1 shows the parameters used in this analysis.

Regarding the analysis parameters of the cement slurry, the density was determined
by measuring the mass using a quantitative container with a known volume, and the
plastic viscosity was determined using a rotary viscometer. The rotary viscometer employs
a B-type viscometer (DV2T), which is relatively easy to handle. The yield value was set to
10 Pa in this analysis by referring to the yield stress of an unconfined compression test on
fresh concrete as the yield value of the Bingham fluid.
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Regarding the analysis parameters of the ground, the targeted soft ground was de-
termined by assuming a soft ground that needs improvement, referring to the results of
tests on soil collected from the field site of the soft ground [21,22]. For the yield value, the
authors referred to half of the unconfined compressive strength.

Table 1. MPS-CAE analysis parameters.

Density
ρ (kg/m3)

Yield Value
τy (Pa)

Plastic Viscosity
ηp (Pa s)

Cement slurry 1500 10 0.28
Soft ground 1600 1,000,000 1000

4.3. Analysis Model

In this study, the RS-DMM, which is a kind of ground-improvement method,
is reproduced by an MPS-CAE analysis, and the behavior of each particle assumed as
cement slurry and the behavior of the targeted soft ground are evaluated. In order to
perform the analysis, two types of stirring wing, NT and DRT, as well as one ground model,
were modeled on a computer using CAE.

The stirring wing used in the RS-DMM is composed of an inner wing and an outer
wing, which are rotated in opposite directions to penetrate and stir. The rod part of the
stirring wing of the NT is columnar, while that of the stirring wing of the DRT is spiral.
Figure 5 shows the stirring wing model used in this analysis. In addition, when performing
the analysis, it is necessary to set the parameters related to the rotation, penetration, and
volume of the cement slurry being injected into the stirring wing. The parameters shown
in Table 2 were set by referring to the construction results of the RS-DMM, which is the
analysis target of this study.

Figure 5. Stirring wing model used for MPS-CAE analysis: (a) Stirring wing of NT; (b) Stirring wing
of DRT.
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Table 2. MPS-CAE analysis parameters related to stirring wing behavior.

Elapsed Time
Classification

(s)

Rotational
Speed of Inner

Wing (rpm)

Rotational
Speed of

Outer Wing
(rpm)

Penetration
Speed (m/s)

Injected
Volume of
Solidifying

Material (m3/s)

0~10 −10 20 −0.1 0
10~50 −10 20 −0.1 0.03

50~110 −10 20 0 0
110~150 10 −20 0.1 0.03
150~160 10 −20 0.1 0

A columnar ground model, with a diameter of 6000 mm and a height of 5000 mm,
was used as the targeted soft ground. In the PBMs, the inter-particle distance, which
corresponds to the size of the particles, was set to 40 mm in consideration of the calculation
load. In addition, the targeted soft ground was divided into four parts in advance and
color-coded so that it would be easier to evaluate the state of the stirring and mixing of
the targeted soft ground and the cement slurry to be injected during excavation and the
state of stirring by the stirring wing (see Figure 6). The particles of the solidifying material
injected from the stirring wing are displayed in gray.

Figure 6. Targeted soft ground model used for MPS-CAE analysis: (a) Plan (top) view; (b) Side view.
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4.4. Analysis Case and Evaluation Method

In order to conduct a visible and measurable evaluation of the displacement reduction
performance when the stirring wing of the DRT is used, the results are compared with the
results when the stirring wing of the NT is used.

In the evaluation of the displacement reduction performance, attention was paid to
the moving velocity of the particles assuming the targeted soft ground. In order to suppress
the occurrence of displacement due to the construction, it is important to discharge the
surplus soil generated when the solidifying material is injected. For the particles inside the
targeted soft ground during the analysis, the velocity components in the Z-axis direction
were color-coded, and the mechanism of the discharging surplus soil and its performance
were evaluated. In order to quantitatively evaluate the performance of the discharging
surplus soil, the volume of discharging surplus soil was estimated by measuring the Z-axis
velocity of the particles existing in the specified region and calculating the flow ratio. The
volumes of discharging surplus soil in the two cases of the stirring wing of the NT and the
stirring wing of the DRT were estimated, and the results were compared.

In addition, in order to compare the construction process of the improved body when
the stirring wing of the NT is used and when the stirring wing of the DRT is used, the
cross section during the analysis is cut out, and the behavior of the particles, assuming
the cement slurry and the targeted soft ground, were visually evaluated. Specifically, the
difference in the quality of the improved body due to the difference in the stirring wing,
the effect of the stirring wing of the DRT on the improved body, and the distribution of the
solidifying material were evaluated.

5. Analysis Results and Discussion

5.1. Visualization for Performance of Discharging Surplus Soil by Velocity Display

The conditions during the discharge of surplus soil in the RS-DMM construction were
evaluated by the distribution of the moving velocity of the particles. Figure 7 shows the
analysis cross section at the stage (at 70 s) when the penetration and stirring are completed
and the static stirring is performed at the bottom. Focusing on the moving velocity of the
particles around the rod in the figure (the area surrounded by the black rectangle), in the
case of using the stirring wing of the NT, many particles with a moving velocity close to
0 m/s are distributed. On the other hand, in the case of using the stirring wing of the DRT,
there are many particles with a moving velocity of 0.3 m/s or more. Due to the effect of the
spiral rod attached to the stirring wing of the DRT, particles are forcibly moved upward,
and the surplus soil is discharged. Therefore, construction using the stirring wing of the
DRT in the RS-DMM is found to be effective for suppressing displacement.

5.2. Quantitative Evaluation of Discharge of Surplus Soil

In order to quantitatively evaluate the performance of the discharge of the surplus
soil, the volume of the discharging surplus was estimated. The volume of the discharging
surplus soil was estimated at the stage of static stirring at the bottom (40 s from 70 to 110 s)
after the completion of the penetration and stirring.

The volume of the discharging surplus soil was calculated using the following equa-
tion, Equation (10), assuming the flow ratio of the particles that had passed through the
cross section:

Q = A·v (10)

where Q is the unit volume, A is the cross-sectional area, and v is the moving velocity of
the particles. Regarding the cross-sectional area, the cross-sectional area through which the
particles pass was calculated by subtracting the cross-sectional area of the rod (φ = 440 mm)
from the cross-sectional area around the rod (500 mm × 500 mm) and was set to 0.1 m2. For
the moving velocity of the particles, the average moving velocity of the particles around
the rod (the area surrounded by the black rectangle), shown in Figure 7, was adopted. The
average moving velocity of the particles was calculated every 0.1 s, and the unit volume
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was calculated every 0.1 s in the same way to estimate the volume of discharging surplus
soil for 40 s.

Figure 7. Analysis cross section (velocity component in Z-axis direction) at stage of static stirring at
bottom: (a) Stirring wing of NT; (b) Stirring wing of DRT.

Table 3 shows the results of calculating the volume of discharging surplus soil. When
the stirring wing of the NT was used, the average moving velocity of the particles was very
slow, namely, 0.007 m/s. As a result, the total volume of discharging surplus soil over 40 s
was 0.026 m3. It can be confirmed that the discharge of surplus soil is rarely performed.
On the other hand, when using the stirring wing of the DRT, the average moving velocity
of the particles was 0.152 m/s. More particles continued to be discharged when using
the stirring wing of the DRT than when using that of the NT, namely, the total volume
of discharging surplus soil was 0.609 m3 over 40 s. With the stirring wing of the DRT,
about 23 times more surplus soil was discharged than with that of the NT. In this study, the
volume of discharging surplus soil was calculated within a limited range and time, so it
is possible that the value was smaller than the actual volume of discharging surplus soil.
However, because there was a large difference in the volumes of the discharging surplus
soil, even under these measurement conditions, it can be said that the stirring wing of the
DRT provides an excellent performance in discharging surplus soil.
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Table 3. Calculation results of volume of discharging surplus soil.

Average Moving Velocity for
40 s (m/s)

Total Volume of Discharging
Surplus Soil for 40 s (m3)

Stirring wing of NT 0.007 0.026
Stirring wing of DRT 0.152 0.609

5.3. Comparison of Improved Body due to Different Stirring Wing

The construction process and quality of the improved body constructed using the
stirring wing of the NT and the improved body constructed using the stirring wing of the
DRT are compared. Figures 8 and 9 show the analysis cross sections using the stirring
wings of the NT and the DRT, respectively. The construction process is described every
20 s in order to compare the construction process of the improved body. It can be seen in
these figures that there are no major differences in each construction process. In both cases,
penetration and stirring are performed in a columnar shape while injecting the solidifying
material at the beginning. After that, stirring is conducted so that the lower part swells
from 60 to 100 s. This is thought to be due to the fact that static stirring is performed for
1 min at the bottom and that the surrounding ground is also stirred at the same time due to
the viscosity of the ground. Then, from around 120 s, extraction and stirring are started
while injecting the solidifying material again. As the solidifying material is injected from
the lower part of the stirring wing, in accordance with the rotation of the stirring wing,
there are some parts that do not exist in the cross-sectional display, but they are present in
the columns as a whole. Therefore, it is unlikely that the quality will vary. In addition, the
stirring wing is pulled out of the ground to the ground surface from 140 s to 160 s. At that
time, the particles near the ground surface are stirred over a wider area than the particles
per 1 m underground. Compared to the inside of the ground, the particles on the ground
surface have a higher degree of freedom of movement, and it is thought that the range has
expanded due to the large wavy effect.

From the above results, it is thought that the difference the in stirring wings does
not affect the construction process of the improved body. However, construction using
the stirring wing of the DRT can suppress the discharge of surplus soil and displacement
while maintaining the quality of the improved body, but it exists near the ground surface
due to the discharge of surplus soil. As the surplus soil contains solidifying material, it is
necessary to dispose of it as industrial waste instead of disposing it as residual soil in the
usual manner.

5.4. Depth Distribution of Injected Cement Slurry

In order to compare the distribution of injected cement slurry in the depth direction,
the ground at the end of the analysis was divided into depths of 1 m, and the number of
cement slurry particles existing in each range was measured. The results are shown in
Figure 10. In both cases of the NT and DRT stirring wings, the number of particles present
at a depth of 3 to 4 m was the largest, followed by 0 to 1 m, 2 to 3 m, 1 to 2 m, and 4 to 5 m.
The reason why many cement slurry particles exist at the depths of 3 to 4 m and 0 to 1 m
is considered to be that the operation of the stirring wing is changed (started/stopped).
It is thought that this is because the cement slurry particles moved together with the soil
particles pushed by the movement of the stirring wing, and the particles stayed due to
the stoppage of the stirring wing. In addition, the number of cement slurry particles is
extremely small at a depth of 4 to 5 m, but this result is inevitable because only the tip of
the stirring wing can reach this region.
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Figure 8. Analysis cross section of construction using stirring wing of NT.
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Figure 9. Analysis cross section of construction using stirring wing of DRT.

14



Sustainability 2022, 14, 58

Figure 10. Depth distribution of injected cement slurry particles.

The big difference between the two cases was at the depths of 0 to 1 m and 3 to 4 m.
At 0 to 1 m, the number of cement slurry particles increased in the case of the stirring wing
of the NT, but at 3 to 4 m, the number of cement slurry particles increased. The reason for
this is thought to be an increase in the pressure inside the ground due to the injection of
the solidifying material. The cause of the displacement is an increase in pressure inside the
ground due to the injection of the solidifying material, and the discharge of surplus soil is
performed to release this pressure. In the NT, without the discharge of surplus soil, it is
considered that many soil particles and cement slurry particles adhered to the stirring wing
due to the increase in pressure and were carried to the ground surface at the same time
as the stirring wing was being pulled out. On the other hand, in the DRT, it is considered
that the amount of soil particles and cement slurry particles adhering to the stirring wing
decreased due to the release of pressure.

The effect of the improved body on the strength characteristics cannot be evaluated by
the MPS-CAE analysis used in this study; thus, other treatments, such as curing, are also
required. However, it was confirmed that the presence or absence of discharged surplus
soil may affect the distribution of the solidifying material. In the future, it will be necessary
to clarify this point by conducting strength tests.

5.5. Applicability and Validity of Analysis in Real Fields

As the subject of this study, the displacement reduction performance of just one
improved body was evaluated in this analysis. Therefore, it will be necessary to increase
the number of improved bodies and bring them closer to the site construction. The targeted
soft ground was expressed here as an aggregate of the same particles, but grounds are
originally non-uniform and contain impurities, such as stones and dust. By bringing the
ground model settings closer to those of the site ground, it will be possible to perform more
practical simulations. The targeted soft ground was set as a columnar region in this study,
but site grounds originally exist semi-permanently, and it will be necessary to consider
the effects of earth pressure and groundwater in the future. In addition, the validity of
these analysis results must be evaluated by conducting an indoor model experiment. When
conducting a model experiment, it will be necessary to carry out the experiment under
conditions and an environment that imitate those of the targeted soft ground in situ.

Considering the above points, an analysis and model experiment must be carried out
in the future that can more closely reflect the conditions of the construction site.

6. Conclusions

In this study, the performance of a visible and measurable evaluation of the relative
stirred deep mixing method was conducted using an MPS-CAE analysis. By visualizing the
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case using the stirring wing of the NT and the case using the stirring wing of the DRT, the
evaluation was performed by comparing the two cases. The results and findings obtained
in this study are shown in the following.

(1) It was possible to visually evaluate the discharge of surplus soil by the spiral rod
attached to the stirring wing of the DRT.

(2) It was quantitatively shown that more surplus soil was discharged when the stirring
wing of the DRT was used than when the stirring wing of the NT was used.

(3) No significant difference was found between the improved body using the stirring
wing of the NT and the improved body using the stirring wing of the DRT. There-
fore, it was confirmed that the construction could be executed without affecting the
improved body even if the surplus soil was discharged.

(4) Comparing the analysis results, it was found that the construction using the stirring
wing of the DRT had a better displacement reduction effect than the stirring wing of
the NT.

(5) A simulation of the relative stirred deep mixing method using an MPS-CAE analysis
was achieved. By changing the conditions, such as the ground and solidifying mate-
rial parameters, the rotation speed of the stirring wing, the penetration speed, and the
injection volume of the solidifying material, it was possible to perform simulations
according to more construction conditions. The visualization of the ground improve-
ment by an MPS-CAE analysis is thought to have contributed to an improvement
in construction efficiency, quality, and economy, as well as the development of new
research on construction technology and displacement. Thus, further studies will be
required in the future.
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Abstract: China’s highway asphalt pavement has entered the stage of major repair, and improving
the utilization rate of recycled asphalt pavement (RAP) is the main issue. The key link affecting
the performance of recycled asphalt mixtures is the regeneration of aged asphalt, and the effect
of the regenerant dosing on the high-temperature performance and viscosity of aged asphalt is
the main content to be studied in this research. The aging behavior of asphalt seriously affects
the roadworthiness of asphalt mixtures. In this study, we investigated the effect of changes in the
microscopic properties of the aged asphalt on its viscosity properties during regeneration using gel
permeation chromatography (GPC), Fourier-transform infrared spectroscopy (FTIR), and atomic
force microscopy (AFM) as well as Brinell viscosity tests. This study simulated asphalt aging by the
RTFOT test, and then we obtained an aged asphalt with a needle penetration of 30. We prepared
different regenerated asphalts by adding regeneration agent with doses of 2%, 4%, and 6% to the
aged asphalt. The results showed that the regeneration agent could effectively reduce the viscosity
of the aged asphalt, which can play a positive role in improving the construction and ease of the
aged asphalt. Rejuvenation agents affected the aging asphalt sulfoxide and carbon group indices.
Moreover, rejuvenation agents can also significantly reduce the intensities of their characteristic
functional group indices. The results of the AFM test showed that the increase in the dose of
regeneration agent increased the number of the asphalt bee-like structures and decreased the area of
individual bee-like structures. The results of the GPC test were consistent with the results of the AFM
test, and the increase in the dose of regeneration agent reduced the asphalt macromolecule content.
The viscosity properties and microstructure of the aged asphalt changed positively after the addition
of the regeneration agent, indicating that the regeneration agent had a degrading and diluting effect
on macromolecules.

Keywords: road engineering; viscosity properties; gel permeation chromatography; atomic force
microscope; aged asphalt

1. Introduction

Asphalt pavements are subject to deterioration by light, heat, and oxygen during
service, resulting in the deterioration of pavement performance [1,2]. The critical factor
in the regeneration of asphalt pavements is the regeneration of aged asphalt. Springback
agents are generally used to restore the performance of aged asphalt during the reuse of
asphalt pavements. The literature shows [3] that the main types of regeneration agents
include vegetable oils, waste-derived oils, engineering products, and various refinery
base oils. Previous studies on asphalt regeneration have focused more on the effects of
regeneration agents on asphalt and the macroscopic properties of asphalt mixtures [4]. Still,
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in recent years, scholars at home and abroad have turned their attention to studying the
mechanism of asphalt regeneration and have achieved specific results.

Huang et al. [5] explored the interaction between new asphalt, old asphalt, and re-
generation agent by Fourier-transform infrared spectroscopy (FTIR) and gel permeation
chromatography (GPC). Moreover, the results showed that the changes of the functional
group index and the molecular weight distribution could explain the regeneration effect of
the regeneration agent. The parameters of the sulfoxide index and the GPC of qiFTIR can
be used as reliable indicators to predict the macroscopic properties of asphalt. Lin et al. [6]
studied the changes of the characteristic functional group content of asphalt before and
after regeneration using FTIR. The results showed that the addition of the regeneration
agent made the characteristic functional group content of regenerated asphalt decrease.
Zhao et al. [7] studied regeneration agent changes on asphalt’s relative molecular weight
distribution using gel permeation chromatography. The results showed that the regen-
eration agent reduced the macromolecular content of the aged asphalt, which effectively
reduced the viscosity of the asphalt. Cui et al. [8] used atomic force microscopy (AFM)
tests to obtain Young’s modulus (DMT) and adhesion indexes and explored the changes of
regeneration agents on asphalt viscoelastic properties. From the study results, we can see
that the DMT of the regenerated asphalt was reduced after the addition of the recycler. As
a result, the viscoelastic properties were well recovered, and the adhesion properties of the
asphalt–aggregate interface were enhanced. Li et al. [9] analyzed the effect of regeneration
agents on the microstructure of aged asphalt using FTIR and AFM. The results showed that
the regeneration agents made the absorption intensity of some specific functional groups
decrease, enhanced the asphalt molecular motility and decreased the asphalt viscosity. He
et al. [10] used infrared spectroscopy to explore the mechanism of reagents on SBS-modified
asphalt. The results showed that a layer of interfacial film was formed between asphaltene
and a soft pitch due to the addition of reagents, which further played a role in lubricating
the asphalt, thereby reducing the viscosity of the aging asphalt. Yao [11] studied the mecha-
nism of the effect of regeneration agents on aged asphalt, and the results showed that the
regeneration agent could regulate the molecular weight distribution of the aged asphalt.

In summary, the current research on asphalt regeneration mainly focuses on the
mechanism of asphalt regeneration and the prediction of post-regeneration performance,
and fewer studies combined microscopic morphology and macroscopic performance on
the change law of the viscosity performance of aged asphalt after regeneration. In this
study, indoor simulated aging tests were conducted on the matrix asphalt, from which
aged asphalt with a needle penetration of 30 was obtained, and the doses of a springback
agent were 2%, 4%, and 6%. GPC, FTIR, and AFM tests, as well as activation energy,
were used to analyze the changes of the relative molecular weight, chemical components,
microstructure, and viscosity properties of asphalt before and after regeneration and to
explore the change law of the microscopic properties of the regenerated asphalt and its
influence on the viscosity properties.

2. Experimental Methods

2.1. Raw Materials

Asphalt’s primary performance test results are shown in Table 1, and its main indexes
met the specification requirements [12]. The test materials included 70# matrix asphalt and
a regeneration agent. Figure 1 illustrates a sample of rejuvenators, and Table 2 describes
specific technical properties.
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Table 1. Basic properties of 70# base asphalt.

Projects Test Values

Penetration (25 ◦C, 0.1 mm) 60.4
Softening point (◦C) 49.7
Ductility (15 ◦C, cm) >100

Viscosity at 135 ◦C (Pa·s) 0.475

 
Figure 1. Regeneration agent.

Table 2. Basic properties of the regeneration agent.

Physical Form
Density at 25 ◦C

(g·cm−3)
Specific Gravity Flash Point (◦C)

Brown liquid 0.946 0.95 209

2.2. Test method
2.2.1. Aging Asphalt

The rotating film oven (RTFOT; Figure 2) was used to age the 70# matrix asphalt
into the asphalt with a needle penetration (0.1 mm) of 30. The aging time required for
the asphalt was determined by relating the aging time to the degree of aging [13], and
the results are shown in Figure 3. One hundred and thirty-five minutes were the aging
time required for the 70# matrix asphalt to meet the performance index of 30# asphalt
after aging.

 
Figure 2. Rotating film oven.
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Figure 3. Needle penetration depths at different aging times in the RTFOT.

2.2.2. Asphalt Regeneration

The regeneration agent was similar to asphalt in chemical properties, and they had
good compatibility. The aged asphalt was heated to the flowing state, and the regeneration
agent with doses of 0%, 2%, 4%, and 6% were added and stirred for 30 min at 140 ◦C and
1000 rad/min using a high-speed shear to produce the regenerated asphalt. The preparation
process referred to the literature [14]. For the convenience of presentation, the regenerated
asphalts with the regeneration agent doping of 0%, 2%, 4%, and 6% was recorded as RA0,
RA2, RA4, and RA6, respectively, and the 70# matrix asphalt was recorded as MA, as shown
in Table 3.

Table 3. Sample descriptions.

Specimen Number
Aged Asphalt Ratio

(%)

Rejuvenation
Agent Content

(%)
Remarks

MA 0 0 Matrix asphalt
RA0 100 0 Aging asphalt
RA2 100 2 Regenerated asphalt
RA4 100 4 Regenerated asphalt
RA6 100 6 Regenerated asphalt

2.2.3. Physical Properties Test

JTG E20-2011 “Highway Engineering Asphalt and Asphalt Mixture Experimental
Procedure” [15] was used to determine the physical properties of the regenerated asphalt,
including the softening point (T0606-2011), the ductility at 15 ◦C (T0605-2011), and needle
penetration at 25 ◦C (T0604-2011).

2.2.4. Viscosity Test

A Brookfield viscometer with a temperature control device was selected to determine
the viscosities of various asphalts. Due to the low viscosity of the target asphalt, we mea-
sured the viscosities of 120 ◦C, 135 ◦C, and 150 ◦C at 20 rad/min according to T0625-2011.
To further analyze the change of the asphalt viscosity, we chose activation energy to analyze
the change of the viscosity of the regenerated asphalt. Activation energy is the minimum
energy required for molecules to reach the activation molecule to do work [16]. Activation
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energy can reflect the difficulty of the asphalt material to reach the flow state; the lower
the activation energy, the better the construction and ease. The Arrhenius equation was
described as:

Ln η =
Eη

RT
+ LnA (1)

where η is the viscosity of asphalt (Pa·s); T is the absolute temperature (K); A is a constant;
Eη is the activation energy of asphalt when it undergoes change (kJ·mol−1); R is the
universal gas constant with a magnitude of 8.314 J·mol−1 K−1. The study used the Brinell
viscosity to derive the activation energy of the regenerated asphalt, which was utilized to
analyze the construction and ease of regenerated asphalt [17].

2.2.5. GPC Test

An Agilent PL-GPC220 gel permeation chromatography was used to dissolve the
asphalt specimens in a tetrahydrofuran (THF) solvent to form a solution at a specific
concentration, with a specimen volume of 100 μL and a flow rate of 1 mL·mL−1. The column
used to separate the asphalt specimens was maintained at 35 ◦C. The molecular weight
and molecular weight size distribution of the asphalt were determined experimentally.
Figure 4 shows the principle of GPC. In the GPC test, the separation mode was not based
on the molecular weight, but molecules’ apparent size and molecular aggregation in a
specific solution. After the asphalt sample was adequately dissolved, it was introduced
into a group of columns through the injection mechanism as a molecular filtration system.
The chromatographic column was filled with a cross-linked gel containing surface pores,
which were different in size and played the role of molecular filters. Therefore, larger-size
molecules (LMSs) were not able to enter smaller pores, and smaller molecules (MMSs) fit
most pores and remained for a longer time.

 
Figure 4. Gel permeation chromatography (GPC) schematic diagram.

GPC research results can show the differences of asphalt in molecular size distribution.
In other words, GPC provided the “fingerprint” of each asphalt and provided a reasonable
explanation for the changes of its macro-properties in combination with the knowledge
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of the relative molecular weight of asphalt components. Equations (2) and (3) show the
formulae for the calculation of Mn (number average molecular weight) and Mw (heavy
average molecular weight), respectively [18]:

Mn =
∑ Hi

∑(Hi/Mi)
, (2)

Mw =
∑ MiHi

∑ Hi
, (3)

where Hi is the peak height, Mi is the molecular weight, Mn is the number average molecu-
lar weight, and Mw is the heavy average molecular weight.

2.2.6. FTIR Spectroscopy Test

FTIR can be used to detect chemical functional groups in solids, gases, and liquids.
Many researchers have now used FTIR spectroscopy to characterize the aging and regen-
eration behavior of asphalt and the content of polymers [19]. In this study, a Breaker
Alpha FTIR spectrometer with a spectral acquisition range of 500–4000 cm−1 was used to
determine the functional groups of each asphalt specimen. OMNIC software was used for
the baseline correction and smoothing of the IR curves to evaluate the regenerative effect
of the regenerator on the aging asphalt with the use of the characteristic functional group
(C=O and S=O) indices and the equation method [20] to calculate the sulfoxide group index
(IS=O) and the carbonyl group index (IC=O) with the equations as in Equations (4) and (5):

IS=O =
A1032

A2923 + A2852
, (4)

IC=O =
A1700

A2923 + A2852
. (5)

2.2.7. AFM Test

A Bruker Dimension Icon AFM was used to observe the surface morphologies of the
asphalt specimens to obtain the asphalt morphology map. The test was performed in the
tap mode with a scanning area of 20 μm × 20 μm. Figure 5 shows the schematic diagram of
the AFM working principle. Figure 6 shows the asphalt AFM specimens, and the asphalt
specimens were hot-cast. Firstly, the asphalt was heated to the flowing state, and then, a
small amount of asphalt was dropped on the center of a slide and heated to make it flow
freely on the slide. Finally, it was tested after natural cooling.

 
Figure 5. Schematic diagram of the atomic force microscopy (AFM) working principle.
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Figure 6. AFM specimens.

Rq and Ra could characterize the roughness in the asphalt microscopic appearance and
were described as Equations (6) and (7), respectively [21]:

Rq =

√√√√√ N
∑
1

Z2
i

N
, (6)

Ra =
1
N

N

∑
j=1

∣∣Zj
∣∣, (7)

where Rq is the average root mean square of the planar adhesion deviation, Ra is the arith-
metic mean of the absolute values of the adhesion deviation measured in the average plane,
and Zi denotes the corresponding adhesion deviation. In order to further quantitatively
investigate the microscopic property change of the regenerated asphalt, in this paper, the
AFM morphological images were pre-processed and quantitatively calculated. Figure 7
shows the image processing and calculation process.

  
(a) (b) 

Figure 7. Cont.

25



Materials 2022, 15, 380

  

(c) (d) 

Figure 7. Quantitative analysis process of the asphalt micromorphological map processing: (a) origi-
nal morphology; (b) pre-processing; (c) identification; (d) calculation.

3. Analysis of Test Results

3.1. Analysis of Physical Properties Test Results

As shown in Figure 8, the performance of the regenerated asphalt improved with
the increase of the regenerator dose during the aging asphalt regeneration process. The
needle penetration and the ductility increased significantly. In contrast, the softening point
showed a decreasing trend. When the regenerator dose was 6%, the indicators of RA6 and
MA tended to be close to each other, which indicated that the three primary indicators of
the regenerated asphalt met the technical requirements of 70# base asphalt.

 

Figure 8. Physical properties of the regenerated asphalt at different doses.

3.2. Viscosity and Activation Energy Analysis

The asphalt viscosity was closely related to the construction and ease. As seen in
Figure 9, the asphalt viscosity tended to decrease, as the dosage of the regenerator increased.
The viscosities difference between RA6 and MA was slight, indicating that the viscosity
of the regenerated asphalt with a dose of 6% was close to the base asphalt. It indicated
that the regenerator had the effect of reducing the viscosity of aging asphalt. The viscosity
activation energy reflected the energy required for the regenerated asphalt to reach the
flow state, in order to characterize the construction and ease of the regenerated asphalt.
The smaller the viscosity activation energy, the better the construction and ease. Figure 10
shows that the viscosity activation energy of asphalt increased after aging. In addition, the
activation energy of RA2, RA4, and RA6 decreased by 1.1%, 3.2%, and 4.6%, respectively,
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compared with that of RA0, indicating that the regeneration agent can reduce the viscosity
of the aged asphalt and improve the construction. In addition, the activation energy of
the viscosity of aged asphalt was similar to that of the base asphalt, when the dose of the
rejuvenator was 6%.

 
Figure 9. Viscosities of different asphalts.

 
Figure 10. Activation energies of different asphalt viscosities.

3.3. Analysis of GPC Test Results
3.3.1. Molecular Weight and Polydispersity

GPC provided valuable data about molecular weight distribution. Table 4 gives
the GPC parameters of each asphalt specimen, including Mn (number average molecular
weight), Mw (heavy average molecular weight), and polydispersity coefficient (PD = Mw/Mn).
Generally, the larger the polydispersity index is, the wider the molecular weight distribution
is. In addition, polydispersity represents the degree of component migration [22]. As shown
in Table 4, the Mn value decreased with the increasing dose of the regenerator, which means
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that the asphalt formed smaller molecules through physical or chemical reactions during
the regeneration process. By observing changes in the Mw and PD values of various
asphalts, we can see that the Mw and PD of RA6 were lower than those of other asphalts,
indicating that the regeneration agent led to lower Mw and PD values and had a degrading
and diluting effect on the aged asphalt macromolecules.

Table 4. GPC parameters of different asphalt specimens.

Asphalt Type Mn (g·mol−1) Mw (g·mol−1) PD

MA 593 1600 2.69
RA0 595 1895 3.18
RA2 569 2009 3.53
RA4 563 2060 3.65
RA6 522 1694 3.24

3.3.2. Molecular Weight Distribution

Figure 11 shows the relative molecular mass (Mn) distribution structure of the 70#
matrix asphalt and the regenerated asphalt. The horizontal coordinate is the logarithm of
the heavy average molecular weight, and the vertical coordinate is the relative content of
asphalt. From Figure 11, we can see that the molecular weight of asphalt was mainly in the
range of 102–104 and the molecular weight distribution of asphalt after aging showed a
shoulder peak in the range of 103.5–104.5. The relative content increased, which indicated
that the aging of asphalt promoted the increase of the macromolecular content. At the same
time, the macromolecular content of asphalt decreased after the addition of the regeneration
agent. The shoulder in the range of 103.5–104.5 slowly became slower with the increase of
the regeneration agent dose. The correlation study concluded a correlation between the
molecular weight size of asphalt and asphalt properties. The more the macromolecular size
in asphalt, the worse the asphalt performance [23]. The results of Jenning [23] and Kim [24]
averaged the GPC data into 13 intervals with a sizeable molecular size (LMSs; intervals
1–5), a medium molecular size (MMSs; intervals 6–9), and a small molecular size (SMSs;
intervals 10–13). Figure 11 shows the molecular size distributions of the asphalt specimens.
As seen in Figure 12, the increase in the rejuvenation agent admixture and the regenerated
asphalt exhibited higher MMSs and reduced LMSs. This is consistent with the GPC results,
where adding a rejuvenation agent resulted in lower Mw and PD values. The LMSs of
asphalt showed a better correlation with the asphalt properties than other dimensions [23].
Therefore, the study on the regeneration agent effect focused on LMSs, showing that LMSs
significantly decreased when the regeneration agent dose was 6%, which coincided with
the lower Mw and PD values found in the GPC test. It indicated that the regenerating
agent could significantly reduce the asphalt macromolecular size. Although rejuvenation
agents could replenish the components lost by asphalt due to aging, it was not easy to
rebalance the distribution of regulated molecules. The GPC test results showed that the
rejuvenator could reduce the size of large and medium molecules and increase the size
of small molecules; the rejuvenator had the effect of decomposing the large and medium
molecules in asphalt. At the same time, the proportion of heavy components in the asphalt
was reduced, and the proportion of light components was increased after the incorporation
of regenerants. This inevitably weakened the high temperature performance and the Brinell
viscosity of the aged asphalt. However, whether the ratio of each component in the recycled
asphalt is the same as that of the original asphalt needs further study and analysis.
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Figure 11. Chromatograms of the original asphalt and the regenerated asphalt.

 
Figure 12. Molecular size distributions of the asphalt specimens.

3.4. FTIR Analysis

Figure 13 shows the infrared spectra of the asphalts in the wavenumber range of
4000 cm−1 to 500 cm−1. As shown from Figure 13, the infrared spectrum of the aged
asphalt after the addition of the regenerating agent remained the same as that of the
aged asphalt, and no apparent new absorption peaks appeared; the difference lied in the
change of the transmittance size. The spectral difference between the aged asphalt and
the regenerated asphalt was related to the functional group index. The functional groups
that changed in the IR spectra were located at 1700 cm−1 and 1032 cm−1, representing the
absorption peaks of carbonyl (C=O) and sulfoxide (S=O), respectively. Figure 14 shows the
carbonyl and sulfoxide group indices for each asphalt specimen. We can see from Figure 14
that the sulfoxide index did not change significantly when the regeneration agent dose
increased. When the regeneration agent dose was 2%, the carbonyl index also did not
change. However, when the regeneration agent dose was 6%, the carbonyl index of the
regenerated asphalt decreased by 50% compared with the aged asphalt, and the carbonyl
functional group transmission rate of the regenerated asphalt increased significantly. The
index of the carbonyl group showed a decreasing trend, when the doses of rejuvenator
were 4% and 6%; it showed that the dose of rejuvenator that was greater than the dose of
2% was beneficial to reduce the content of heavy components in asphalts, so as to achieve
the purpose of reducing the viscosity of the aged asphalt.
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Figure 13. Infrared spectra of the asphalts.

 
Figure 14. Sulfinyl and carbonyl index diagrams.

3.5. AFM Analysis

Figure 15 shows the two-dimensional and three-dimensional morphology maps of the
matrix asphalt. As seen in Figure 15, the microscopic surface of the asphalt was widely
distributed with a bee-like structure, which was called a “bee-like structure” in the current
study [25]. The colors in the asphalt morphology diagram only represent the height of the
microscopic morphology and do not represent the actual color of the asphalt sample. A
bee-like structure in the matrix asphalt was randomly selected using NanoScope analysis
software to extract its height profile information. As shown in Figure 16, the height of this
bee-like structure had a “wavy” shape along the horizontal axis. The peaks correspond to
lighter areas of the morphology, while the valleys correspond to the darker areas of the
morphology. Numerous studies have shown that the bee-like structures on the microscopic
surface of asphalt are wax crystals formed by the eutectic of wax molecules and long-chain
alkyl groups of polar macromolecules, and the molecular motility of asphalt significantly
affects its aggregation state [26–28].
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(a) (b) 

Figure 15. Two-dimensional (a) and three-dimensional (b) maps of the substrate asphalt morphology.

Figure 16. Bee-type structure cross-section.

Figure 17 shows the 2D morphologies of the different asphalts. We can see that
all asphalts showed a bee-like structure. There was no essential difference between the
microstructures of the matrix asphalt, aged asphalt, and regenerated asphalt; the main
difference was the size and number of the bee-like structures. The aged asphalt had a
smaller number of bee-like structures and a larger size compared to the matrix asphalt.
The addition of the regenerating agent increased the number of bee-like structures and
decreased the size of bee-like structures, which was an improvement compared to those of
the aged asphalt. The presence of macromolecules was the main reason for the formation of
bee-like structures. The addition of regenerating agent regulated the asphalt components
and reduced the content of macromolecules in the aged asphalt, which is consistent with
the results of GPC analysis. Table 5 and Figure 16 show the number of bee-like structures,
the area of individual bee-like structures, and the roughness parameters.
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(a) MA (b) RA0 

  
(c) RA2 (d) RA4 

 
(e) RA6 

Figure 17. AFM morphologies of different asphalts.
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Table 5. Results of parameters for different asphalts.

Parameters MA RA0 RA2 RA4 RA6

N (number) 43 21 27 35 38
Single area

(μm2) 1.14 1.57 1.40 1.39 1.18

Rq (nm) 10.60 5.59 9.28 10.36 14.30
Ra (nm) 6.36 3.39 5.44 7.00 7.89

As seen in Figure 18, the number of bee-like structures of the matrix asphalt decreased
by 50% after short-term aging. The number of bee-like structures increased with the
dose of the revertant. The aging process increased the area of the individual bee-like
structures of the matrix asphalt. The area of the individual bee-like structures of the
asphalt decreased after the addition of the rejuvenation agent. The more the dose of the
rejuvenation agent, the more the area of the individual bee-like structures of the asphalt
decreased. The asphalt surface roughness Rq and Ra increased gradually with the increase of
the rejuvenation agent dose. The results showed that aging led to the increased asphaltene
content, providing a crystalline core for wax molecules, which helped reduce the number
of bee-like structures and increase their area. The addition of a regenerating agent had a
degrading and diluting effect on the internal macromolecules of the asphalt, thus reducing
the viscosity of the asphalt. Consistent with the results of the GPC and FTIR tests described
above, the rejuvenator helped to reduce the proportion of heavy components in the aged
asphalt and to convert the heavy components to light components by physical or chemical
action, thus reducing the asphalt viscosity and softening the aged asphalt. The microscopic
level analysis of the rejuvenation agent can improve the construction and ease of the
aged asphalt.

 
a  

Figure 18. Cont.
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(b) 

Figure 18. Variations of different asphalt parameters. (a) Trends of different asphalt bee-like structure
indicators. (b) Trends of different asphalt roughness indices.

4. Conclusions

The significance of this study was to analyze the effect of the recycler dosing on the
high-temperature performance and viscosity of recycled asphalt at the macroscopic and mi-
croscopic levels, to provide a scientific basis for the dosing of the recycled asphalt pavement,
the mixing temperature of the recycled asphalt mixture, and the recycler dosing, to maxi-
mize the reuse rate of recycled asphalt pavement and to optimize the overall performance
of the recycled asphalt mixture. In this paper, the changes of the relative molecular weight,
the chemical composition, the microstructure, and the viscosity properties of asphalt before
and after regeneration were analyzed by GPC, FTIR, AFM tests, and the asphalt activation
energy. This paper also explored the microscopic change mechanism of the regenerated
asphalt. The following main conclusions were obtained in this paper.

1. The addition of a regenerating agent significantly improved the flexibility and vis-
cosity of aged asphalt but harmed the softening point. The regenerating agent could
effectively reduce the viscosity of the aged asphalt, positively improving the construc-
tion and ease of the aging asphalt.

2. The FTIR results showed that the regenerating agent did not chemically react with
the asphalt to produce new substances and the regenerating agent with a dose of 6%
could significantly adjust the ratio of asphalt components. The regenerating agent
could affect the contents of the sulfoxide group and carbon group in the regeneration
process of aging asphalt and reduce the strength of its functional group index.

3. The GPC and AFM results showed that the content of macromolecules and the area of
individual bee-like structures decreased with the rejuvenation agent dose. In addition,
the number of bee-like structures on the microscopic surface of asphalt increased with
the rejuvenation agent. We can also see that the rejuvenation agent had a degrading
and diluting effect on the aging asphalt macromolecules, leading to a decreased
asphalt viscosity.
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Abstract: The increased CO2 emissions determined by the cement industry led to continuous and
intensive research on the discovery of sustainable raw materials with cementitious properties. One
such raw material category is agricultural waste. This study involved research on the effects of
corn cob ash and sunflower stalk ash, respectively, on compressive strength measured after 28 days
and 3 months, the flexural and splitting tensile strengths, the resistance to repeated freeze–thaw
cycles, and on the resistance to chemical attack of hydrochloric acid of the concrete. A 2.5% and 5%
replacement of the cement volume with corn cob ash (CCA) of A and B quality was applied, and
with sunflower stalk ash (SSA) at A and B quality, respectively. The obtained results revealed that
CCA and SSA decreased the compressive and tensile strength, but led to higher resistance of the
concrete on repeated freeze–thaw cycles and to hydrochloric acid. The mixes with 2.5% SSA at A
quality obtained the best results regarding splitting the tensile strength and resistance to repeated
freeze–thaw cycles, the mixes with 2.5% SSA at B quality led to the highest resistance to hydrochloric
acid, and those with 2.5% CCA at A quality led to the best values of compressive strength and flexural
tensile strength.

Keywords: agro-waste; eco-friendly material; sustainable building materials; ecological concrete

1. Introduction

The world’s cement production has been estimated to around 4.1 billion metric tons [1];
it emitted around 2.3 gigatons of CO2 in 2019, this value being around 7% of total CO2
emissions [2], and it is expected to reach 4.83 billion metric tons in 2030 [3]. A solution for
decreasing the CO2 emissions determined by the cement industry is its replacement by
supplementary cementitious materials (SCMs). These SCMs can contribute to reduce the
environmental impact and costs related to the cement and concrete industry, since they need
less process heating and emit smaller CO2 levels [4], enhance sustainability, and improve
some of the concrete’s properties [5]. The SCMs category includes, among many others,
the vegetal ashes obtained from the burning of different plants. A few examples of such
vegetal ashes that were studied as SCMs in concrete composition are: rice husk ash [6–8],
sugarcane bagasse ash [9,10], corn cobs [5,11,12], wheat [13,14], and many others. Previous
studies showed that lignocellulosic ash containing significant rates of silica and alumina
can develop pozzolanic activity in the presence of calcium hydroxide, leading to improved
properties of concrete [15,16]. Maize and sunflower, important crops that have an annual
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global cultivated area of around 178 × 106 ha [17], and 26.03 × 106 ha [18], respectively,
represent significant and widely spread sources of lignocellulosic materials. Maize crops
are cultivated mainly in China, USA, South Africa, and Eastern Europe, whereas sunflower
crops are grown in southern South America, Southern Europe, South Africa, and South
and European Russia [19].

Corn cob ash is a SCM studied quite intensively lately, as it has proven pozzolanic
properties in various studies that have been conducted on the use of corn cobs as a cement
partial replacement in concrete, but the results have been mixed. Adesanya, 1996 [20], and
Binici et al., 2008 [21], showed that corn cob ash (CCA) determined less water absorption
and improved resistance to sulfate attack. The studies led by Adesanya, 1996 [20], Adesanya
and Raheem, 2009 [12], Kamau et al., 2017 [22], and Memon and Khan, 2018 [23], concluded
that CCA determined a significant decrease in concrete compressive strength. Adesanya
and Raheem, 2009 [12], found that CCA decreases the concrete slump, whereas Kamau
et al., 2016 [5], found that it increases it. In 2012, Olafusi and Olutoge [24] studied the
strength characteristics of corn cob ash concrete and concluded that the concrete did not
reach its design strength after 28 days, and this depends on the pozzolanic activity of the
corn cob ash. From the results of the various tests carried out by Mujedu et al., 2014 [25],
it can be concluded that the combination of corn cob ash (CCA) and sawdust ash (SDA)
is a suitable material for pozzolana, because it has a combination of more than 70% (SiO2
+ Al2O3 + Fe2O3) to meet the requirements of this material. The compressive strength of
concrete increases with curing time and decreases as the percentage combination of CCA
and SDA increases up to 10% of ordinary Portland cement in concrete to obtain the greatest
strength gain. Although the strength of CCA-SDA concrete is lower than that used as
reference, it can still be used for general concrete projects where strength is not important,
such as floors, mortars, and mass concrete [25]. According to Ahangba and Tiza, 2016 [26],
when 10% CCA is used instead of cement, the cement setting time increases from 258 min
to 277 min). Substitution beyond this range will reduce the strength of concrete and cannot
be controlled. This kind of substitution can also be used in building walls and beam units
to reduce the use of cement and its high cost. Analyzing the research of Owolabi et al.,
2015 [27], it can be pointed out that the workability of fresh corn cob ash concrete decreases
with the increases in corn cob ash content, its compressive strength of concrete decreases
with increasing CCA replacement rate, but increases with increasing age of cure, and to
obtain the best compressive strength of the concrete, it is recommended to replace 5% of
the cement with corn cob ash. The studies developed on CCA concrete focused mainly
on the mechanical properties of fresh and hardened material, and on the resistance to
sulphate attack. Fewer studies were conducted on the hydration process and chloride
resistance of this type of concrete. Shakouri et al., 2020 [28], studied the effects of CCA as a
cement replacement between 3% and 20% in concrete, and they found that it negatively
affects the cement hydration and decreases the compressive strength and the chloride
ion permeability of the concrete. The durability of CCA concrete to chloride corrosion
represents an important problem that can reduce infrastructure service life worldwide [28].

Sunflower stalk ash (SSA) is a SCM much less studied than CCA, to our knowledge.
Aksoğan et al. (2016) [14] studied the compressive strength, abrasive resistance, and linear
absorption coefficient of concrete made with barite, colemanite, and SSA as a cement
replacement and they found that the optimum replacement rate was 2.5% of SSA. A higher
rate of 5% of SSA increased the concrete resistance to 5% sodium sulfate solution during an
180 days test. They also found that SSA improved the concrete behavior during the freeze–
thaw process [14]. Darweesh (2020) [29] studied the physical, chemical, and mechanical
properties of cement pastes with SSA, and found that SSA increases the compressive
strength, the CSH amount, and decreases the free lime content, and that 24 wt% was the
optimum rate of cement replacement with SSA, with higher rates as 30 wt% having negative
effects on the cement paste properties.

The aim of this study was to study the effects of corn cob ash and sunflower stalk
ash obtained by two methods on the mechanical and some durability properties of the
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normal concrete. The study novelty consists of the comparative analysis of these two types
of vegetal ashes, since to our knowledge very few studies were carried out on concrete
with sunflower stalks, and we did not find any with which to compare directly their
performances. For obtaining the CCA and SSA, the same methods were applied in order
to have a clear view of the differences given by the two plants. The research implied the
development of eight mixes with 2.5 vol.% and 5 vol.% cement replacement with CCA
at A and B quality, and with SSA at A and B quality. The objective was to obtain a type
of concrete with comparable performance to ordinary concrete, but adapted to the new
requirements of cost, energy efficiency, and sustainability. The tests performed included
compressive strength at 28 days and 3 months, flexural tensile strength, splitting tensile
strength, and the resistance to the action of repeated freeze–thaw cycles and to the action of
hydrochloric acid.

2. Materials and Methods

2.1. Materials

The vegetal materials used in this research were: ash from corn cobs of quality A and
quality B, and ash from sunflower stalks of quality A and quality B. The developed and
analyzed compositions were as follows:

• A reference composition of micro concrete, RC, with cement, sand and river gravel
aggregates up to 8 mm in diameter, with a water/cement ratio of 0.5;

• Eight concrete compositions with vegetal ash developed on the basis of RC:

- With corn cob ash of A quality, as 2.5% and 5% replacement of cement volume
(CCA1A, CCA2A),

- With corn cob ash of B quality, as 2.5% and 5% replacement of cement volume
(CCA1B, CCA2B),

- With sunflower stalk ash of A quality, as 2.5% and 5% replacement of cement
volume (SSA1A, SSA2A),

- With sunflower stalks ash of B quality, as 2.5% and 5% replacement of cement
volume (SSA1B, SSA2B).

The reference composition, RC, of 30/37 strength class, was realized for river gravel
(sort 4–8 mm), sand (sort 0–4mm), cement Portland CEM II/A-LL42.5R type (notations
according to EN 197-1:2011) [30] (HeidelbergCement Romania, Bucharest, Romania), super-
plasticizer additive based on polycarboxylateter (2% of binder), and water, according to NE
012/1-2007 [31].

2.2. Methods
2.2.1. Vegetal Ash Preparation

Sunflower stalks (SS) were broken manually into pieces of around 0.5 m in length,
and corn cobs (CC) were mechanically shredded with a mill for grinding animal feed in
granules smaller than 6 mm in diameter. SS and CC were free burned in a brick kiln,
after they were left to dry in outside natural conditions of the environment. The burning
temperature was not controlled; it was measured, and it achieved around 700 ◦C in the
case of SS case and 570 ◦C in the case of CC.

The raw ash obtained after free burning was sifted for 5 min through sieves of 20 mm,
10 mm, 2 mm, and 300 μm, using an automatic sieving equipment (Endocotts Powermatic
Test Sieve Shaker). The 300 μm sieve was chosen as Bahuradeen et al., 2015 [10], stated
that the pozzolanic properties of ash can be improved if the particles are smaller than this
dimension.

The sieved ash was then ground for 120 min in a ball dust crusher to obtain even
smaller dimensions of the ash particles. The ground ash (Figure 1) was noted as A quality
ash and it was used as cement partial replacement in CCA1A, CCA2A, SSA1A, and SSA2A
concrete mixes.
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Figure 1. The SSA of A and B quality and CCA of A and B quality, compared with the cement aspect.

The vegetal material that did not passed through the 300 μm sieve was subjected to
supplementary thermal treatment at around 550 ◦C for 120 min. After this treatment, the
vegetal material was sieved again through 20 mm, 10 mm, 2 mm, and 300 μm sieves for
5 min, with the same sieving equipment, and then ground for 120 min in the ball dust
crusher. This ground ash (Figure 1) was noted as B quality ash and it was used as cement
partial replacement in CCA1B, CCA2B, SSA1B, and SSA2B concrete mixes.

The ashes’ bulk density and specific gravity are presented in Table 1.

Table 1. The bulk density and specific gravity of CCA and SSA.

Ash Type Bulk Density (g/L) Specific Gravity (N/m3)

CCA of A quality 725 2.102
CCA of B quality 699 2.027
SSA of A quality 805 2.334
SSA of B quality 799 2.317

2.2.2. Sunflower Stalk Ash Analysis

CCA and SSA were analyzed using Scanning Electron Microscopy (SEM, Vega Tescan
LMH II, SE detector, 30 kV, Tescan Orsay Holding, Brno—Kohoutovice, Czech Republic)
coupled with Energy Dispersive X-Ray Spectrometer detector (EDS, Bruker XFlash 6I30,
Automatic mode, Bruker, Billerica, MA, USA) from composition and aspect point of view.2.

2.2.3. Composite Mixes Preparation

In this study, concrete with 2.5 vol.% and 5.0 vol.% corn cob ash and sunflower stalk
ash, of two qualities each, as a cement substitute were developed. The 9 mixes were
prepared according to NE 012/1-2007 [31]. A portable electric concrete mixer was used for
fresh mixes preparation. The concrete specimens were unmolded after 24 h from pouring
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in molds, and cured in ambient conditions for 28 days. The ambient conditions were:
temperature of 20 ± 3 ◦C, and relative humidity of 55 ± 10%.

2.2.4. Concrete Specimens Properties
Composition Analysis

The chemical elements and aspect of the developed concretes were analyzed through
Scanning Electron Microscopy (SEM, VegaTescan LMH II, SE detector, 30 kV) coupled
with Energy Dispersive X-Ray Spectrometer detector (EDS, Bruker XFlash 6I30, Automatic
mode). A low vacuum mode was necessary to analyze the samples due to the fact that all
samples gassed quite hard. Cubes samples (1 cm3 volume) were mechanically cut and used
for analyses.

Mechanical and Durability Properties Analysis

In Table 2, the essential elements for the applied methods in performing tests are
presented regarding the compressive strength, flexural tensile strength, splitting tensile
strength, resistance to repeated freeze–thaw cycles, and resistance to hydrochloric acid action.

 
(a) (b) 

Figure 2. Resistance to the action of hydrochloric acid: (a) Specimens immersed in 18% HCl solution;
(b) Specimens’ aspect after 10 days of immersion in 18% HCl solution.

Table 2. Mechanical and durability test details.

Test Specimens’ Type
Specimens’

Dimensions
Specimens Number
Tested for Each Mix

Standard Applied

Compressive strength Cylinder 100 mm diameter
200 mm length 3 EN 12390-3: 2019 [32]

Flexural tensile strength Prism
100 × 100 mm2

transversal section
550 mm length

3 EN 12390-5: 2019 [33]

Splitting tensile strength Cylinder 100 mm diameter
200 mm length 3 EN 12390-6: 2010 [34]

Resistance to freeze–thaw Cube sides of 100 mm 6 SR 3518: 2009 [35]
EN 12390-3: 2019 [32]

Resistance to hydrochloric
acid action Cube sides of 50 mm 3 Figure 2

The specimens were prepared by casting in metal molds: cylinders with 100 mm
diameter and 200 mm length, prisms of 100 × 100 × 550 mm, cubes with sides of 100 mm
and 50 mm. The tests were performed at 28 days. In all tests, 3 specimens were used for each
mixture and each test, according to the standards mentioned in Table 2, and the average
value was calculated. Only for the freeze–thaw resistance test were six specimens used for
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each mix, as three specimens were the control samples, not subjected to the freeze–thaw
cycles, and three specimens were subjected to the action of the freeze–thaw process.

Resistance to Repeated Freeze–Thaw Cycles

For the freeze–thaw test, cube specimens with sides of 100 mm were used, according
to the SR 3518:2009 [35] standard. Before the start of the 50 freeze–thaw cycles, 6 specimens
for each composition were immersed in water. The water had a temperature of 20 ± 5 ◦C.
The immersion was prepared gradually, the water level being raised every 24 h, first up to
1
4 of their height, then up to 1

2 , then up to 3
4 , and finally to the total immersion. After the

water immersion, three of the six specimens were kept in a water bath, whereas the other
three were tested in 50 freeze–thaw cycles. During the freeze–thaw cycle of 8 h, for the first
4 h, the specimens were frozen in a cold room at the temperature of −17 ± 2 ◦C, and then
for next 4 h, they were introduced in water with a temperature of 20 ± 5 ◦C.

After 50 cycles, the specimens subjected to freeze–thaw and those kept only in water
were tested for compressive strength, in accordance with EN 12390-3:2019 [32] stipulations.
The evaluation was conducted through the difference between the average compressive
strength of the three specimens kept in water and the average compressive strength of the
three specimens tested in 50 freeze–thaw cycles.

Resistance to Chemical Attack of Hydrochloric Acid (HCl)

Three cubes with side of 50 mm were used for each mix in performing the test for
resistance to chemical attack of hydrochloric acid. The cubes were first dried in an oven
at 90 ◦C until constant mass was reached, and then they were weighed. Afterwards,
they were introduced in a HCl solution of 18% concentration (Figure 2a) for 10 days.
This concentration level has been chosen in order to perform the test in a shorten period
and to subject the mixes to an aggressive action of this acid. After a period of 10 days,
the cubes were washed with clean water and brushed for the removal all loose particles
(Figure 2b) and dried out in the oven at 90 ◦C till the constant mass was attained. Finally,
the specimens were weighed. The resistance evaluation was performed by determining the
average relative mass loss.

3. Results and Discussions

3.1. Vegetal Ashes and Cement

EDS analysis led to the quantitative elementary chemical composition of CCA and
SSA presented in Table 3. As it can be seen in the cement composition, Si, Al, Ca and Fe are
the predominant chemical elements. Compared with cement, if we look at the composition
of the vegetal ashes, it can be observed that Si lacks the B quality of SSA, Al and Fe are
present only in the B quality of CCA, and Ca content is a little smaller in the SSA at A and
B quality and in a much smaller rate in the CCA at A and B quality. If we look to the other
two elements present in cement, namely K and S, it can be observed that the K content is
much higher (around 20–23 times), whereas the S content is quite similar or a little smaller
in CCA and it lacks in SSA. In contrast to the cement, in both vegetal ashes supplementary
elements appear, namely small rates of C, Mg, and Cl, and in CCA, S and P.

In a comparative analysis between CCA and SSA compositions, the following obser-
vations can be drawn:

• Si content in CCA is quite significant compared with SSA, being 10 times higher for A
quality, whereas it is lacking in SSA at B quality;

• Only CCA at B quality has a small rate of Al and Fe;
• Ca content is around six times higher in SSA than in CCA;
• K quantities are very high in all ashes, around 21–23% in CCA and around 23–25% in

SSA; the B quality of SSA has the bigger K content;
• S and P are present only in CCA;
• C content is much higher in CCA than in SSA, with 1.8 times higher for A-quality ash,

and with 2.5 times higher for B quality;

42



Materials 2022, 15, 868

• Mg content is almost double in SSA than in CCA, whereas the Cl rates does not differ
significantly between them.

Table 3. CCA, SSA and cement elementary chemical composition, quantitative identification.

Element

CCA SSA
Cement

A B A B

Mass
Norm.

(%)

Atom
(%)

Mass
Norm.

(%)

Atom
(%)

Mass
Norm.

(%)

Atom
(%)

Mass
Norm.

(%)

Atom
(%)

Mass
Norm.

(%)

Atom
(%)

Oxygen (O) 47.58 56.28 39.56 45.81 50.81 63.76 52.85 65.29 47.65 64.17
Silicon (Si) 7.14 4.81 5.42 3.58 0.68 0.49 - - 20.97 16.09

Aluminum (Al) - - 1.76 1.21 - - - - 12.89 10.29
Calcium (Ca) 1.63 0.77 1.41 0.65 10.18 5.10 8.94 4.41 12.12 6.51

Iron (Fe) - - 1.14 0.38 - - - - 4.25 1.64
Potassium (K) 21.22 10.27 22.75 10.78 22.85 11.73 25.00 12.64 1.07 0.59

Sulfur (S) 1.18 0.70 0.69 0.40 - - - - 1.05 0.70
Carbon (C) 14.62 23.64 22.13 34.13 7.91 13.23 8.97 14.77 - -

Magnesium (Mg) 1.83 1.43 1.13 0.86 5.41 4.47 2.06 1.68 - -
Chlorine (Cl) 3.03 1.62 2.50 1.31 2.16 1.22 2.18 1.21 - -

Phosphorus (P) 1.77 1.08 1.51 0.90 - - - - - -
SUM 100 100 100 100 100 100 100 100 100 100

Scanning electron microscopy (SEM) images of A- and B-quality ashes of corn cobs
and sunflower stalks are presented in Figure 3, at the 50 μm scale. SSA and CCA particles
are bigger and less compact than the cement ones and present an agglomerated aspect (in
Figure 3, some examples are marked). The aspect of SSA at B quality is more compacted
than that of SSA at A quality. In the case of CCA, the aspect of the two variants has no
big differences. The agglomeration of particles can be due to the high content of K, and it
is in agreement with the results observed by Shakouri et al., 2020 [28], and Kamau et al.,
2016 [5]. According to Shakouri et al., 2020 [28], the K content depends on the plant species
and on the fertilizers used in crops.

In Figure 4 are presented the distributions of the main identified elements through
EDS analysis from Table 3, on a 0.01 mm2 area, highlighting the main components of the
A- and B-quality ashes of corn cobs and sunflower stalks and their distribution on the
conglomerate. Beside the general oxide mass, a few small compounds based on Si or Cl
can be observed.

3.2. Composite Specimens Properties
3.2.1. Chemical Composition Analysis

In Table 4, the chemical composition of the studied concretes, according to EDS
analysis, is presented from the mass and atomic percentage points of view.
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Figure 3. SEM images of CCA, SSA and cement at the magnification rate of 50 μm.
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Figure 4. The distribution of the main identified elements in CCA and SSA, identified by EDS analysis,
at the magnification rate of 80 μm.

The silicon content can be observed to be increased in almost all concretes with vegetal
ashes than in the RC; only in SSA2B is it very insignificantly decreased. The carbon level
is significantly decreased (up to 50%) in all mixes with vegetal ashes, except for SSA1A
and SSA2B, which have very close values to RCs. The Calcium content is quite similar in
CCA1A and CCA1B to that in RCs, being around 2–3% higher in CCA2A, CCA2B, and
SSA1A, being almost 3% smaller in SSA2A, and it lacks in SSA1B. Aluminum levels are very
close to that of RC in almost all mixes with vegetal ashes, except SSA2A and SSA1B, where
they are almost four times higher. Regarding the Iron, there are no significant differences
between the mixes. SSA2A contains a very small rate of Sodium, and in CCA2A, CCA2B,
SSA2A, SSA1B, and SSA2B there exists small amounts of Potassium that are directly related
to the strength performances of the concrete, even if its rate is very small [36].

In Figure 5, the distribution of the main identified elements in the studied concretes is
presented at a magnification rate of 400 μm. In SSA1A and CCA1A, the O, Si, Ca, C, Al,
and Fe elements are visible, and the greener zones containing more Si (from the aggregates
composition), and the bluer ones (given by the Ca element color from the legend of each
image) are correspondent to calcium-silicate-hydrate (CSH) resulting from the pozzolanic
reaction within the matrix. The C content contributes to the decreasing strength of the
concrete. In SSA2A and CCA2A, the distribution of O, Si, Al, Ca, Fe, C, and K elements can
be seen, according to the attached legend of attributed colors to each element, the bluer
zones corresponding to the CSH content. The difference between those two mixes is the Na
element present in SSA2A. In SSA1B, the Si, Al, and Fe content is more pronounced than
the other elements, O, C, and K. In SSA2B, Al, Si and Ca are predominant. Additionally,
the K element is quite visible. In CCA1A and CCA2B, the CSH zones are visible in the left
half and bottom half of the images, respectively.
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(a) 

 
(b) 

Figure 5. The distribution of the main identified elements in the studied concretes, at the magnifica-
tion rate of 400 μm: (a) CCA concretes, (b) SSA concretes.
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3.2.2. Compressive Strength

The compressive strength determined at 28 days is presented in Figure 6. As it can be
seen in the graph, CCA1A, CCA1B, and SSA1A registered similar values for compressive
strength, being around 14.7 ± 0.3% smaller than RC. Therefore, in the case of CCA, the
qualities of the two types of ash led to almost the same result, and between CCA and SSA
at A quality there are no big differences. CCA1A and CCA2A registered the best results
between the ash mixes due to the Si content. SSA1A good result can be attributed to the
smaller content of C in SSA than in CCA. Instead, B quality of SSA determined the biggest
decrease in compressive strength than RC, with 42% in the case of concrete compositions
with 2.5% ash. From the mixes with 5% vegetal ash, the best result was registered by SSA2A,
followed by CCA2B and CCA2A, with 25.30%, 27.80%, and 30.00% smaller values than RC.

In conclusion, regarding the compressive strength measured at 28 days, for the 2.5%
replacement rate of cement, the best result was given by the A quality of CCA, and for the
5% replacement rate, by the A quality of SSA.

Regarding the compressive strength evolution from 28 days to 3 months, according
to Figure 6, it can be observed that the biggest increase was achieved by SSA2B, namely
14.74%, with around 12.5% bigger than that of RCs. SSA1A also had a good evolution, with
a 11.40% increase, but with around 1% under the RCs. SSA2A, SSA1B, and CCA2A also
registered good results, scoring 9.40%, 8.30%, and 8.10% more than the initial compressive
strength. CCA at B quality instead determined a decrease in the time of this parameter,
with around 3.5%.

 

Figure 6. Compressive strength values at 28 days and 3 months age (N/mm2).

If the value obtained at 28 days and evolution in time are considered together, the best
result was obtained by SSA1A, which had a decrease in compressive strength of 14.70%
than RC and a strength gain in time very close to that of RC’s, being only 0.9% smaller.

3.2.3. Flexural Tensile Strength

The vegetal ash used in the concrete composition led to a decrease in the flexural
tensile strength (Figure 7). CCA1A and SSA2B registered the best results regarding this
parameter, being only 0.95% and 1.30% smaller than RC. This can be attributed to the Si
presence in CCA, and the higher content of Ca plus a much smaller C content in SSA,
respectively. In CCA group, the ash at B quality led to smaller values than that at A quality,
at around 12%. The SSA group registered more inferior results than the CCA one, especially
in the case of using A-quality ash. SSA1A and SSA2A achieved a smaller flexural tensile
strength with 29.5% and 33%, respectively, than RC. SSA at B quality obtained better results
for this parameter than that of A quality, especially in the case of the 5% replacement rate.
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Figure 7. Flexural tensile strength values [N/mm2].

In conclusion, the A-quality ash from corn cobs led to the best values among the
studied mixes with vegetal ash, regarding the flexural tensile strength.

3.2.4. Splitting Tensile Strength

The corn cob and sunflower stalk ash had significant negative effects on the splitting
tensile strength of the RC (Figure 8). The best result among the mixes with vegetal ash was
obtained by SSA1A, being around 31% smaller than the RC’s results, followed by CCA2A,
with a decrease of 39.4%. The best result for SSA1A can be attributed to a combination of
elements: the higher Ca content in SSA at A quality for all ashes, its smallest C content,
and Si presence. CCA1A, CCA1B, and SSA2A registered smaller values, with 43%, 44%,
and 46.6%, respectively, than the reference. CCA2B obtained the biggest decrease, at
around 54%.

 

Figure 8. Splitting tensile strength values [N/mm2].

3.2.5. Resistance to Repeated Freeze–Thaw Cycles

After 50 freeze–thaw cycles, RC registered a 34.80% decrease in compressive strength
(Figure 9). A 2.5% replacement rate of cement with SSA of A quality led to a significant
improvement of this parameter, this composition obtaining a 11.90% decrease only com-
pared with control samples. The SSA1A performance can be attributed to a combination of
chemical elements of SSA of A quality than the other ashes, namely the highest Ca rate,
the smallest C content, and Si presence. The 5% B-quality ash of CCA and SSA also had
positive effects, these mixes registering a 13.3 ± 0.2% decrease. CCA1B also obtained better
freeze–thaw resistance than RC, but in a smaller rate than CCA2B and SSA2B, respectively;
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therefore, the conclusion can be drawn that a higher replacement rate of cement with
B-quality ash for both plant cases led to improved freeze–thaw resistance. The good results
obtained by CCA1B and CCA2B can be due to the Al and Fe content in the CCA at B
quality. Regarding the A-quality ash, a higher replacement rate in the case of CCA led to an
improvement of about 9%, but in the case of SSA led to a significant decrease from 11.9%
up to 32%. Only CCA1A registered a smaller resistance, at around 2% (Figure 9).

3.2.6. Resistance to HCl Chemical Attack

All compositions with vegetal ash registered an improved resistance to chemical attack
of 18% HCl solution, with more than 29.50% (Figure 10). The best results were obtained
by SSA1B, CCA1A, SSA2B, and SSA1A, registering higher values with 45.5 ± 1.5% than
RC. The good results obtained by CCA1A can be attributed to the highest Si content of
CCA at A quality, whereas those of SSA1B and SSA2B to the combination of high content
of Ca and small C content of the SSA at B quality. CCA2A and CCA2B registered a 40 ± 1%
improvement than RC, whereas the results for CCA1B and SSA2B were 33% and 29.50%,
respectively.
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Figure 10. Mass loss due in case of chemical attack of 18% HCl solution [%].
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In CCA group, A quality ash led to better results than the B one, and an increased
replacement rate of this ash type led also to improved resistance. In SSA group, B quality
ash registered better values for resistance to the action of 18% HCl solution than the A one,
but the improvement decreased as the replacement rate increased (Figure 10).

In conclusion, 2.5% of A quality of CCA and B quality of SSA led to the best values of
resistance to 18% HCl solution (Figure 10).

4. Conclusions

This study aimed to analyze the effects of two different qualities of ashes obtained
by corn cobs and sunflower stalks free burning, on some properties of a micro concrete,
by applying 2.5 vol.% and 5 vol.% replacement of the cement. The analyzed properties
were compressive strength, flexural tensile strength, splitting tensile strength, freeze–thaw
resistance, and resistance to chemical attack of hydrochloric acid solution:

• The best results for compressive strength between all mixes with vegetal ash were
obtained by CCA1A, SSA1A, and CCA1B, with very close values between them.
Therefore, the 2.5% of CCA, no matter its quality, and 2.5% of SSA of A quality led
to similar compressive strength values. Between these three variants of mixes with
vegetal ashes, only SSA1A obtained a very good gain in compressive strength during
a period of 3 months, very close to that of RC.

• Regarding flexural tensile strength, CCA1A and SSA2B registered the best results,
with a more insignificant decrease than RC of only about 1%.

• CCA and SSA, no matter of the quality used, determined decreases in splitting tensile
strength of RC, between 31% and 54%. The smallest decreases were registered by
SSA1A and CCA2A, with 31% and 39%, respectively, smaller than the reference.

• All vegetal ashes used in this study led to very significant improvement of resistance
to freeze–thaw and to the chemical attack of HCl. Regarding resistance to repeated
freeze–thaw cycles, the biggest improvements were obtained by SSA1A, followed very
closely by SSA2B and CCA2B, with 23–23% smaller losses in compressive strength
than RC. Regarding resistance to chemical attack of 18% HCl solution, all studied
mixes with vegetal ash obtained improvements of this parameter, between 30% and
47% more than the reference.

• CCA1A led to the smallest decreases in compressive strength at 28 days and flexural
tensile strength, and it registered one of the biggest values regarding resistance to HCl
action.

• SSA1A was the optimum mix regarding compressive strength at 28 days and 3 months,
splitting tensile strength and freeze–thaw resistance, and it obtained a very significant
improvement of resistance to HCl, at 44%.

• SSA1B obtained the biggest improvement of the resistance from the HCl action point
of view, and one of the best results from the freeze–thaw resistance point of view.

• CCA2B and SSA2B obtained very significant increases as resistance to freeze–thaw
cycles and to HCl action.

• SSA2B registered the biggest compressive strength gain in time, bigger than RC, and
one of the smallest decreases in flexural tensile strength.

Most concrete and reinforced concrete applications are based on the idea of improving
the strength properties. However, the role of using corn cob and sunflower stalk ash as
partial substitutes for cement is not to improve the mechanical strength, but to improve
other properties of concrete, such as resistance to repeated freeze–thaw cycles or resis-
tance to various chemical agents, properties that make them more economical in terms of
production costs and more environmentally friendly by reducing the amount of energy
incorporated in their production. If engineers stop thinking about strength, it will not
be difficult to find many other areas of application for these new materials, as well as
improving them at the same time.
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Regarding applications for concrete with the studied vegetal ashes, the chloride content
of CCA and SSA limits their use to unreinforced concrete applications or to applications
with non-corrosive reinforcement or non-structural ones.

As future directions to be researched, the effects of bigger rates of CCA and SSA as
cement replacement or as additive material on the freeze–thaw resistance can be studied;
in general, in this study, bigger improvements were observed as the vegetal ash content
increased.
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14. Aksoğan, O.; Binici, H.; Ortlek, E. Durability of concrete made by partial replacement of fine aggregate by colemanite and barite

and cement by ashes of corn stalk, wheat straw and sunflower stalk ashes. Constr. Build. Mater. 2016, 106, 253–263. [CrossRef]
15. Martirena, F.; Monzó, J. Vegetable ashes as supplementary cementitious materials. Cem. Concr. Res. 2018, 114, 57–64. [CrossRef]
16. Shafigh, P.; Mahmud, H.B.; Jumaat, M.Z.; Zargar, M. Agricultural wastes as aggregate in concrete mixtures—A review. Constr.

Build. Mater. 2014, 53, 110–117. [CrossRef]
17. OECD (Organisation for Economic Cooperation and Development). Crop Production (Indicator). Available online: https://www.

oecd-ilibrary.org/agriculture-and-food/crop-production/indicator/english_49a4e677-en (accessed on 20 September 2021).
18. USDA (United States Department of Agriculture). World Agricultural Production. Circular Series WAP 10-21 2021, 38. Available

online: https://apps.fas.usda.gov/psdonline/circulars/production.pdf (accessed on 20 September 2021).

52



Materials 2022, 15, 868

19. Leff, B.; Ramankutty, N.; Foley, J.A. Geographic distribution of major crops across the world. Glob. Biogeochem. Cycles 2004, 18, 33.
[CrossRef]

20. Adesanya, D. Evaluation of blended cement mortar, concrete and stabilized earth made from ordinary Portland cement and corn
cob ash. Constr. Build. Mater. 1996, 10, 451–456. [CrossRef]

21. Binici, H.; Yucegok, F.; Aksogan, O.; Kaplan, H. Effect of corncob, wheat straw, and plane leaf ashes as mineral admixtures on
concrete durability. J. Mater. Civ. Eng. 2008, 20, 478–483. [CrossRef]

22. Kamau, J.; Ahmed, A.; Hirst, P.; Kangwa, J. Permeability of corncob ash, anthill soils and rice husk replaced concrete. Int. J. Sci.
Environ. Technol. 2017, 6, 1299–1308.

23. Memon, S.A.; Khan, M.K. Ash blended cement composites: Eco-friendly and sustainable option for utilization of corncob ash.
J. Clean. Prod. 2018, 175, 442–455. [CrossRef]

24. Oladipupo, O.S.; Olutoge, F.A. Strength Properties of Corn Cob Ash Concrete. J. Emerg. Trends Eng. Appl. Sci. 2012, 3, 297–301.
25. Mujedu, K.A.; Adebara, S.A.; Lamidi, I.O. The Use of Corn Cob Ash and Saw Dust Ash as Cement. Int. J. Eng. Sci. 2014, 3, 22–28.
26. Ahangba, A.; Michael, T. Partial replacement of cement with corn cob ash. Int. J. Innov. Res. Multidiscip. Field 2016, 2, 158–169.
27. Owolabi, T.A.; Oladipo, I.O.; Popoola, O.O. Effect of corncob ash as partial substitute for cement in concrete. N. Y. Sci. J. 2015, 8,

1–4.
28. Shakouri, M.; Exstrom, C.L.; Ramanathan, S.; Suraneni, P. Hydration, strength, and durability of cementitious materials

incorporating untreated corn cob ash. Constr. Build. Mater. 2020, 243, 118171. [CrossRef]
29. Darweesh, H.H.M. Influence of sun flower stalk ash (SFSA) on the behavior of Portland cement pastes. Results Eng. 2020,

8, 100171. [CrossRef]
30. EN 197-1:2011. Cement. Composition, Specifications and Conformity Criteria for Common Cements; European Committee for Standard-

ization: Brussels, Belgium, 2011.
31. NE 012/1-2007. Normativ Pentru Producerea Betonului S, i Executarea Lucrarilor Din. Beton, Beton Armat S, i Beton Precomprimat—Partea

1: Producerea Betonului (Regulations for the Production of Concrete and the Execution of Concrete, Reinforced Concrete and Prestressed
Concrete); ASRO—Romanian Standardization Association: Bucharest, Romania, 2007.

32. EN 12390-3:2019. Testing Hardened Concrete Part. 3: Compressive Strength of Test. Specimens; European Committee for Standardiza-
tion: Brussels, Belgium, 2019.

33. EN 12390-5:2019. Testing Hardened Concrete Part. 3: Flexural Tensile Strength of Test. Specimens; European Committee for
Standardization: Brussels, Belgium, 2019.

34. EN 12390-6:2010. Testing Hardened Concrete; Part. 6: Split Tensile Strength of Test. Specimens; European Committee for Standardiza-
tion: Brussels, Belgium, 2010.

35. SR 3518:2009. Încercări Pe Betoane. Determinarea Rezistent,ei La Înghet, -Dezghet, Prin Masurarea Variat, iei Rezistent,ei La Compresiune¸
Si/Sau Modulului de Elasticitate Dinamic Relativ (Tests Hard-Ened Concrete. Determination of Freeze-Thaw Resistance by Measuring
the Variation of the Com-Pressive Strength and/or the Relatively Dynamic Modulus of Elasticity); ASRO—Romanian Standardization
Association: Bucharest, Romania, 2009.

36. Neville, A.M. Properties of Concrete, 5th ed.; Trans-Atlantic Publications, Inc.: Philadelphia, PA, USA, 2012.

53





Citation: Ferrández, D.; Álvarez, M.;

Saiz, P.; Zaragoza, A. Experimental

Study with Plaster Mortars Made

with Recycled Aggregate and

Thermal Insulation Residues for

Application in Building. Sustainability

2022, 14, 2386. https://doi.org/

10.3390/su14042386

Academic Editor: Jorge de Brito

Received: 31 January 2022

Accepted: 16 February 2022

Published: 19 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Experimental Study with Plaster Mortars Made with Recycled
Aggregate and Thermal Insulation Residues for Application
in Building

Daniel Ferrández 1,*, Manuel Álvarez 1, Pablo Saiz 2 and Alicia Zaragoza 1

1 Department of Building Technology, Polytechnic University of Madrid, Avenida Juan de Herrera, 6,
28040 Madrid, Spain; manuel.alvarezd@upm.es (M.Á.); alicia.zaragoza@alumnos.upm.es (A.Z.)

2 Department of Financial Economics, Accounting and Modern Language, Rey Juan Carlos University,
Vicálvaro Campus, Paseo de los Artilleros, s/n, 28032 Madrid, Spain; pablo.saiz@urjc.es

* Correspondence: daniel.fvega@upm.es

Abstract: The high demand for natural resources and increased industrial activity is driving the
construction sector to search for new, more environmentally friendly materials. This research aims to
analyse plaster mortars with the incorporation of construction and demolition waste (CDW) to move
towards a more sustainable building sector. Three types of aggregates (natural, recycled concrete and
recycled from ceramic walls) and two types of insulation waste (expanded polystyrene with graphite
and mineral wool) have been added to the plaster matrix to evaluate its mechanical and physical
properties and its suitability in the elaboration of prefabricated materials. The results show how
plaster mortars made with recycled aggregates have higher mechanical resistance than conventional
plaster without incorporating sand. The incorporation of crushed mineral wool residues improves
the flexural strength of plaster mortars and their application in the execution of prefabricated panels.
Likewise, the expanded polystyrene residues reduce the final density of mortars, improving their
behaviour against water absorption and reducing the final thermal conductivity of plaster material.

Keywords: plaster mortar; recycled aggregates; thermal insulation; building

1. Introduction

The construction sector is included in the six factors (cropland, grazing land, fishing
grounds, forest products, carbon and built-up land) that make up the ecological footprint of
humanity [1]. For this reason, it is necessary to involve efforts to develop new construction
materials based on circular economy criteria [2]. To this end, the European Union has
defined a firm line of action that is included in the “European Green Deal” presented by the
Commission Communication of 11 December 2019 [3]. This document includes as a main
element the efficient use of resources in construction, as well as ensuring that less waste is
produced. For this reason, more and more researchers are channelling their studies towards
the scope of sustainable construction and the use of raw materials from construction and
demolition waste (CDW) management [4,5].

These CDW are the main source of waste generation in modern society [6]. Thus, the
application of the 3Rs principle (reduce-reuse-recycle) avoids the generation of waste and
converts it back into resources, thus closing the circle in industrial ecosystems [7]. With
regard to the composition of these CDW, according to reports published by the European
Commission [8], most of the waste comes from the demolition of concrete structures
(12–40%) and factory works made with ceramic materials (8–54%), and the main recycling
process of these residues is the generation of aggregates for construction [9]. Additionally,
the volume of waste from insulating materials is growing due to European initiatives to
improve the energy efficiency of buildings and their rehabilitation [10].
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Concrete and ceramic material waste are generally inert and low polluters; however,
they occupy a large volume in landfills and have a strong impact on waste management
in cities [11]. The crushing, treatment, and preparation of the waste to produce recycled
aggregates is currently widespread [12]. In general, aggregates from CDW have a wide
field of application in the production of masonry mortars, totally or partially replacing the
natural aggregate [13]. Regarding its properties for use in building, it should be highlighted
that recycled aggregates have a lower density and a higher coefficient of friability than
natural aggregates. This has repercussions in a lower resistance to compression of mortars
that incorporate them [14]. The recycled ceramic aggregate has a higher water absorption
coefficient compared to recycled concrete aggregate and natural aggregate [15]. This means
that the recycled aggregates also have a high water content in fines and other impurities
derived from the manufacture [16]. Recycled ceramic aggregate from brick waste and
factory works has been proven to have good properties for improving the mechanical
resistance of plaster mortars for use in rehabilitation and restoration works of architectural
heritage [17]. On the other hand, recycled concrete aggregates have also been used by
several authors to increase the density of gypsum compounds, expanding their field of
application towards the production of prefabricated building materials [18].

Furthermore, residues from thermal insulation have also been frequently used to
improve the physical and mechanical properties of mortars [19]. In the case of expanded
polystyrene (EPS), this has been used in various investigations as a substitute for aggre-
gates for the manufacture of mortars with the intention of reducing the final density of
the materials and lowering their thermal conductivity [20,21]. It is a material that can be
added to the manufacturing process of plaster plates and panels, improving its thermal
performance to produce prefabricated elements, although reducing its mechanical resis-
tance to bending [22]. On the contrary, resistance to bending is implemented if insulating
mineral wool fibre residues are incorporated [23]. Piña et al. demonstrated the possibility of
incorporating this type of crushed waste as a partial replacement for aggregates, presenting
good mechanical behaviour and good stability against fire [24,25].

The use of gypsum or plaster mortars to produce prefabricated elements is well known
since the incorporation of aggregates improves the mechanical rigidity of the material
and increases its resistance [26]. In this sense, Santa Cruz-Astorqui et al. analysed the
behaviour of some original 40 × 20 × 10 cm blocks composed of a sandwich panel with two
plasterboards and a core of plaster and EPS, showing that this type of prefabricated material
has good deformation capacity under external stresses [27]. To improve this deformation
capacity, studies have been carried out by various authors in which they have opted for the
incorporation of fibres into plaster matrix, together with the incorporation of insulation
residues to reduce the final thermal conductivity of the panels produced [28]. Finally, it is
worth highlighting the study by Dolezelova et al., where the importance of the shape of
aggregates for the manufacture of plaster mortars has been demonstrated, where sands
with a rougher particle surface are the ones with a higher quality for the manufacturing
of mortars, facilitating the adherence of the conglomerate to its surface and improving
resistance to compression [29].

In short, these studies seek to reduce the environmental impact exerted by the con-
struction sector during the process of execution, rehabilitation, and demolition of buildings,
seeking ways to prevent and recover CDW in line with the objective established by Direc-
tive 2009/98/ EC [30]. The main objective of this paper is to study the technical feasibility
of plaster mortars made with recycled aggregate and thermal insulation residues, as no
study has been found that shows the possible effect of combining these two types of CDW
in plaster mortars for the elaboration of precast concrete products. To do this, an exper-
imental campaign is developed in which, on the one hand, a mechanical and physical
characterization is carried out of the material to produce mortars, and, on the other hand,
the possible application of these materials for their use in panels and prefabricated building
blocks is studied.
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2. Methodology

This section presents the materials used to manufacture mortars, as well as dosages
and a description of the experimental program carried out.

2.1. Materials Used

To carry out the experimental campaign of this research, the following raw materi-
als have been used in the preparation of mortars: plaster, water, natural sand, recycled
aggregates, and thermal insulation residues (Figure 1).

 

Figure 1. (a) Plaster E-35; (b) mineral wool insulation; (c) insulation of expanded polystyrene with
graphite; (d) recycled concrete aggregate; (e) mixed ceramic recycled aggregate.

2.1.1. Binder

E-35 construction plaster was used as a conglomerating material for mixing mor-
tars [31]. It is a material commonly used in construction for wall coverings, the production
of prefabricated panels, and the execution of plates for false ceilings [32]. Equations (1) and (2)
show the basic scheme of reactions to obtain this raw material [33]:

CaSO4·2H2O → CaSO4·12H2O (α,β) +
3
2

H2O (1)

CaSO4·12H2O → CaSO4 +
1
2

H2O (2)

More specifically, Table 1 shows the characteristics of E-35 plaster used in accordance
with the UNE-EN 13279-1:2009 standard [34], which has been supplied by Placo Saint
Gobain, S.A. (Madrid Spain). Additionally, X-ray fluorescence analysis revealed that the
composition of this raw material is as follows: CaSO4 (99.7%), Al (0.022%), Fe (0.035%), Si
(0.068%), Sr (0.157%), and P (0.01%).

Table 1. Physical properties of plaster E-35.

Fire Resistance
Thermal

Conductivity
pH Granulometry

Water Vapor
Diffusion Factor

Flexural
Strength

Purity Index

Euro class AY λ = 0.34 W/mK >6 0–0.2 mm μ = 6 >3.5 N/mm2 >92%

2.1.2. Thermal Insulation Waste

To improve the thermal behaviour of plaster mortars produced in this research,
residues of two types of thermal insulation were used: expanded polystyrene with the
addition of graphite and insulating mineral wool. The physical characteristics of these
materials provided by URSA Ibérica Aislantes, S.A. (Madrid, Spain), are shown in Table 2.
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Table 2. Physical properties of the different types of thermal insulation used.

Insulation
Thermal

Conductivity
Density

Water Vapor
Diffusion Factor

Geometric
Characteristics

Expanded Polystyrene
with Graphite λ = 0.031 W/mK 28–30 kg/m3 μ = 20–100 φ = 4 mm

Insulating Mineral Wool λ = 0.037 W/mK 40 kg/m3 μ = 1 L = 12 mm

Before being used in the mortar mix, both types of insulators had to be prepared,
as can be seen in Table 2. In the case of expanded polystyrene with graphite, this was
separated manually until individual spheres with a mean diameter of four millimetres
were obtained, as has been done previously by other researchers [35]. Likewise, mineral
wool fibre also had to be crushed and separated manually to a length of 12 mm, following
the recommendations of other researchers [36].

2.1.3. Aggregates

Three different types of aggregates have been used in this research: natural aggregate
(NA), recycled aggregate from concrete waste (RAcon) and recycled mixed ceramic aggre-
gate from the demolition of masonry walls (RAmix). A physical characterization of these
sands for the manufacture of mortars is shown in Table 3.

Table 3. Physical characterization of aggregates.

Test
Fine

Content (%)
Particle

Form
Fineness

Modulus (%)
Friability

(%)
Bulk Dens.

(kg/m3)
Dry Dens.
(kg/m3)

Water
Absorption (%)

Norma
UNE-EN
933-1 [37]

UNE-EN
13139 [38]

UNE-EN
13139 [38]

UNE-EN
146404 [39]

UNE-EN
1097-3 [40]

UNE-EN
1097-6 [41]

UNE-EN
1097-6 [41]

NA 1.63 - 4.47 20.43 1562 2479 0.84
RAcon 3.89 Not relevant 4.08 23.17 1328 2246 6.43
RAmix 4.21 Not relevant 3.96 25.12 1297 2188 7.12

A comparison between densities of recycled and natural aggregates can be seen in the
analysis in Table 3. Density in recycled aggregates is lower than in natural aggregates. This
allows the elaboration of lighter prefabricated elements for use in construction, although it
also results in lower mechanical performance [42]. It is also worth noting the high content of
fines in these recycled sands, although for the specific case of this investigation, aggregates
were sieved and particles retained in the sieves with diameters of 1 mm (60%) and 0.5
mm (40%) were used in order to obtain a homogeneous mixture. Finally, the greater water
absorption of these recycled sands is also highlighted, this has its repercussion in a lower
workability of mortars during the kneading process, the absorption of the RAmix being
greater compared to the RAcon in accordance with other previous studies [43].

Regarding the chemical composition, this was obtained by X-ray fluorescence using
Bruker S2 Puma equipment and is shown in Table 4.

Table 4. X-Ray fluorescence assay.

Samples Al2O3 CaO Fe2O3 K2O MgO SiO2 MnO TiO2 SO3 P2O5 NaO2 I.Loss (%)

RAcon 6.03 11.21 1.34 2.22 0.61 68.32 0.029 0.11 - 0.12 0.35 9.66

RAmix 10.45 18.32 2.14 1.98 1.71 47.70 - 0.34 5.37 0.12 0.63 11.24

Table 4 shows the higher SiO2 content of RAcon with respect to RAmix, which in turn
has a higher CaO and SO3 content because of gypsum impurities derived from the masonry
wall cladding [44]. A higher Al2O3 content is also observed in the RAmix because of the
ceramic origin of the bricks used in the execution of masonry works [45].
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Finally, Table 5 shows the analysis performed by X-ray diffraction with the help of a
Siemens D5000 diffractometer with a graphite monochromator Cu-Kα (λ = 1.540598 Å). The
results obtained are shown in Table 5 where it is observed that the predominant crystalline
phases for the two types of recycled aggregates used are quartz and calcite [46].

Table 5. Analysis by X-ray diffraction, where each (*) shows the relative abundance of each type of
mineral crystalline phase.

Mineral Phase Calcite Quartz Gypsum Sanidine Phlogopite

RAcon **** ***** * * *
RAmix **** ***** ** ** **

2.1.4. Water

For the mixing of different dosages, drinking water from Canal de Isabell II (Madrid,
Spain) has been used, which has been used successfully in other previous works [47]. The
main characteristics of this type of water are its softness (25 mg CaCO3/l) and neutral pH
between 7 and 8 [48]. In addition, the following elements can be found in its chemical
composition, as listed in Table 6.

Table 6. Composition of drinking water in the community of Madrid.

Nitrate Nitrite Free Chlorine Calcium Sulphates Fluorides Iron Aluminium

0.60 mg/L <0.05 mg/L 0.50 mg/L 17.80 mg/L 5.30 mg/L <0.10 mg/L 0.01 mg/L 0.03 mg/L

2.2. Experimental Program
2.2.1. Dosages Used

Throughout this investigation, the following notation presented in Equation (3) has
been used to refer to the different types of mortars:

E0.8 − Aggregate − Isolation (3)

where E0.8 refers to the water/plaster ratio used to prepare the different dosages, Aggregate
refers to the type of sand used, which can be of three types: NA (natural sand), RAcon
(recycled concrete aggregate) and RAmix (mixed recycled aggregate), and, finally, Isolation
refers to the type of thermal insulation waste incorporated: graphite-incorporated expanded
polystyrene (EPS) or insulating mineral wool (MW).

For the elaboration of the different types of mortars used in this investigation, the
dosages collected in Table 7 have been used. In all cases, the mixtures were carried out
following the same techniques and methods that are collected in the UNE-EN standard
12379-2:2014 [49].

Table 7. Proportions of each material used in dosages.

Name Plaster (g) Water (g) Aggregates (g) EPS (g) MW (g)

E0.8 1000 800
E0.8–NA 1000 800 600
E0.8–NA–EPS 1000 800 600 10
E0.8–NA–MW 1000 800 600 7.5
E0.8–RAcon 1000 800 600
E0.8–RAcon–EPS 1000 800 600 10
E0.8–RAcon–MW 1000 800 600 7.5
E0.8–RAmix 1000 800 600
E0.8–RAmix–EPS 1000 800 600 10
E0.8–RAmix–MW 1000 800 600 7.5
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It should be noted that in all the mixtures listed in Table 7, residues were manually
mixed with plaster powder and then gradually poured into the water to start the mixing
process. In addition, samples were kept at a temperature of 22 ± 2 ◦C and a relative
humidity of 60 ± 5%. After seven days of storage under laboratory conditions, samples
were dried in an oven at a constant temperature of 40 ± 2 ◦C for 24 h, as recommended in
the UNE-EN 12379-2:2014 standard [49].

2.2.2. Instruments and Experimental Plan

In this research, an experimental campaign has been carried out that can be divided
into three phases: (1) mechanical characterization, (2) physical characterization of plaster
mortars produced, and, later, (3) study of the suitability of these materials for the manu-
facture of panels and prefabricated blocks. A diagram of the tests carried out is shown
in Table 8.

Table 8. Planning of the tests carried out in the laboratory.

Samples Tests

Dimensions: 4 × 4 × 16 cm

Mechanical characterization tests

• Flexural and compressive strength tests based on UNE-EN-13279-2: 2014 [49],
using an AUTOTEST 200-10SW hydraulic press.

• Physical characterization tests
• Shore C surface hardness and bulk density according to the recommendations of

the UNE 102042: 2014 [50].
• Longitudinal modulus of elasticity by ultrasound, using an Ultrasonic Tester E46

equipment with 55 kHz receiver–transmitter contact probes.
• Water absorption by capillarity according to the UNE-EN 459-2:2011 standard [51].
• Thermal conductivity coefficient with the help of a Hot Disk 5501 Kapton Sensor.

 
Dimensions: 50 × 30 × 2 cm

Tests on prefabricated panels

• Determination of the resistance to bending in panels and plates using Proeti, S.A.
equipment, following the recommendations of the UNE-EN 12859: 2012 [52] standard.

 
Dimensions: 29 × 11.5 × 11.5 cm

Tests on prefabricated blocks

• Preparation of prefabricated blocks of plaster mortar with recycled aggregate and
thermal insulation waste for which some original moulds have been designed, and
recycled beverage cans have been used to make the alveoli of the precast and
lighten the final weight.

• Suction or initial rate of water absorption by capillarity according to the guidelines
of the UNE-EN 722-1: 2011 standard [53].

• Compressive strength of the blocks using an IBERTEST model MIB-60/AM
universal press.

On the other hand, to determine the effect of the incorporation of sands of a different
nature and the different types of thermal insulation residues incorporated in plaster mortars,
a study on the analysis of variance (ANOVA) has been carried out. Table 9 shows the factors
and levels that have been taken into consideration in the design of experiments.

All the tests performed for statistical analysis have been carried out for a significance
level of 5%. For the diagnosis of the model, it has been verified that the residuals of each re-
sponse variable meet the conditions of normality, homoscedasticity, and independence [54].
A multiple range test has also been included to observe the existence or not of homogeneous
groups between the different types of mortars included.
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Table 9. Factors and levels used for the analysis of variance (ANOVA).

Factor Level

Aggregate Natural (NA); Concrete Recycling (RAcon); Mixed Recycling (RAmix)
Insulating Non-Insulating (NI); Expanded Polystyrene (EPS); Mineral Wool (MW)

3. Results and Discussion

This section presents the results derived from the experimental campaign proposed
for this study and their discussion.

3.1. Mechanical Characterization Tests

Next, Figures 2 and 3 show the results of flexural and compressive strength tests
carried out on the 4 × 4 × 16 cm prismatic specimens of plaster mortar.

 

Figure 2. (a) Flexural strength test according to UNE-EN-13279-2: 2014; (b) results derived from
flexural strength test on the prepared mortars.

Figure 3. (a) Compressive strength test according to UNE-EN-13279-2: 2014; (b) results derived from
compressive strength test on the prepared mortars.

Figure 2 shows the improvement in flexural strength of plaster materials by incor-
porating sand into their constitution. All mortars with the incorporation of aggregate
without insulation exceeded the E0.8 plaster reference, with mortars made with natural
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sand showing the highest values. On the other hand, it can be seen how the incorporation
of expanded polystyrene residue with graphite in the manufacture of mortars reduces
flexural strength. This is because preferential breakage points occur between EPS spheres
and plaster mortar matrix, thus generating greater heterogeneity that negatively affects the
mechanical behaviour of the material [55]. On the other hand, the incorporation of mineral
wool residue improves the flexural strength of the hardened plaster mortar. This is in line
with other studies that highlight the beneficial effect of the incorporation of fibres in the
mortar matrix to improve its ductility and deformation capacity [56,57]. Regarding recycled
aggregates, mortars that incorporate sand from concrete waste have better performance
than mortars with aggregates from mixed ceramic waste.

Furthermore, Figure 3 shows how the incorporation of aggregates improves the
compressive strength of plaster material, where mortars made with natural aggregates are
the ones that presented the best results. Among mortars with recycled aggregate, the ones
that incorporated RAcon obtained the greatest resistance. Finally, it can be seen how the
incorporation of EPS residue also decreases the compressive strength of mortars, while
the incorporation of mineral wool residue is not decisive in improving this mechanical
property [58].

Table 10 shows the results derived from the analysis of variance (ANOVA) carried out
to determine the effect of the factors included in the study on the mechanical behaviour of
plaster mortars.

Table 10. Analysis of variance (ANOVA) for flexural and compressive strength.

Property Source Sum of Squares Df Mean Square F-Ratio p-Value

Flexural Strength (MPa) A: Aggregate 2.22279 2 1.11139 47.27 0.0000
B: Insulating 5.12703 2 2.56351 109.03 0.0000
AB: Interactions 0.03833 4 0.00958 0.41 0.8008
Residual 0.42320 18 0.02351
Total (Corrected) 7.81134 26

Compression Strength (MPa) A: Aggregate 7.32241 2 3.66120 36.89 0.0000
B: Insulating 9.31770 2 4.65885 46.94 0.0000
AB: Interactions 0.19813 4 0.04953 0.50 0.7367
Residual 1.78640 18 0.09924
Total (Corrected) 18.62460 26

As can be seen in Table 10, both in mechanical resistance to bending and in compressive
strength of mortars, the two factors included in this study (type of aggregate and thermal
insulation residue) are statistically significant, having p-values lower than the level of
significance (α = 0.05).

Finally, Table 11 includes the results obtained for the multiple range test performed
for the mechanical properties of mortars.

Table 11. Multiple range test for mechanical properties.

Property Aggregate LS Mean Homogeneous Group Insulating LS Mean Homogeneous Group

Flexural
Strength (MPa)

RAmix 2.900 X EPS 2.590 X
RAcon 3.062 X NI 3.314 X
NA 3.573 X MW 3.631 X

Comp.
Strength (MPa)

RAmix 6.704 X EPS 6.495 X
RAcon 7.260 X NI 7.598 X
NA 7.976 X MW 7.847 X

In the multiple range test shown in Table 11, it can be seen how there are significant
differences for mechanical resistance to bending at all levels for the two factors analysed in
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this study. On the other hand, for mechanical compressive resistance, there are significant
differences at all levels when we refer to the aggregate type of factor. However, in the
case of the incorporation of thermal insulation residues, it cannot be affirmed that there
are significant differences between plaster mortars without thermal insulation and those
that incorporate mineral wool fibre, both types of mortars presenting greater resistance to
statistically significant compression compared to plaster mortars with EPS.

3.2. Physical Characterization Tests

This section includes the tests for the physical properties of plaster mortars carried
out in this work. These tests have also been carried out on 4 × 4 × 16 cm specimens, and
include the following measurements: bulk density, Shore C surface hardness, longitudinal
Young’s modulus determined by ultrasound, and thermal conductivity coefficient. These
are parameters that allow a characterization of the material to later define its possible uses
and applications in the building sector.

Figure 4 shows the method used to perform physical characterization tests, and, in
Table 12, the results obtained for each of the properties are presented.

 

Figure 4. (a) Shore C hardness test; (b) water absorption by capillarity test; (c) determination of the
coefficient of thermal conductivity; (d) ultrasound test.

Table 12. Physical characterization tests of plaster mortars.

Mortar
Density
(kg/m3)

Water
Absorption (cm)

Superficial Hardness
(Ud. Shore C)

Young
Modulus (MPa)

Thermal
Conductivity (W/mK)

E0.8 951.7 8.8 60.7 5753.4 0.26
E0.8–NA 1280.0 7.4 81.3 7134.2 0.42
E0.8–NA–EPS 1216.6 6.7 75.7 5599.6 0.33
E0.8–NA–MW 1277.3 6.0 79.3 6044.1 0.38
E0.8–RAcon 1241.7 7.8 80.7 6379.4 0.38
E0.8–RAcon–EPS 1174.0 7.1 72.7 4756.6 0.32
E0.8–RAcon–MW 1233.4 7.5 77.7 5121.3 0.36
E0.8–RAmix 1176.7 8.1 77.7 6117.0 0.36
E0.8–RAmix–EPS 1108.0 7.6 71.3 4491.2 0.27
E0.8–RAmix–MW 1168.7 7.7 73.7 5101.3 0.31

From the results presented in Table 12, it can be seen how all plaster mortars have a
higher density than reference plaster E0.8 due to the incorporation of aggregates in their
dosage. In addition, among the elaborated mortars, it can be observed how those that
incorporate recycled ceramic aggregate are lighter and how density is reduced when EPS
residues are added to the composition of mixtures [59]. On the other hand, absorption of
water by capillarity is reduced in plaster mortars. Absorption is lower when mortars are
made with natural aggregate compared to those made with recycled aggregate [43]. In
addition, in this case, the incorporation of EPS in plaster mortars makes it difficult for the
water to rise by capillarity in the materials studied.
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In addition, the surface hardness is also increased with the incorporation of sand in
plaster mixes, with mortars made with natural aggregate having greater hardness and den-
sity being lower in mortars that incorporate EPS. On the other hand, longitudinal Young’s
modulus determined by ultrasound is also increased in mortars. This is in accordance with
the greater mechanical resistance to bending obtained by plaster mortars compared to the
reference sample E0.8 [60]. This Young’s modulus is greater in mortars made with natural
aggregate compared to mortars that incorporate recycled aggregate, furthermore, it de-
creases when EPS is incorporated in the mortar manufacturing process, while when MW is
incorporated, a significant decrease it is noticed. Finally, and in accordance with the results
obtained for density, plaster mortars have a higher thermal conductivity than reference
E0.8 plaster [61]. However, this thermal conductivity is reduced with the incorporation of
thermal insulation residues in mortar mixtures, obtaining lower conductivity values for
plaster mortars with EPS than those incorporating MW.

Table 13 shows the results obtained for the analysis of variance (ANOVA) performed
for the physical characterization tests, while Table 14 shows the results obtained after
performing the multiple range test.

As can be seen in Table 13, all the p-values were lower than the level of significance
(α = 0.05), which implies that both factors included in the design of experiments, type of
aggregate and type of insulation, are statistically significant for all the response variables
analysed in physical properties of plaster mortars.

Table 13. Analysis of variance (ANOVA) for flexural and compressive strength.

Property Source Sum of Squares Df Mean Square F-Ratio p-Value

Density (kg/m3)

A: Aggregate 52,245.9 2 26,122.9 106.72 0.0000
B: Insulating 24,289.4 2 12,144.7 49.62 0.0000
AB: Interactions 37.4815 4 9.3704 0.04 0.9969
Residual 4406.0 18 244.778
Total (Corrected) 80,978.7 26

Capillarity water
absorption (cm)

A: Aggregate 2.59556 2 1.29778 16.45 0.0001
B: Insulating 1.72222 2 0.86111 10.92 0.0008
AB: Interactions 0.04889 4 0.01222 0.15 0.9583
Residual 1.42000 18 0.07889
Total (Corrected) 5.78667 26

Superficial
hardness(Shore C)

A: Aggregate 94.889 2 47.444 19.41 0.0000
B: Insulating 200.667 2 100.333 41.05 0.0000
AB: Interactions 8.444 4 2.111 0.86 0.5044
Residual 44.0 18 2.444
Total (Corrected) 348.0 26

Young modulus (MPa)

A: Aggregate 5.3566 × 106 2 2.6783 × 106 166.64 0.0000
B: Insulating 1.2071 × 107 2 6.0356 × 106 375.53 0.0000
AB: Interactions 67,449.1 4 16,862.3 1.05 0.4097
Residual 289,302 18 16,072.4
Total (Corrected) 1.7784 × 107 26

Thermal conductivity
(W/mK)

A: Aggregate 0.017785 2 0.008892 18.19 0.0000
B: Insulating 0.028052 2 0.014026 28.69 0.0000
AB: Interactions 0.001948 4 0.000487 1.00 0.4350
Residual 0.008800 18 0.000489
Total (Corrected) 0.056585 26
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Table 14. Multiple range test for physical properties.

Property Aggregate LS Mean Homogeneous Group Insulating LS Mean Homogeneous Group

Density
(kg/m3)

RAmix 1151.11 X EPS 1166.22 X
RAcon 1216.22 X MW 1226.44 X
NA 1258.00 X NI 1232.78 X

Water
absorption (cm)

NA 7.022 X EPS 7.144 X
RAcon 7.367 X MW 7.367 X
RAmix 7.778 X NI 7.756 X

Hardness
Shore C

RAmix 74.2 X EPS 73.2 X
RAcon 77.0 X MW 76.9 X
NA 78.8 X NI 79.9 X

Young modulus
(MPa)

RAmix 5236.48 X EPS 4948.97 X
RAcon 5418.96 X MW 5422.24 X
NA 6259.28 X NI 6543.50 X

Thermal
Conduct.
(W/mK)

RAmix 0.3156 X EPS 0.3089 X
RAcon 0.3544 X MW 0.3511 X
NA 0.3778 X NI 0.3878 X

Table 14 shows the composition of homogeneous groups after the multiple range test.
This table shows how mortars with natural aggregate have a higher surface hardness and a
higher Young’s modulus, in accordance with Table 12, and how the incorporation of thermal
insulation residues decreases the values obtained in these physical properties. In regard
to thermal conductivity, mortars with recycled aggregate have better performance for this
property, reducing this conductivity with the incorporation of thermal insulation waste and
especially EPS [62]. Finally, with respect to apparent density, it can be seen how mortars
with recycled aggregate are lighter. This affects the results of the compressive strength
test, but it can also be seen that there are no differences between homogeneous groups in
mortars with mineral wool insulation and without insulation. Likewise, in the absorption
of water by capillarity, mortars with a natural aggregate present the best behaviour. It can
also be observed how the incorporation of thermal insulation residues reduces the height
reached by the water in this test with respect to mortars without insulation.

3.3. Tests on Prefabricated Plates and Blocks
3.3.1. Prefabricated Blocks

A possible use of these plaster mortars is the production of prefabricated blocks for
construction. This section presents the results obtained after the tests carried out on blocks
of 29 × 11.5 × 11.5 cm, where the alveoli to lighten weight have been made by incorporating
two recycled soft drink cans with a diameter of 6.5 cm and a height of 11.5 cm. The template
and test blocks used are shown in Figure 5.

 

Figure 5. (a) Mould for the elaboration of prefabricated blocks; (b) type prefabricated block; (c) test
of resistance to compression of the blocks.
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The capillarity water absorption tests are shown in Table 15 for the different blocks
produced.

Table 15. Initial rate of water absorption by capillarity according to the guidelines of the UNE-EN
722-1: 2011 standard.

Aggregates NA RAcon RAmix
E0.8

Insulation NI EPS MW NI EPS MW NI EPS MW
Absorption (kg/mm2 min) 4.89 4.53 4.68 5.17 4.95 5.12 5.36 5.14 5.31 7.03

As can be seen in Table 15, the incorporation of sand in plaster material reduces the
water absorption coefficient compared to the reference material E.08. Mortars with the
incorporation of RAmix presented the highest absorption coefficient [63], and, in all cases,
the incorporation of thermal insulation residues has reduced this absorption coefficient.

Figure 6 shows the results obtained after the compressive strength test on mortar blocks.

 
Figure 6. Results of compressive strength test on prefabricated blocks.

As can be seen in Figure 6, all plaster mortar blocks exceeded in their mechanical
capacity the compressive strength of the reference block E0.8. The results are in accordance
with those presented in Figure 3, where mortars made with natural aggregate have higher
resistance than mortars made with RAcon, and these in turn have higher resistance than
those made with RAmix. It is also observed how the incorporation of thermal insulation
residues reduces compressive strength, especially in the case of expanded polystyrene with
graphite. Finally, it should be noted that in all the cases tested, plaster mortar presented
good adherence to the cans used to make the alveoli, even so, in all the blocks the effect of
the breakage in the core of the precast was observed, coinciding with these alveoli that are
the most fragile areas and therefore the preferred points of breakage.

3.3.2. Prefabricated Plates

This section includes the results derived from the tests on 50 × 30 × 2 cm mortar
plates. Figure 7 shows the test method used.

These tests on plates and panels are of special importance to study the behaviour of
plaster mortars made in prefabricated pieces with dimensions close to the real ones used in
the study, as well as to evaluate their deformation capacity under possible alterations of
the structure [64]. The results obtained for the different types of plates made in this study
are shown in Figure 8.
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Figure 7. Flexural strength test on prefabricated panels. (a) Plate before the test; (b) plate after assay.

Figure 8. Results of flexural strength test on prefabricated plates.

Figure 8 shows how flexural strength is reduced in plates and panels with dimensions
close to reality, in comparison with standardized RILEM 4 × 4 × 16 cm specimens studied
in Section 3.1. Likewise, it is observed how flexural strength is increased by incorporating
aggregates in the matrix of plaster material. In addition, and as expected, mortars that
incorporate mineral wool fibres have a greater resistance to bending and are more suitable
for the manufacture of prefabricated panels and plates. On the other hand, mortars
with the incorporation of expanded polystyrene residue with graphite showed lower
flexural strengths, and mortars made with RAmix–EPS show strengths below the reference
E0.8 plaster.

The results obtained in this research should be understood as a characterization of
materials tested. If these materials were to be used in real on-site prefabricated elements,
mechanical tests should be carried out on pieces with the specific geometry of the slabs
and panels in order to consider the size effect. In addition, it is recommended to use these
materials in interiors and not as cladding mortars on external facades. However, it would
be advisable in future studies to carry out research that considers the durability of these
materials, such as: humidity and drying cycles, total water absorption, thermal shock, etc.
Thus, a future line of research to improve the technical performance of these materials
involves the incorporation of reinforcement fibres in plaster matrix.

4. Conclusions

From the results obtained in this work, it can be concluded that recycled aggregates and
thermal insulation residues for the elaboration of plaster mortars can be applied in building
and are more respectful to the environment. In particular, the following conclusions
were reached:
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• With regard to the mechanical properties, these are implemented in plaster mortars
with respect to the reference material E0.8. Mortars with natural aggregate offer better
mechanical behaviour than mortars with recycled aggregate, where mortars with
RAmix obtained the lowest compressive and flexural strength. In the specific case
of flexural strength, it has been possible to observe the positive effect offered by the
incorporation of mineral wool insulation fibre, increasing the flexural strength of
mortars. In turn, compressive strength is reduced when EPS residues are incorporated
into the plaster mortar matrix.

• The density of plaster mortars is much higher than that obtained by the reference
plaster E0.8, although the incorporation of EPS waste manages to lighten the weight
of these construction materials.

• The incorporation of EPS residues in the manufacture of mortars reduces the height
reached by the water in the capillary absorption test in plaster mortars. Mortars
that presented the greatest absorption were those made with RAmix. Any of them
exceeded the reference E0.8 plaster values.

• In turn, mortars with the incorporation of EPS residue presented the lowest coefficient
of thermal conductivity. Additionally, in all cases, it was possible to observe the
beneficial effects of incorporating thermal insulation residues to improve this property
of mortars.

• In terms of surface hardness and Young’s modulus, plaster mortars made with natural
aggregate obtained the best results. In addition, in all cases, the incorporation of
thermal insulation residues reduces the values obtained for these physical properties.

• Regarding the viability of plaster mortars to make plates and panels, it has been
possible to verify how the incorporation of mineral wool fibre in its composition
improves the final resistance to bending of the precast.

• Finally, some prefabricated blocks of plaster mortar of our own design have been
made. These presented a good resistance to compression and the best results were
obtained for mortars with natural sand and without thermal insulation residues.

In general, it can be seen how plaster mortars have good technical performance for
their application in building, and how the incorporation of recycled aggregates and thermal
insulation residues improves the mechanical and physical properties of traditional plasters.
The performance of this type of study is in line with the Sustainable Development Goals set
by the United Nations Organization, supporting a more efficient use of natural resources
and a decrease in the consumption of raw materials.
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Abstract: The scope of this study focuses on the use of two different types of industrial byproducts
such as slags (FeNi and Electric Arc Furnace slag) combined with natural sand as concrete aggregates
as well as the evaluation of their suitability on the final physicomechanical behavior of the produced
concrete specimens. For this reason, twelve concrete specimens were prepared using variable
concentrations of these slags which were compared to concrete specimens made by natural rocks as
aggregates (limestones). The mineralogical, petrographic, chemical and morphological characteristics
of these raw materials were related to the physicomechanical characteristics of the produced concrete
specimens. Those concrete specimens containing aggregates of higher amount of Electric Arc Furnace
slags seems to present better mechanical strength both in 7 and in 28 days of curing regarding the
other mixtures and regarding the specimens made by natural rocks as aggregates (limestones). This
is due to the mineralogical, textural and morphological characteristics of the tested slags, which
lead to a better bonding between them and the cement paste making them at the same time a
promising alternative in the production of green concrete for construction applications. The compact
texture of slags is responsible for the stronger bonding with the aggregates in relation to the unevenly
distributed porosity of the natural aggregates. Wüstite presents negative effect on the final mechanical
strength of concrete specimens which is documented both by the microscope images and by the
three-dimensional study of the produced concretes.

Keywords: industrial by products; slags; recycled concrete; recycled aggregates

1. Introduction

Concrete is the most used and cost-effective construction material in the world with
an annual production of about 33 billion tons [1], and in view of the global population
growth [2], the usage trend for building new infrastructures is estimated to increase up to
6% [3]. The basic components of concrete are made up of cement—a mixture of clinker and
gypsum, aggregates and water, all of whom significantly affect the workability, durability
and mechanical performance of the final product. From the environmental point of view, the
cement production technology has a strong impact on energy consumption and increased
CO2 levels, ~8% of the global anthropogenic emissions [4], mainly associated with the
high calcination temperature (~1450 ◦C) of raw materials (limestone and clay minerals)
necessary for the cement clinker formation. The latter has the role of the hydraulic binder
and is by far the most important ingredient in concrete, constituting about 7% to 15% of
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its total volume. Aggregates, on the other hand, also raise environmental concerns related
with their extraction and processing as they make up more than the half of the concrete’s
volume, approximately 60–75% [5]. Moreover, the quality of the hardened concrete depends
upon the suitable use of both fine and coarse aggregates, usually consisting of natural
sand and gravel or crushed stone and their efficient bond with the surrounding cement
paste. Bearing all this in mind, it is obvious that for the huge concrete volumes produced
every year, vast amounts of natural resources are required both for aggregates and cement
leading to severe environmental problems.

Based on the ecological footprint caused by the unsustainable linear production
model—take, make and dispose—which is clearly impacting climate change, waste man-
agement and natural resource depletion, a worldwide challenge have become even more
apparent in driving change. Accordingly, a new legally binding agreement was adopted
in December 2015 by the United Nations known as the Paris Climate Change Agreement
aiming to reduce the greenhouse gas emissions on a global base [6]. The objective of the
net-zero CO2 emissions by 2050–2070 applying to heavy industry as well, including the
steel, cement, chemicals and other materials sectors. Under this prism, the circular economy
initiatives published by the European Commission in March 2020 [7] can certainly offer
successful and realistic decarbonization pathways not only in overcoming strict legislation
and financial burden, but also in the development of a sustainable future with considerable
social and economic benefits in the upcoming years.

One of the targets of the circular economy action plan is waste recycling and industrial
by-products utilization, a practice that cement manufacturing industries has already made
progress on either through the implementation of different production processes or as well
through the adoption of synergy practices.

A great example of the industrial symbiosis is the steel slags valorization that have
attracted the construction sector during the last decades as they have the potential to be
used as partial replacement of cement clinker due to their pozzolanic characteristics, but as
well as aggregates replacement in the formation of concrete. The latter application field
though is more favorable as little, or no processing of the aggregates is required against the
use as a binder material where grinding of these by-products is prerequisite and associated
with high energy consumptions [3]. Thereafter, different types of coarse and/or fine slag
aggregates have been investigated for the manufacturing of eco-friendly concrete which
may found use in various construction applications such as asphaltic pavement structures,
road bases and surfaces or in other concrete shaped applications, e.g., breakwater blocks
and dams.

Moreover, the European Waste Framework Directive [8,9] makes clear the importance
of industrial by-products valorization such as iron and steel slag aggregates that contributes
to waste minimization and resource conservations. Ferrous containing slags, are silicate
melts that are formed during the manufacturing of crude steel and crude iron, mainly due
to the combination of slagging agents and fluxes used to remove impurities from iron ore
and other metal feeds of the smelting furnaces [10]. The hot slags are tapped from the liquid
metal and transported to a slag damp where they are stockpiled, after cooling (open-air
or water spraying) and processed to solid material. In Europe, ~45 Mt of blast furnace
slags and steel slags were produced in 2018 [11], whereas in the U.S., steel slag production
is estimated in the range of 8 to 12 Mt [10]. The most common produced metallurgical
slags are steel, ferronickel, copper, lead, zinc, phosphorous and stainless steel slags. An
important parameter affecting the physical and chemical properties of the slag by-products
is by far the source ore and the metal processing method used by each country. Greece
for example is the one of the largest ferronickel (FeNi) producer in Europe utilizing the
domestic laterite ore deposits [12]. The pyrometallurgical process comprises of two main
stages: (a) preheating of the feeding materials in rotary kilns and (b) reduction and smelting
(1600–1700 ◦C) of output calcine in electric arc furnaces (EAFs). This process leads to the
production of two co-existing materials: the ferronickel product and the slag. Given the
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fact that the EAF slag produced make up about 80–90% of the feeds material’s mass [13], it
is apparent that large quantities are generated, which concerns steel production industries.

During the past decades, extensive work has been published on the utilization of
steel slags as alternative aggregates in Portland concretes. Depending on the physical
characteristics of the slag aggregates, e.g., density, granulometric size and shape, and
the application field of the final product interesting findings are reported by scientists
with emphasis on mechanical, physico-chemical and environmental properties of slag-
containing concrete. Durability studies of concrete mixes containing electric arc furnace
(EAF) slag aggregates include systematic tests of compressive strength, water penetration,
freeze–thaw cycles, leaching tests and chemical reactivity of the slag with the surrounding
cement components [3,14–17]. For example, Manso et al. [18] found that the high porosity
of EAF slag used in this work reveals a low-quality concrete in terms of freezing resistance,
thus suggesting the additional use of specific admixtures. Leaching tests, on the other
hand, showed a beneficial cloistering effect of fluorides and chromium in the concrete
mix. In a recent study, conducted by Chatzopoulos et al. [19], conventional sand and
gravel were replaced by EAF and ladle furnace (LD) slags, individually or in combination,
resulting in the production of a durable concrete. From the 14 test samples prepared,
all quality indexes investigated remained either stable or improved in comparison to the
reference concrete. The most efficient mixture was achieved when sand was replaced
with 30% by volume of EAF and LD slag sand, respectively, and gravel by 50% of EAF
gravel aggregates leading to concretes with reduced carbonate and chloride penetration.
However, granulated blast furnace slags (GBFS) attract also special scientific interest as due
to their finer grain size they can be utilized instead of natural fine aggregates (e.g., river
sand). Patra et al. [20] for examples state that incorporation of GBFS (<5 mm) up to 40%
was feasible, whereas higher percentages (up to 60%) lead to reduced workability of the
concrete mixes attributed to the higher water absorption of GBFS. Nevertheless, the authors
suggest the use of superplasticizers to achieve the appropriate workability as compressive
strength shows increased values (up to 45 MPa) in case of 60% replacement most probably
due to the pozzolanic effect of the steel slag used. An interesting experimental approach
on the production of an eco-friendly concrete was done by Anastasiou et al. [21] aiming
on the maximum valorization of alternative raw materials. Fly ash was incorporated
as cement replacement, EAF slag and recycled aggregates from construction demolition
wastes (CDW) as coarse and fine aggregates, respectively. They found that the use of CDW
increases the porosity of concrete with subsequent decrease in strength and durability
compared to a reference mix, while the synergy of CDW with EAF slag partly overcomes
these drawbacks reaching compressive strength values of about 30 MPa at 28 days. In spite
the poor bonding between aggregate-binder, the formed concrete might be used in lower-
demand applications. Blended concretes have been also studied using FeNi slag aggregates
in different grain sizes and by substituting ordinary binding materials as presented for
example by Kim et al. [22]. They found that early strength of the test samples was affected,
but with time hydration reaction can overcome this issue. According to Sun et al. [23],
natural aggregates can feasibly be replaced by FeNi slag as the final concrete mix conforms
with type C50 due to the obtained mechanical strength reaching 55 MPa at 28 days of curing.
However, best engineering results are observed with the use of blast furnace slag as well.
Lately, Nuruzzaman et al. [24] investigated the combined use of FeNi slag and ground FeNi
slag as supplementary binder for enhancing the sustainability of self-compacting concrete.
After assessing strength, permeability and microstructure of the produced concrete samples,
they came to the conclusion that a replacement of cement up to 30% by ground FeNi slag
and, respectively, of sand by 50% replacement of FeNi slag is feasible as they presented
high durability.

There is still room for further research on the production of eco-friendly concretes
from different types of slags and/or other industrial by-products in relation to the technical
properties of the new concrete mixes as for sure environmental benefits are anticipated. As
the economy and the smelting industry developed rapidly, the quantity of smelter slag has

75



Appl. Sci. 2022, 12, 2231

been increasing for a long time. Common smelting furnace slag includes steel smelting
slag, red mud, copper smelting slag, lead slag, ferronickel slag, sulfuric acid slag, etc.
Approximately 30 million tons of ferronickel slag are emitted each year, accounting for
more than a fifth of the global production [3,25,26]. The large stockpiles of nickel slag not
only occupy land and pollute the environment, but also bring about severe challenges to the
sustainable development of the nickel smelting industry [27,28]. Furthermore, it is essential
to develop and utilize smelter slag through environmental-friendly technologies [29,30].
Different types of industrial by-products were studied in the past few decades in order
to find suitable alternatives of natural sand in concrete. Blast furnace slag, steel slag,
copper slag, foundry slag and ferronickel slag are the most common types of by-product
slags that can be used as fine aggregate in concrete. Rashad et al. [31] showed that the
use of blast furnace slag as a replacement of natural sand improved the compressive
strength of mortar. The physical and chemical properties of the by-product slag can vary
significantly depending on the type of the ore, the smelting process and temperature, and
the cooling method. The amount of literature available on the use of ferronickel slag in
concrete is very limited. Sato et al. [32] pointed out that freeze–thaw resistance of concrete
decreased with the use of 50% ferronickel slag replacing natural coarse aggregate. The
reason was attributed to the increase of bleeding and the resulting reduction in air content of
concrete with the increase of ferronickel slag. Tomosawa et al. [33] pointed out a deleterious
expansion due to the alkali-silica reaction of concrete containing 50% ferronickel slag
aggregate and recommended to use low alkali cement to mitigate this expansion. Improved
frost resistance of concrete was reported by the partial or full replacement of sand by
ferronickel slag aggregate [34,35] showed that ferronickel slag could be used as a suitable
replacement of natural aggregates in hot mix asphalt and in base and sub-base layers of
roads. It was also reported that ferronickel slag could be used to make composites with
waste glass. These composites were described as safe to use as any toxic elements in the
slag were chemically locked in the composite [36].

It can be observed from the above literature review that utilization of ferronickel slags
from different sources was attempted in different applications. The aim of this study is
double. From the one hand is the significant improvement of the sustainability of concrete
production by reducing the use of natural aggregates and simultaneously by the increase
of use of industrial by-products (i.e., slags) enhances the green policy of industries as well
as their financial benefits. On the other hand, by the prediction of the concrete behavior
through the tools of petrography and mineralogy the human footprint on the environment
reduces. A comprehensive study is necessary in order to understand the properties of
concrete using these aggregates. The workability of fresh concrete, physic-mechanical
properties of hardened concrete using these aggregates as a supplementary cementing
material are evaluated in this study. Thus, this work presents an innovative study on a
green concrete using two industrial by-products evaluating the engineering properties.

2. Materials and Methods

The present study emerged after the constructive cooperation of research institutions
with industrial companies having as main goal their interconnection and in order to bring
significant results both in constructions and in the wider society through the reuse of slags
as high-quality aggregates.

2.1. Materials

In this study, the morphological and mechanical characteristics of alternative aggre-
gates (slags) of variable concentrations were evaluated for their use as concrete aggregates
and linked with the performance of the resultant produced high-strength concrete spec-
imens. More specifically, the alternative aggregates were FeNi and Electric Arc Furnace
slags. Furthermore, micritic limestone was used as concrete aggregate in order to produce
specimens containing only natural aggregates (standard concrete). Moreover, cement of
Type II ASTM C 150 (Lafarge) [37] was used as well as potable tap water, free of impurities
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such as salt, silt, clay and organic matter, was also used for mixing and curing the concrete.
The pH value of water was 7.0. Natural washed sand was also used for the concrete
production whose concentration varies from 5.5 to 7.5%. The water/cement ratio was 0.33.

2.2. Methods
2.2.1. Methods for Raw Materials

The mineralogical and textural characteristics of the used raw materials were examined
in polished thin sections with a polarizing microscope according to EN-932-3 [38] standard
for petrographic description of aggregates. Thin sections were prepared to study the
mineralogical composition and textural characteristics of the studied materials. The thin
sections were examined under a petrographic microscope (Leitz Ortholux II POL-BK Ltd.,
Midland, ON, Canada) for mean grain size and grain shape. The bulk mineral composition
of the studied samples was also determined by X-ray Diffraction (XRD), using a Bruker D8
advance diffractometer, with Ni-filtered CuKα radiation. Random powder mounts were
prepared by gently pressing the powder into the cavity holder. The scanning area for bulk
mineralogy of specimens covered the 2θ interval 2–70◦, with a scanning angle step size of
0.015◦ and a time step of 0.1 s. The mineral phases were determined using the DIFFRACplus
EVA 12® software (Bruker-AXS, Gmbtl, Karlsruhe, Germany) based on the ICDD Powder
Diffraction File of PDF-2 2006. Furthermore, loss on ignition (LOI) of the studied samples
was determined according to the ASTM D7348-13 standard [39]. Additionally, an XRF
(X-ray Fluorescence) spectrometer and a sequential spectrometer cited at the Laboratory of
Electron Microscopy and Microanalysis (University of Patras, Greece) were used for the
determination of the major and trace elements of the studied zeolite. An amount of 0.8 g
of dried ground sample was mixed with 0.2 g of wax (acting as binder) and was pressed
to a pellet under 15 tones. Pressed pellets were analyzed with a RIGAKU ZSX PRIMUS II
spectrometer, which is equipped with Rh-anode. In order to examine the mineralogical and
textural characteristics of the tested slags, a scanning electron microscope (JEOL JSM-6300
SEM) equipped with energy dispersive (EDS: Model: 6699, Det. Area: 10 mm2, Resol.:
138 eV) using the INCA software was used. The scanning electron microscope used is
located in the Laboratory of Electron Microscopy and Microanalysis (University of Patras,
Greece). Operating conditions were accelerating voltage 25 kV and beam current 3.3 nA,
with a 4 μm beam diameter. The total counting time was 60 s and dead-time 40%. Synthetic
oxides and natural minerals were used as standards for the analyses, where the detection
limits are ~0.1% and accuracy better than 5% was obtained. Moreover, the specific gravity
of the raw materials (slags) used as aggregates were calculated according to ASTM C1567
standard [40].

2.2.2. Methods for the Produced Concrete

Twelve concrete cylindrical specimens were made from two different types of slags and
three standard concretes were made containing natural aggregates (limestones) according
to ACI-211.1-91 [41]. The aggregates were crushed through standard sieves a separated
into the size classes of 2.00–4.75, 4.45–9.5 and 9.5–19.1 mm. After 24 h, the samples were
removed from the mold and were cured in water for 28 days. Curing temperature was
20 ± 3 ◦C. In the present study, concrete mixtures were prepared with variations in the
quantitative proportions of the different types of slags as shown in Figure 1 and Table 1.

These specimens were tested in a compression testing machine. The compressive
strength of concrete is calculated by the division of the value of the load at the moment
of failure over the area of specimen both at 7 and 28 days. In this work, our aim was
to study the process of hydration of cement at 7 and 28 days because they are the key
days to come up to a reliable conclusion on a micro scale regarding the relationship of
cement paste with aggregates in concrete, especially comparing different mixtures of raw
materials. The compression test was elaborated according to ASTM C42/C42M-12 [42]
in a compressive strength Pilot machine-Controls (Model C13C02) with maximum load
1500 kN (Figure 2a). The cylindrical specimens used for this test had 50 mm diameter and
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55 mm high (Figure 2b). After the compressive strength test, the textural characteristics of
concretes were examined. Polished thin sections were studied in a polarizing microscope
according to ASTM C856–17 [43]. The surface texture of aggregate samples was studied
by using Secondary Electron Images (SEI) according to BS 812 Part 1 [44] which outlines
six qualitative categories, e.g., glassy, smooth, granular, rough, crystalline, honeycomb
and porous. Furthermore, two physical properties of the produced concrete specimens
were calculated, the water absorption as well as the density according to ASTM Standard
C642 [45].

 

Figure 1. Results of the aggregates’ concentration of concrete samples.

Table 1. Aggregates’ concentration of concrete samples.

Samples Limestone (%) FeNi (%)
Electric Arc

Furnace Slag (%)
Natural Sand (%)

S01 100 - - -
S02 100 - - -
S03 100 - - -
SA1 - 52 18 6.5
SA2 - 52 18 6.5
SA3 - 52 18 6.5
SA4 - 52 18 6.5
SA5 - 52 18 6.5
SA6 - 52 18 6.5
SB1 - 54 17 5.5
SB2 - 54 17 5.5
SB3 - 54 17 5.5
SB4 - 54 17 5.5
SB5 - 54 17 5.5
SB6 - 54 17 5.5
SC1 - 51 18 7.5
SC2 - 51 18 7.5
SC3 - 51 18 7.5
SC4 - 51 18 7.5
SC5 - 51 18 7.5
SC6 - 51 18 7.5
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(a) (b) 

Figure 2. (a) The compressive strength test machine. (b) Cylindrical concrete specimen.

In this stage, the examination of the concrete textural features was carried out when
using polished thin sections in a petrographic microscope (ASTM C856–17) [43]. A 3D
depiction of the petrographic characteristics of the concrete as well as of the studied slags
was carried out by the 3D Builder software using thin sections.

3. Results

3.1. Raw Materials Characterization

The microscopic observation of the studied slags under polarizing microscope is in
accordance with the results of the X-ray diffraction analysis. In general, the studied slags
present heterogeneous texture due to uneven aggregate of minerals or usually multi organic
fragments. Slags are rich in opaque minerals, mainly wustite and spinels, while micro-
crystalline to cryptocrystalline, mainly anisotropic calcium-alumino silicate phases, as well
as silica minerals complete the overall mineral composition (Figure 3a–c). Alternations of
isotropics with anisotropic minerals that form banded structures are also observed. Some
grains display different composition around their margins and more specifically they present
microcrystalline material possibly alumina-calcium-silicate (anisotropic) in coexistence with
an amorphous mass (isotropic). The shape of the opaque minerals and of those of the
spinel group usually appears polygonal to spherical with peculiar-sub-dominated plains.
The spinel group minerals appear more with dark brown or red to black color and less
amber, which indicate their more ferritic-chromit character and less aluminum (Figure 3d).
The anisotropic minerals predominate in a prismatic shape, euhedral or subhedral with
the exception of silicon dioxide ores which are usually unhedral. Anisotropic minerals
usually appear with gray, white and yellow colors, while olivine crystals were observed less
frequently (Figure 3a).
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Figure 3. Representative photomicrographs of the studied slags showing: (a,b) anhedral olivine,
spherical crystals of wϋstite, spinels and microcrystalline opaque minerals in FeNi slag (XPL and PPL
Nicols, respectively); (c) grains of spinels, wϋstite, calc-aluminosilicate and silicon dioxide phases in
Electric Arc Furnace slag (XPL Nicols); and (d) elongated and curved ferritchromit in Electric Arc
Furnace slag (XPL Nicols).

The carbonate aggregates (limestones) used as components of the produced concrete
specimens do not present many cracks or impurities in their structure as can be seen from
the petrographic study. More specifically, limestones used display micritic texture with
numerous of fossils and veinlets of microcrystalline calcite and stylolitic porosity filled
with clay minerals and Fe-oxides (Figure 4a,b).

 

Figure 4. (a) Stylolitic porosity filled with clay minerals and Fe-oxides, fossils and dense network
of veins in a micritic limestone; (b) XRD pattern of micritic limestone. Abbreviations: cc: calcite,
dol: dolomite.
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The results of the qualitative and semi-quantitative analysis of the tested slags are
presented in Tables 2 and 3 and Figure 5a,b. Similar qualitative phase composition was
detected in the studied samples with mainly quantitative variations. In general, wüstite,
spinel group minerals and lime-alumino silicate phases constitute their modal composition.
The highest percentages of the wüstite-spinel phases occur in FeNi slag, which reflects
to the geochemical effects, as it contains the lowest percentages of calcium, silicon and
higher levels of Fe. Indications derived from the mineralogical analysis of the samples for
participation of amorphous phase in their mass in percentages up to ~20–30%.

Table 2. *** Mineral composition % of the studied FeNi slag.

Name Chemical Formula Percentages (%)

Spinel group (Mg, Fe, Mn, Ni)(Cr, Al, Fe, V)O4 35
Wustite FeO 45

Merwinite C3MS2 7
Beta dicalcium silicate C2S 11

Gehlenite C2AS <3
*** In the semi-quantitative analysis, the amorphous phases are not included. It was calculated <30%.

Table 3. *** Mineral composition % of the studied Electric Arc Furnace slag.

Name Chemical Formula Percentages (%)

Spinel group (Mg, Fe, Mn, Ni)(Cr, Al, Fe, V)O4 27
Wustite FeO 30

Merwinite C3MS2 5
Beta, gamma dicalcium silicate C2S 18

Gehlenite C2AS 17
Quartz SiO2 <2

periclase MgO <2
*** In the semi-quantitative analysis, the amorphous phases are not included. It was calculated <30%.

 

Figure 5. (a) XRD pattern of FeNi slag; (b) XRD pattern of Electric Arc Furnace slag (1: Gehlenite,
2: C3MS2, 3: C2S, 4: Spinel, 5: Wϋstite, 6: Quartz, 7: Periclase).

Results of the chemical composition analyses of the studied slag samples were per-
formed by X-ray Fluoroscence (XRF) are presented in Table 4. The results of XRF analyses
shows that the FeNi slag contains higher amount of Fe2O3 (37.25 wt.% compared to the
ELECTRIC ARC FURNACE SLAG slag (10.41 wt.%). The ELECTRIC ARC FURNACE
SLAG slag displays higher amounts of SiO2, Al2O3 and CaO (11.81 wt.%, 7.29 wt.% and
26.85 wt.%, respectively) in contrast to FeNi slag which contains significantly lower amounts
(3.77 wt.%, 0.43 wt.% and 10.21 wt.%, respectively). Regarding the alkalies, they are not
significant differences between the two types of slags (Table 3). ELECTRIC ARC FURNACE
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SLAG slag presents LOI (loss on ignition) 1.21, while the FeNi slag does not present any
value of LOI. As for the trace elements, FeNi slag is more enriched in Ni, while ELECTRIC
ARC FURNACE SLAG slag is more enriched in Cr, Sr, Ba and V (Table 4).

Table 4. Results of the chemical composition of the tested samples (<DL: <below detection limit).

Oxides FeNi ELECTRIC ARC FURNACE SLAG

SiO2 3.77 11.81
TiO2 0.02 0.57

Al2O3 0.43 7.29
Fe2O3

t 37.25 10.41
MnO <DL 1.74
MgO 2.30 1.74
CaO 10.21 26.85

Na2O 0.04 0.10
K2O 0.04 0.03
P2O5 0.33 0.39
LOI 0 1.21

ppm
Cr 2561 4537
Co 379 31
Ni 1327 20
Cu 27 156
Zn 12 115
Rb <DL <DL
Sr 39 486
Y 15 34
Zr <DL 86
Nb <DL <DL
Pb <DL <DL
Ba 171 1203
V 31 207
W 37 28
La 1 12
Ce 58 94
Th <DL <DL
Sc <DL <DL

The slags have basicity value which range from 2.42 (ELECTRIC ARC FURNACE
SLAG) to 3.31 (FeNi) which as calculated according to the following equation:

Basicity = (%CaO + %MgO)/%SiO2

where %CaO, %MgO and %SiO2 are the contents of those mentioned oxides (wt%) in the
studied slags.

Analyses with Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
mapping were conducted to determine the distributions of several major elements (Si,
Al, Ca, Mg, Fe, Cr, K and Na) in the studied slags. SEM observations are in accordance
with the petrographic features and XRD analyses as indicated in Figure 5 where spherical
crystals of wϋstite and curved subhedral spinels are shown. These minerals are surrounded
by microcrystalline calc-silicate phases (C2S). FeNi slag presents uniformly distributed
porosity of brick type (Figure 6). Regarding ELECTRIC ARC FURNACE SLAG slag, in
Figure 7 it is proved that it consists of spherical crystals of wϋstite, elongated spinels,
calc-silicate phase (C2S) and microcrystalline gehlenite (Figure 7a).
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Figure 6. Back-scattered electron image of spherical crystals of wϋstite (W), spinels (Sp) and micro-
crystalline calc-silicate phase (C2S), as well as pores (P, distinguished as black) in FeNi slag (a) and
mapping of major elements (Al, Si, Ca, Mg, Fe, Cr, K and Na, respectively) (b–i).

 

Figure 7. Back-scattered electron image of spherical crystals of wϋstite (W), spinels (sp), calc-silicate
phase (C2S) and microcrystalline gehlenite (G) in ELECTRIC ARC FURNACE SLAG slag (a) and
mapping of major elements (Si, Al and Ca, respectively) (b–d).

The results of SEM-X-ray mapping are presented in Figures 6 and 7. The SEM-X-ray
mapping analysis result in FeNi slag indicates that Fe is uniformly distributed on the entire
surface of the slag (Figure 6f). In addition to Mg, components in the slag that are in lower
amounts are Si, Cr, Ca, K and Na (Figure 6b–e,g–i). Regarding ELECTRIC ARC FURNACE
SLAG slag, the mapping results are in accordance with the chemical compositions and the
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petrographic results. More specifically, slag composition is relatively uniform, in which
Ca and Al are present as the major component of the slag, while Si is in smaller amounts
(Figure 7b–d).

The specific gravity of the tested slags (both of two types) and of the natural aggregates
(limestone) is identified. As can be seen from Table 5, the specific gravity of FeNi slags presents
higher values than of those of ELECTRIC ARC FURNACE SLAG slags in all tested samples.
More specifically, as for the SA group, its specific gravity values range from 4.51 to 4.61 T/m3

regarding FeNi slags while from 3.59 to 3.61 T/m3 regarding ELECTRIC ARC FURNACE
SLAG slags. Similarly, the values range of SB group is from 4.54 to 4.59 and from 3.52 to 3.70 in
FeNi and ELECTRIC ARC FURNACE SLAG slags respectively. As for the SC group, the range
of specific gravity values is from 4.59 to 4.72 and from 3.45 to 3.70 in FeNi and ELECTRIC
ARC FURNACE SLAG slags, respectively. The lowest value of this property is found in a
FeNi slag of SC group, while the highest value in ELECTRIC ARC FURNACE SLAG slags of
SB and SC groups. Regarding the measured specific gravity of the tested limestones used as
concrete aggregates is 2.70 T/m3, intensively lower than that of the investigated slags.

Table 5. Results of the specific gravity test of the tested slags.

Samples Specific Gravity (T/m3) of FeNi
Specific Gravity (T/m3) of
Electric Arc Furnace Slag

S01 2.70 (limestone)
S02 2.70 (limestone)
S03 2.70 (limestone)
SA1 4.51 3.61
SA2 4.51 3.61
SA3 4.61 3.59
SA4 4.51 3.61
SA5 4.51 3.61
SA6 4.61 3.59
SB1 4.59 3.52
SB2 4.54 3.70
SB3 4.56 3.60
SB4 4.59 3.52
SB5 4.54 3.70
SB6 4.56 3.60
SC1 4.59 3.45
SC2 4.62 3.51
SC3 4.70 3.56
SC4 4.72 3.61
SC5 4.71 3.70
SC6 4.69 3.70

3.2. Results of Concrete Specimens

Regarding the physical properties of investigated concrete specimens such as den-
sity, concrete specimens produced by natural aggregates (limestones) show density from
2621 to 2709 kg/m3 (Figure 8a, Table 6). As for the specimens made from various percentages
of two different slags (FeNi and ELECTRIC ARC FURNACE SLAG), samples of SA group
present values of density range from 3093 to 3125 kg/m3, samples of SB group values from
3095 to 3181 kg/m3 and these of SC group from 3060 to 3169 kg/m3 (Figure 8a). Samples of SA
group display water absorption, which ranges from 0.68 to 1.08%, samples of SB group from
1.01 to 1.59% and these of SC group from 1.09 to 1.48% (Figure 8b, Table 6). Furthermore, the
uniaxial compressive strength (UCS) of the produced concrete specimens was measured. The
compressive strength of the standard concrete specimens (produced by natural aggregates)
ranges from 36.00 to 38.00 MPa in 7 days and from 47.00 to 48.50 MPa in 28 days (Figure 8c).
In 7 days, the UCS of SA group ranges from 62.24 to 66.35 MPa, while in 28 days ranges from
75.80 to 83.42 MPa simultaneously indicating these samples as those presenting the highest
concrete strength (Figure 8c,d, Table 6). As for the SB group, the UCS in 7 days it ranges from
50.02 to 56.91 MPa and from 57.12 to 61.74 MPa in 28 days (Figure 8c,d). The UCS of SC group
in 7 days ranges from 45.53 to 55.18 MPa and in 28 days from 52.84 to 66.85 MPa (Figure 8c,d,
Table 6).
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Figure 8. Results of the physical and mechanical properties of the produced concrete specimens.
(a) density (kg/m3); (b) Water absorption (%); (c) Uniaxial compressive strength of 7 days (MPa);
(d) Uniaxial compressive strength of 28 days (MPa).

Table 6. Results of the physical and mechanical tests of the produced concrete specimens.

Samples
Density
(kg/m3)

Water
Absorption (%)

Uniaxial Compressive
Strength of 7 Days

(MPa)

Uniaxial Compressive
Strength of 28 Days

(MPa)

S01 2650 0.32 38.00 48.50
S02 2709 0.31 36.00 47.00
S03 2621 0.35 36.55 47.50
SA1 3093 0.86 62.24 83.42
SA2 3113 0.68 64.94 80.02
SA3 3129 1.08 64.13 75.88
SA4 3098 0.90 66.35 82.48
SA5 3112 0.71 64.94 80.06
SA6 3125 1.07 64.15 75.80
SB1 3140 1.59 56.91 61.74
SB2 3095 1.57 49.15 57.85
SB3 3179 1.01 49.14 57.43
SB4 3141 1.12 53.90 61.70
SB5 3098 1.57 50.02 58.02
SB6 3181 1.60 49.53 57.12
SC1 3065 1.19 55.17 57.84
SC2 3064 1.09 45.53 57.50
SC3 3060 1.37 48.35 53.26
SC4 3129 1.48 55.18 63.59
SC5 3166 1.13 54.37 66.85
SC6 3169 1.49 46.80 52.84

As for the concrete specimens made by slags, the presence of fractures between the
slags and the cement paste is partially observed (Figure 8). Moreover, samples SA1-SA6 and
SC1-SC6 are characterized by satisfactory bonding with the cement paste (Figure 9a–d,f,h).
On the contrary, samples SB1-SB6 presents lower microroughness and unsatisfactory bonding
with the cement paste, which indicated from the zone around wüstite grains which acts
as detachment zone during the load (Figure 9e,g). During the petrographic study of the
concrete specimens, a large number of wüstite and spinel crystals were found to have been
detached from the cement paste on a large scale after loading, while in none of the studied
slags crystalline microcracks were found penetrating their mass. The general microroughness
of the mineral components of the slags does not show any increase which is likely to work
adversely within the concrete.
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Figure 9. Textural characteristics of the studied concrete specimens: (a) Photomicrograph of sub-
hedral spinel (Sp), wϋstite (W) and anhedral calc-silicate phase (C2S) (PPL Nicols, sample SA1).
(b) Photomicrograph of elogated grain of slag consisting of spinel (Sp) and wϋstite (W) (PPL Nicols,
sample SC2). (c) Photomicrograph of subhedral and elogates spinel (Sp) in which scattered cracks are
observed which do not penetrate it (PPL Nicols, sample SC5). (d) Photomicrograph of an elogated
grain of ELECTRIC ARC FURNACE SLAG, which contain calc-silicate phase (C2S) and has a good
cohesion with the cement paste (PPL Nicols, sample SA4). (e) Back-scattered electron image of
a spherical grain of wϋstite (W) which does not have good cohesion with the cement paste and
detachments are observed around it (sample SB6). (f) Back-scattered electron image of cracks in the
cement paste and around a grain of an ELECTRIC ARC FURNACE SLAG that contains calc-silicate
phase (C2S) and spherical wϋstite (W) (sample SA6). (g) Back-scattered electron image of subhedral
wϋstite (W) around which detachments are observed (sample SB2). (h) Back-scattered electron image
of cracks and detachments between the cement paste and the FeNi slag (sample SC6).
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All the above are enhanced either through the processing of microscopic images after
the 3D depiction or through the study of the transition zone between the aggregate and
the cement paste as it is shown in Figure 10a–d. The grains of C2S phases and spinels
(Figure 10 a,c,d) seem to present good cohesion with the cement paste. In addition, it is
observed that the grains of wϋstite have lower microroughness compared to that of the
cement paste, where this alternation of the concrete components leads to the better cohesion
among them (Figure 10b).

Figure 10. 3D depictions of the investigated concrete specimens: (a) spinel, wϋstite and calc-silicate
phase (sample SA1); (b) spinel and wϋstite (sample SC2); (c) spinel (sample SC5); and (d) calc-silicate
phase paste (sample SA4).

4. Discussion

Different types of industrial byproducts have been studied in the past few decades in
order to find suitable alternatives of natural aggregates in concrete. Blast furnace slag, steel
slag, copper slag and foundry slag can be used as concrete aggregates. In this study, differ-
ent types of slags have been evaluated in various mixtures in order to identify the optimum
combination of recycled raw materials such as slags for their use in several construction
applications of high demands. For this reason, at the same time, a standard concrete of
the same category was prepared containing only natural carbonate aggregates in order to
carry out a direct comparative study between these types of concrete specimens so that a
wider application of such type of by products could be established. At first, when studying
the aggregate properties, significant differences regarding their physical and mechanical
properties are identified. More specifically, slags used as aggregates display better proper-
ties in terms of their mechanical strength, while limestones present advantages in terms of
water absorption and physical properties in order to be used as concrete aggregates. The
density of slags used as aggregates appears significantly increased compared to natural
aggregates that lead to the characterization of slags as heavy weight aggregates, while the
same applies to their density. The water absorption of slags is particularly high compared
to that of common limestones used as aggregates. This parameter must be taken into
account when studying the composition of concrete, so that no reduced workability can be
observed from the absorption of water by the aggregates. Several researchers have studied
the influence of the aggregate type on the final concrete strength which is directly depends
on their properties [46–48]. During the microscopic study of the raw materials where they
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were studied as aggregates, significant differences are identified both between the natural
aggregates and the slags as well as between slags of different origins. More specifically,
natural aggregates are less compact and contain numerous microcracks, and thus they
penetrate their entire mass compared to slags where they are more compact, and they
display less intargranular microcracks. However, the porosity in the micro-scale seems to
be increased in the whole of the studied slags in relation to the carbonate rocks in which the
porosity is more uniformly distributed, something that probably affects in all the properties
but also in their final relationship with the cement paste. However, there are significant
differences between the slags during their microscopic observation where the FeNi slags
show significantly higher percentage of wϋstite and spinel than those of ELECTRIC ARC
FURNACE SLAG, while at the same time, the FeNi slags show lower percentage of calc
silicate phases than those of the ELECTRIC ARC FURNACE SLAG significantly affecting
to the properties of aggregates. Moreover, a significant difference during the microscopic
study is found in the porosity which seems to be greater in the FeNi slags in contrast to
the corresponding ones of ELECTRIC ARC FURNACE SLAG, something that is mainly
attributed to their special mineral characteristics.

Test results of the compressive strength from different concrete mixtures in 7 and 28 days
are plotted in Figure 8c,d. The replacement of limestone aggregates with slags in concrete
seems to significantly increase their compressive strength both in 7 and 28 days in all cases. The
28-day compressive strength levels of concrete specimens made by slags as aggregates present
range of values from 52 MPa to 83 MPa compared to the corresponding concretes produced
only by natural aggregates which do not exceed 40 MPa, i.e., much lower than expected,
which is initially attributed to the higher hardness of slags as shown in the comparative table
with the properties of the aggregates (natural and recycled).

In general, it seems that when slag is used regardless its source in all the aggregate
grain sizes, then the density of the mixture can exceed 3000 kg/m3 in relation to the
corresponding concrete specimens which have been produced only by natural raw materials
(density values up to 2650 kg/m3). In most cases, however, the use of aggregate slag implies
the production of concrete with density greater than 2700 kg/m3, which must be taken into
account when designing such type of constructions. The uniaxial compressive strength
of concrete specimens produced by slags is better than of those produced by natural
aggregates with an increase of 20% in concrete with lower percentage of ELECTRIC ARC
FURNACE SLAG slag and with higher percentage of FeNi slag. This increase reaches the
percentage of 30% in the cases where it participates in a higher percentage of ELECTRIC
ARC FURNACE SLAG slags and a lower percentage of FeNi slags. This is due to all
the special characteristics of the slags in relation to their physical and especially to their
mechanical characteristics directly dependent on their microscopic characteristics where
slags present a compact texture without microcracks and uniformly distributed porosity
which seems to affect the smooth crystallization process of the cement and therefore on its
stronger bonding with the aggregates in relation to the unevenly distributed porosity of the
natural aggregates. During the petrographic study of concrete, when studying the micro
scale where the failures are born, significant differences in the microcracks’ process are
identified after the breaking of the concrete specimens. During the microscopic study of the
oriented thin sections during the uniaxial compressive strength test of concrete specimens
produced by natural aggregates microcracks are shown to break the carbonate aggregates
trangranularly and intragranularly, something that in concrete specimens made by slags
was not found in any of the examined mixtures. This fact is attributed to both mechanical
of aggregate materials as well as in their mineralogical characteristics. Among the mixtures
produced by different types of slags, significant differences in their mechanical strength
were observed. The differences in the final compressive strength of the produced concretes
are observed as significant even with small variations in the percentage participation
of the different types of slag, something that reveals the strong influence of the special
mineralogical characteristics on the final quality of the produced concrete specimens.
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The superiority of mixtures of SA group in contrast to that of SB group (higher per-
centage of ELECTRIC ARC FURNACE SLAG slag) and that of SC group (lower percentage
of natural sand) is evident both in 7 days and in 28 days of curing. This difference on the
final concrete strength where different types of slags are participated is precisely related
to their different weights and their different densities as the slag aggregates which are
characterized as heavy weight aggregates produce heavy weight type concretes and as
their weight increases it seems their durability to be reduced linearly.

The differences in all properties of the produced concretes which are identified be-
tween the groups SA, SB, SC can be interpreted by studying and evaluating the particular
microscopic characteristics of both raw materials (slags and natural rocks) and the produced
concrete specimens. The hydration of ladle slags with a content of hydraulically active
mineral and the glass phase is taking place after adding water, without having to supply
an alkali-activator. The hydraulic properties of slags are incommensurable compared to
Portland cement however hydrating abilities are affected by the chemical composition.
Samples SB do not present high compressive strength, while the other samples present
better compressive strength after 28 days of hydration. Samples in which compressive
strength values are higher than those of SB group contain mineral dicalcium silicate in
this group. This mineral occurs in Portland clinker [1] and due to its hydration there
are the so [32] called C-S-H phases formed. These phases are bearers of strength in the
hydrated cement. Additionally, it is evident that mixtures containing higher amount
of ELECTRIC ARC FURNACE SLAG slag and lower amount of FeNi slag (SA and SC
group) yield increased mechanical concrete properties compared to the SB group, which
seems to be related to the increased concentration of wϋstite and mervinite in FeNi slags
(Tables 1 and 2). The presence of wüstite in the concrete as it was detected through the
microscopic study seems to act as a surface of weakness within the structure of the cement
paste as the cubic system to which it belongs creates some plan surfaces capable of acting as
levels of failure during uniaxial loads. The fact of the negative effect mainly of wüstite on
the final mechanical strength of concrete specimens is documented both by the microscope
images and by the three-dimensional study of the produced concretes. More specifically, as
shown in Figure 9b, an extensive zone of detachment from the adhesive cement is located
around the wüstite, which is found throughout the range of concrete. This fact indicates
the existence of a point of weakness inside the concrete where during the uniaxial loading
they act exactly as detachment points resulting in faster breaking. In addition, as shown
in the three-dimensional study, the wüstite crystals do not show a particularly significant
microtopography in relation to the rest of the mortar, while at the same time it presents
extensive flat areas which may also function as slip levels during loading. The spinel shows
similar behavior to wüstite as shown in Figures 8a and 9a. In contrast to wüstite and spinel,
the presence of C2S phases seems to have a significant positive effect on the mechanical
concrete strength as no significant detachment zones are found perimetrically during the
fracture while the three-dimensional microtopography seems to be satisfactory and evenly
distributed throughout the surface (Figure 9d) creating formations which seem to mechan-
ically trap the cement mortar. An extra significant parameter for uniaxial compressive
strength of concrete with the increased percentage of FeNi slags seems to be the existence
of merwinite when is regarded as a low hydraulically active mineral [49,50]. It seems to
significantly affect the hydraulic properties of the cement and its smooth hydration reaction,
resulting in a significant reduction in its mechanical strength and around these crystals to
identify areas of reaction and weakness.

As it is shown through the study of the X-ray diffraction patterns of raw materials it
seems that the compressive strength of samples prepared from the slags Electric Arc Furnace
Slag were secured primarily by the presence of b-C2S phase. The b-C2 S phase is considered
the most important for ensuring the strength of products with water activated ladle slags.
The Electric Arc Furnace Slag slags which after adding water have sufficient strength are in
accordance with condition C/S. The low ratio C/S shows these slags which is hydraulically
inactive. The other type of slags has a satisfactory C/S ratio but its hydraulicity is low.
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Additionally, in contrast to mervinite and wϋstite, the presence of gelenite in an increased
percentage in the ELECTRIC ARC FURNACE SLAG slag seems to have a significant effect
on both the properties of slags and on the behavior of the produced concrete. As can be
seen through the microscopic study of the microstructure of concrete, strong adhesion
with the cement paste is detected, which is probably due to the partial hydration reaction
of these mineral phases and its special morphological characteristics. Additionally, the
difference between FeNi and ELECTRIC ARC FURNACE SLAG slag can be observed not
only in their mineralogical composition but also in their chemical composition and thus
even the study of their chemical composition could potentially be used as a predictor of slag
behavior in concrete. More specifically, FeNi slags show intensively lower percentage of
free CaO compared to their respective ELECTRIC ARC FURNACE SLAG slag participation
and the diversity in their composition confirms the strong heterogeneity of these slags and
imbalances in their solidification the hardening of the hydrated slags is also involved in
the presence of the amorphous phase, especially in the case of slags containing free CaO as
Calcium hydroxide is the activator of the latent hydraulicity for the amorphous phase [51].

5. Conclusions

This paper examines industrial byproducts (ferronickel slags) to evaluate their suit-
ability as concrete aggregates, with the ultimate goal of the production of environmentally
friendly concrete from now on. The main conclusions of this study are given in the
remarks below:

� The determinant factor for the final mechanical behavior of concrete seems to be
the mineralogical and microstructural characteristics of slags used as aggregates. In
contrast to wüstite and spinel, the presence of C2S phases seems to have a significant
positive effect on the concrete strength as no significant detachment zones are found
perimetrically during the fracture.

� Natural aggregates are less compact as they contain numerous microcracks and
hence they penetrate their entire mass compared to slags where they are more
compact and they display less intargranular microcracks, making them suitable for
concrete aggregates.

� The participation of slags in concrete mixtures improves their mechanical strength as
the replacement of limestone aggregates with slags in concrete seems to significantly
increase their compressive strength both in 7 and 28 days in all mixtures.

� Mixtures containing higher amount of ELECTRIC ARC FURNACE SLAG slag due
to their lower concentration of wϋstite and mervinite present increased mechanical
concrete properties.
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Abstract: This research aimed to identify the link between the chloride penetration behavior of con-
crete made from various types of recycled aggregate from three main sources—building demolition
waste (B-RCA), laboratory waste (L-RCA), and precast concrete waste (P-RCA)—and the 28-days
compressive strength of natural aggregate concrete with the replacement ration 30%, 60% and 100%
respectively. The results of the study revealed that the quality of recycled aggregate waste signifi-
cantly impacted concrete behavior. To elaborate, finer aggregate potentially increased the inter-facial
transition zone (ITZ), which is the weakness part of concrete, resulting in the concrete having less
compressive strength as well as increasing amount of chloride ion penetration thought rapid test. In
this research, an image processing technique, which is a simple method, was used to quantify the ITZ
area of concrete. It was found that concrete with low compressive strength and high permeability
values had an ITZ area significantly more than other types of concrete.

Keywords: construction demolition waste; recycle concrete aggregate; sustainable construction

1. Introduction

The urban expansion leads to the rise of building construction, especially in developing
countries. Therefore, the use of concrete which is the primary material in such construction
is also increasing [1]. This results in an increase in the use of natural crushed stone which
constitutes two-thirds of the total weight of concrete. Moreover, 5–10 percent of the concrete
used in construction has turned into waste [2]. However, the inappropriate disposal of
leftover concrete such as dumping it at a landfill and using it in the landfilling process has
been widely practiced. This leads to more problems in the future. To tackle the problem,
the concept of turning the leftover into aggregate used in concrete is developed.

The sources of aggregate waste from the construction industry come from three main
sources: building demolition waste, laboratory waste, and precast concrete waste. [3] The
behavior of recycled aggregate concrete differs from that of natural aggregate concrete [4,5]
in terms of compressive strength, the efficiency of fresh concrete, chloride penetration,
etc. The concrete properties have been tested over and over; however, there has been no
explanation of how concrete behavior from various sources is linked to its actual behavior.

This research aimed to analyze the behavior of concrete made from various types of
recycled aggregate from different sources in terms of compressive strength and chloride
penetration through an image processing technique.

1.1. Chloride Penetration Behavior

The longer the concrete is in use, the higher the probability of water and air penetrat-
ing it becomes. Ref. [6] The presence of water and air is the cause of other undesirable
compounds [7,8]. For example, chloride in the water might be found in the concrete. The
most undesirable effect of chloride is that it can react with passive film covering the rein-
forcement, resulting in the passive film deteriorating. As a result, the reinforcement without
the passive film will react with the penetrating water and air and will eventually rust. This
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in turn makes the reinforcement occupy a greater volume of the concrete, allowing more
air and water to penetrate the concrete. This process, as a chain reaction, accelerates the
deterioration of the concrete and reinforcement. [9–11]

According to the EN 1744-1 [12] Test for Chemical Properties of Aggregate, ASTM
C33 [13] Standard Specification for Concrete Aggregate, the amount of chloride in natural
aggregate must be less than 0.01 percent and can be up to 0.03–0.15 percent in recycled
aggregate by wet chemistry method. This is because chloride content might be present in
mortar waste in recycled aggregate or the recycled aggregate itself was previously used
where chloride content was present [14]. This results in the increase in water absorption of
the concrete corresponding with the amount of the recycled aggregate. This also applies
to the chloride penetration ratio of the concrete. According to previous studies, [15] the
problem of chloride penetration behavior could be solved by decreasing the water over
cement ratio. This would help the concrete yield the desirable strength. Moreover, the
research conducted by [16] found that the type of recycled aggregate also plays a role in the
chloride penetration behavior of concrete, with the chloride penetration of fine aggregate
higher than that of coarse aggregate.

1.2. Sources of Recycled Aggregate

There have been studies on recycled aggregate in concrete for some time. Reliable
studies mentioned the properties of concrete and the behavior of the construction from
recycled aggregate concrete. They found that recycled aggregate concrete plays a significant
role in water absorption in aggregate, leading to lowered permeability resistance [17]. The
water absorption capacity of recycled aggregate concrete is considered high (>7 percent)
according to the standardized measure provided by [18] JIS A5002. Moreover, recycled ag-
gregate concrete has a lower compressive strength compared to natural aggregate concrete
by 21 percent [19]. However, if the amount of recycled aggregate in the concrete is restricted
to not more than 20–30 percent of the total concrete, there is a negligible difference between
the properties of recycled aggregate concrete and those of natural aggregate concrete. [20]
In 2014, [21] Duan and Poon conducted research on the properties of concrete with mortar
on the stone surface and from different sources. The result was that recycled aggregate
with a little amount of mortar on the stone surface had low water absorption capacity
and therefore can be a substitute for natural aggregate. Likewise, the research by [22]
Pedro et al., 2014 also found that the water absorption capacity of recycled aggregate was
medium as represented by 3.9–7.6 percent. As a result, a recycled aggregate could be used
in concrete with high compressive strength.

Still, the aforementioned research did not analyze the cause of different behaviors of
three different types of aggregate concrete. Also, it is worth mentioning that the research
did not take the recycled aggregate which came from different sources into account. More
importantly, the area of ITZ which significantly affects the properties of the concrete was
not considered.

2. Materials and Methods

The recycled aggregate made from 3 sources was investigated (Figure 1). The first
was the leftover cube concrete specimens from laboratory testing, with an existing strength
ranging from 40–45 MPa. The second was the waste from the rejected product from
the precast hollow core slab industry with an average strength of 35 Mpa. The last one
was the building demolition waste, especially the building demolition concrete from the
building of which the location interposes the new underground MRT Orange line in the
capital city of Thailand. This example emphasizes the increasing demand for infrastructure
renovation from the fast-growing city. The coring sample of concrete structure from the
building was tested to verify its existing compressive strength which turned out to be
16 Mpa on average. B-RA, P-RA, and L-RA represent recycled aggregate from building
demolition, aggregate from precast concrete waste, and aggregate from laboratory waste
respectively. The concrete waste was crushed and graded according to ACI 555 [23]. Then,

94



Sustainability 2022, 14, 2768

the natural aggregate concrete was replaced by L-RCA, P-RCA, B-RCA with the proportion
of 30 percent, 60 percent, and 100 percent respectively as indicated in Table 1. Short-Term
properties of concrete from recycled aggregate were verified in terms of strength and elastic
modulus in the period of 7, 14, and 28 days. The durability of the concrete was represented
by a rapid chloride penetration test (ASTM C 1202) [24] at 28 day-age concrete.

 

Figure 1. Recycled aggregate from various sources.

Table 1. Mixed proportions of concrete mixture.

Mix
Mix Proportion (kg/m3)

Cement Water Sand Stone RA

NCA 411 206 827 1028 -

L-RA 30 411 206 827 719 309

L-RA 60 411 206 827 616 412

L-RA 100 411 206 827 - 1028

P-RA 30 411 206 827 719 309

P-RA 60 411 206 827 616 412

P-RA 100 411 206 827 - 1028

B-RA 30 411 206 827 719 309

B-RA 60 411 206 827 616 412

B-RA 100 411 206 827 - 1028

The standard controlled concrete mix ratio for comparison with recycled aggregate
concrete was Natural Concrete Aggregate (NCA). The mixing ratio was calculated to obtain
the required tensile strength of approximately 25 Mpa. Then in the experiment, different
proportions of the aggregates from natural stone were substituted. By using aggregate
from the recycling as mentioned above. Table 1 shows the proportion of concrete mix used
in the sample for this test.

2.1. Aggregate

The aggregate used in the concrete mixture was from three sources. From Figure 2, the
particles of L-RCA and B-RCA were larger than that of P-RCA due to the smaller size of
natural crushed stone used in precast concrete. Another point was that L-RCA possessed
less cement paste on the aggregate’s surface because of its higher parent strength compared
to that of B-RA. The shape of L-RA aggregates is angular, similar to those obtained from
natural stone. The B-RA is also angular, but from a comparative physical appearance, it
appears to have more porosity from old-adhered mortar. The final aggregates that make up
the fraction of Precast Hollow Core Slab are round but small and very porous as well.

According to the test, the distribution of different particle sizes of the coarse aggregate
corresponded to ASTM C135 [25] Standard Test Method for Sieve Analysis of Fine and
Coarse Aggregates as shown in Figure 3. However, it could be observed that the distribution
of precast concrete waste of different sizes with mostly fine aggregate was higher than that
of other types of aggregate.
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Figure 2. Recycled aggregate from laboratory waste (L-RA), building demolition waste (B-RA) and
precast concrete waste (P-RA).

Figure 3. Aggregate particle size distribution.

2.2. Unit Weight and Absorption Rate of Aggregate

The unit weight of natural aggregate is a little bit higher than that of recycled aggregate,
as represented by 14–19%. From Figure 4, the unit weight of natural aggregate was higher
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than that of every type of recycled aggregate. This was because there was mortar waste
on the surface and the crushing process might leave the shape of the surface distorted.
Moreover, the particle size of recycled aggregate was mostly at the same size range, resulting
in more rooms in concrete and eventually in lower unit weight. Considering the water
absorption rate, it was obvious that the unit weight of natural aggregate was lower than
that of recycled aggregate. From Figure 5, the water absorption percentage of recycled
aggregate was 6.65, 8.72, and 6.78 times higher than that of natural aggregate. This was
because there was mortar present on the outer surface of recycled aggregate, resulting in
higher porosity, lower specific gravity, and higher water absorption when compared to
natural aggregate.

Figure 4. The unit weight of aggregate.

Figure 5. Percentage of Water Absorption for each type of Aggregates.

2.3. Rapid Chloride Penetration

The chloride penetration concrete test according to ASTM C 1202 was conducted
using a rapid chloride permeability test after a 28-day period of curing. From Figure 6,
the test consisted of a clamp tab, a concrete cube containing a 3 percent concentration of
sodium chloride (NaCl) solution on the cathode side and a 0.3M concentration of sodium

97



Sustainability 2022, 14, 2768

hydroxide (NaOH) on the anode side. Then, it is connected to a 60-volt DC power supply
and data logger.

Figure 6. Test setup of the Rapid Chloride Penetration Test.

According to the experiment, although the chloride ion permeability, which is an
indicator of concrete durability, could not be measured, the total amount of chloride
ion permeating through the concrete was measured. Still, the result might not be easily
applicable in real-life situations. However, ASTM C1202 presented a table to determine the
concrete quality with different chloride ion permeabilities as shown in Table 2.

Table 2. Chloride permeability based on the total charge passed.

Total Charge Passed (Coulombs) Chloride Permeability

>4000 High

2000–4000 Moderate

1000–2000 Low

100–1000 Very low

<100 Negligible

2.4. Image Processing

Figure 7 shown vertical cross section of concrete sample so that the properties of the
concrete could be carefully examined. Then, the concrete was captured with a digital
camera with at least 5 MB resolution. The image was then analyzed by the MATLAB
program, in which the process involved converting the image to greyscale so that the color
intensity of each element in the concrete could be clearly seen. After this process, the image
was denoised. Subsequently, the area of ITZ of each element was processed. The result
was the differences in color intensity, with the void being the highest, followed by mortar
and aggregate respectively. In order to analyze the area of ITZ, the perimeter needed to be
identified. Then, the area of ITZ could be determined by multiplying the perimeter by an
average ITZ thickness.
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Figure 7. Color pixel population from image processing.

3. Results

3.1. Compressive Strength

The compressive strength of concrete was tested by using a block of concrete with a
compressive strength of 28 MPa. Then, each new concrete block was cast from standard
cylinder-shaped concrete formworks with a 10 cm. diameter and a 20 cm. in height.
After 24 h, the concrete formworks were removed and the concrete blocks were aged
in clean water for 7 days, 14 days, and 28 days respectively. The concrete blocks were
subsequently tested for compressive strength. Concrete samples with four different coarse
aggregates were collected: natural aggregate concrete, laboratory waste concrete (L-RCA),
precast concrete waste (P-RCA), and building demolition waste (B-RCA). The natural
aggregate concrete was replaced by L-RCA, P-RCA, B-RCA with the proportion of 30
percent, 60 percent, and 100 percent respectively.

From Figure 8a–c the decreasing trend in compressive strength corresponded with the
increasing amount of recycled aggregate mixed in the concrete. Three types of recycled
aggregate concrete with a 30 percent replacement rate showed negligible differences in
terms of compressive strength compared to the other two replacement rates. As for the
recycled aggregate concrete blocks with a 30 percent replacement rate, the vertical crack
propagation occurred, and the cracks split apart into two pieces. This stemmed from the fact
that the mortar waste could handle less compressive strength than the coarse aggregate. On
the other hand, the coarse aggregate and recycled aggregate themselves did not suffer any
damages or cracks. As for the 60 percent replacement rate, the vertical crack propagation
occurred and reached half of the concrete’s height at a 70-degree angle. The crack resulted
from the shear force coming from the bond strength of composite and internal friction. As
for the 100 percent replacement rate, the vertical crack propagation occurred and reached
one-thirds of the concrete’s height, but the crack did not cover all the cross-section concrete
areas. Moreover, some of the cracks split into tiny pieces due to the dramatic differences
in compressive strength of each recycled aggregate, shear force coming from the bond
strength of composite and internal friction. However, their failure tended to be the lowest
and could handle the least compressive strength compared to the other two.
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(a) Compressive strength at 7 days. 

(b) Compressive strength at 14 days 

 

(c) Compressive strength at 28 days 

Figure 8. Compressive strength of concrete at 0%, 30%, 60% and 100% replacement rate at: (a) 7 days,
(b) 14 days, and (c) 21 days.
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3.2. Chloride Penetration Resistance

From Figure 9, the result showed total charge passed at 28 days of natural coarse
aggregate and various types of recycled aggregate by rapid chloride test. It obviously seen
that natural aggregate concrete (NCA) was the only type that had a moderate chloride
ion permeability rate (2000–4000 coulombs) in accordance with ASTM C1202. On the
other hand, all the proportions of recycled aggregate concrete were considered to have a
high chloride ion permeability. Concrete made from laboratory and building demolition
aggregate are slightly higher than NCA based value about 25% at any replacement ratio.
There is also an increase in the recycled aggregate to natural aggregate ratio of these two
types of samples do not increase the chloride permeability much. It is worth noting that
concrete made from scraps of prefabricated concrete slabs. Instead, the permeability value
of the chloride is very high. In one way it could be said that at 30% displacement, the
permeability rate is close to that of natural aggregate concrete. But increasing the percentage
of renewable aggregates to 60% or 100% increased the permeability significantly, over 71%
and 106% compared to the 30% recycle aggregate samples, respectively.

Figure 9. The total charge passed at 28 days of natural coarse aggregate and various types of recycled
aggregate.

3.3. Chloride Penetration and Compressive Strength

The relationship between chloride penetration and compressive strength of 28-day
recycled aggregate concrete is shown in Figure 10. The decreasing penetration rate of
L-RCA (Circle), P-RCA (Square), and B-RCA RCA (Triangle) corresponded with their
increasing compressive strength. The effect of replacement percentage, it has a high
effect on the concrete mixed with P-RCA aggregate when the ratio is increased it will
increase the compressive strength and chloride permeability as well. However, for the
L-RCA and B-RCA samples, it was found that the increase in the aggregate’s substitution
ratio had a large effect on the compressive strength and chloride permeability. The two
relationships between L-RCA and P-RCA could be explained by R2 which was well fit
up to 95 percent and 99 percent respectively. Based on this result, it can be confirmed
that linear regression relationship between compressive strength and chloride penetration.
However, as for aggregate from the precast slab waste, the chloride penetration rate tended
to be very high, which was indirectly proportional to the compressive strength. On the
other hand, when considering the water absorption of P-RCA aggregates, it is found that
higher water absorption rates than other aggregates have a reliable effect on the absorption
values. The passivity of chloride was also higher. This highlighted the sensitivity to a
change of compressive strength which significantly affected the porosity of this type of
recycled aggregate.
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Figure 10. The relationship between the total charge passed and compressive strength.

4. Discussion

4.1. Failure Mode

The aggregate porosity played a vital role in how the crack occurred, which also
directly affected the compressive strength of the concrete. Ref. [26] Normally, the crack
path advances through aggregate, mortar, and ITZ, depending on the ability to handle the
strength of each part as shown in Figure 11. In natural aggregate concrete (NCA), the crack
path went through the mortar and ITZ around the aggregate. In contrast, in laboratory
waste (L-RA) and building demolition waste aggregate concrete (B-CA), it was possible
for some crack paths to go through the previously existing ITZ, which occurred between
some of the previously existing mortar and aggregate, while other crack paths might go
through the new ITZ, depending on which ITZ could bear higher strength. This result is
explained by research from Li et al. [27] which found that old mortar is the weakest of
Recycle Concrete Aggregate. If the parent strength of recycled aggregate is high, the ITZ
might be able to handle more strength. Lastly, in precast slab waste aggregate (P-RA), due
to high porosity in this type of aggregate, which resulted from the use of small-sized stones
and in turn leading to a larger area of ITZ. Thus, the crack path could go through its ITZ
much more easily compared to the other two.

Figure 11. Crack propagation in composition containing: (a) concrete containing NCA, (b) concrete
containing L-RA and B-RA, and (c) concrete containing P-RA.
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4.2. Durability Mode

Photos from an image processing technique showed the area of each phase as shown
in Figure 12. In the first row are raw photos which were denoised. The photos in the second
row show the phase distribution in the cross-section area of the concrete after using an
image processing technique. Finally, in the last row are the percentages of each phase of
NCA, B-RA and P-RA. The phase of NCA and B-RA showed a similar distribution, unlike
that of P-RA. To elaborate, the phase area of P-RA aggregate was nearly twice that of NCA
and B-RA. The larger phase area of P-RA resulted in the increase in ITZ. The length of ITZ
was determined by drawing a line in the CAD program as shown in Figure 13. Then, the
area of ITZ of concrete cross-section was identified by multiplying the length of ITZ by its
thickness 40 μm on average based on the research by Zouaoui et al. [28] which proposed
that the ITZ thickness ranged from 30–50 μm.

Figure 12. Phase distribution of (a) NCA and (b) B-RA and (c) P-RA using an image processing
method from picture (top) to pixel distribution (middle) and pixel distribution (bottom).

Figure 13. The length of Inter-Facial Transition Zone in concrete.

103



Sustainability 2022, 14, 2768

Figure 14 demonstrates the schematic of chloride penetration through the cross-section
of concrete. Chloride could penetrate the mortar to certain extent, but could penetrate
the ITZ area better, while chloride could barely penetrate or could not penetrate the stone
area at all. According to the research by Silva et al. which investigated the relationship
between the total charge passed and chloride migration coefficient based on 120 studies,
the relationship between these two is linear as presented in the equation below

y = 0.0034x

If
y = Chloride migration coefficient (De), ×10–12 m2/s

x = Total charge passed, Coulombs

Figure 14. The schematic of chloride penetration through concrete.

The relationship between the ITZ area determined by the calculation above and
the total charge passed was exponential. To illustrated, the area of ITZ obtained by an
image processing technique played a crucial role in the amount of chloride penetration
in exponential relationship which R2 = 0.9994 (Figure 15). This also directly affects the
concrete durability in accordance with the research by Azarsa and Gupta [29].

Figure 15. The relationship between the area of Inter-facial Transition Zone and the total charge passed.
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5. Conclusions

This research analyzed the chloride penetration behavior of natural aggregate concrete
and that of recycled aggregate from three different sources. An image processing technique
was used to explain the results which could be summarized as follows:

(a) Although the unit weight was similar to that of NA, the % Water Absorption difference
was 6–8 times more on average. In this respect, the pre-formed RCA concrete has
been used from different sources, including from old buildings (B-RCA), from precast
concrete slab specimens (P-RCA), and from laboratory test specimens (L-RCA) has
lower chloride permeability properties than NA based concrete, but its penetration
rate also depends on the shape of the aggregate which the aggregates are small and
the quantity of old-adhered mortar. It will make the permeability a lot. Otherwise,
the compressive strength was not significantly different between the ages of 7, 14 and
28 days.

(b) Increasing of percent replacement is added, higher the compressive strength and
chloride penetration resistance, the better from the Rapid Chloride Penetration Test
at all 30%, 60% and 100% Replacement Rations. It is worth noting that P-RCA
has the highest chloride permeability. When considering the % Water Absorption
that P-RCA has the most and considering the mixed part of the aggregate which is
somewhat more detailed than other types of aggregate, it can be determined that the
chloride permeability properties and the strength is linked to the physical nature of
the aggregates. In this experiment, the area of the ITZ was taken into account, which
has a significant effect in the case of Recycle Aggregate concrete, since the aggregate
is attached to the old ITZ from old-adhered Mortar.

(c) Using the Image Processing method for considering ITZ in this experiment, it was
found that a highly consistent relationship between the size of the imaging ITZ area
was identified and the amount of chloride permeation. An image processing technique
could be used to explain the characteristics of each element in the cross-section of the
concrete. The method yielded the results in accordance with the concrete behaviors.
In the future, it would be possible to predict the properties of concrete if there are
ample information archives of the cross-section of concrete.
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Abstract: Despite extensive research studies, recycled aggregates and worn-out tyres of motor vehi-
cles are still not fully reused and are hence disposed of in ways that are damaging to the environment.
Several studies have been carried out on recycled aggregate and rubberized concrete, but very limited
studies are conducted on rubber recycled aggregate concrete. This study focuses on the workability,
mechanical properties and durability performance of concrete made with 100% recycled aggregates
and crumb rubber at different replacement level (5%, 10%, 15% and 20%). The first stage of the study
covers the effect of incorporating crumb rubber at different concentration on the workability and
mechanical properties of recycled aggregate concrete. The results revealed that the workability and
mechanical properties of the recycled aggregate concrete can be used for structural applications when
5% of crumb rubber are used to replace recycled aggregates. The 28-days compressive strength of the
rubberized recycled aggregate concrete with 5% crumb rubber concentration is reduced by 21.1% and
32.8% when compared to recycled aggregate concrete and control concrete, respectively. The second
stage of the study assesses the durability performance of the recycled aggregate concrete with 5%
crumb rubber concentration. The 5% crumb rubber content for durability tests was considered be-
cause the ultrasonic pulse velocity tests revealed that the quality of the recycled aggregate concrete is
questionable if the concentration of crumb rubber particles is beyond 5%. The durability performance
using the surface resistivity test also shows that the chloride ion penetration of recycled aggregates
concrete with 5% crumb rubber replacement is moderate using air dried curing technique and high
using the water bath curing method. Hence the study suggests the use of rubber recycled aggregate
concrete for applications were the exposure condition is not extreme.

Keywords: recycled aggregates; crumb rubber; recycled concrete; compressive strength; tensile
strength; durability

1. Introduction

Waste tyre disposal is currently causing serious environmental issues all over the world.
Every year, approximately I billion waste tyres are generated globally, with 1.6 billion new
tyres being produced [1]. Likewise, the amount of construction and demolition (C&D)
wastes generated as a result of the increasing demolition of existing infrastructures is a thing
of concern. It also is estimated that the UK generated 67.8 million tonnes of non-hazardous
C&D waste, of which 62.6 million tonnes (92.3%) was recovered [2]. Studies have tried to
utilize recycled aggregates and crumb rubber particles in making new concrete for structural
applications [3–5], however a limited number of the studies combine both recycled materials
to produce concrete [6–8]. To tackle the twin challenges of improving properties of recycled
aggregate concrete, with or without crumb rubber, and replacing concrete using natural
aggregates with recycled aggregate, it is necessary to understand the properties of recycled
aggregate concrete with and without crumb rubber for structural applications.

The performance of recycled aggregate concrete generally decreases [9–12] and the
reduction depends on many factors such as the quality of recycled aggregates [13], re-
placement level in concrete [9,12], water cement (w/c) ratio [14,15], etc. The strength
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reduction was also attributed to the amount of attached cement matrix on the recycled
aggregates [10,12,16], which causes a weak interfacial bond between the attached old ce-
ment matrix and the surrounding concrete matrix. Different methods have been devised
by authors to enhance the performance of the recycled concrete. Some of these techniques
include the addition of extra amounts of cement, use of super plasticizers, incorporation of
fly ash, silica fume [9,16–18] and the two stage mixing approach [19].

The research results so far also indicate that incorporating crumb rubber in concrete
decreases the resulting concretes’ compressive and tensile strengths. This is attributed to
the lower strength of rubber particles, and their weak bonding with cement paste [20–24].
However, some researchers have demonstrated that if a small amount of crumb rubber (not
more than 5% in volume according to [21,25] and not more than 3% according to [26]) is used
to replace mineral aggregates in concrete, then the rubberized concrete could maintain the
same mechanical properties as concrete without crumb rubber. It is also possible to enhance
the mechanical properties of rubberized concrete as suggested in [27–29] by using silica
fume. The ultrafine silica fume is believed to create a good bonding between the rubber
particles and the surrounding cement paste matrix. Pre-treatment of the rubber particles
by soaking in sodium hydroxide NaOH solution before incorporating them into concrete
is another method of enhancing the mechanical properties of rubberised concrete, as
demonstrated by [6,30]. This was attributed to the benefit of the NaOH solution dislodging
the zinc stearate on the rubber surface thereby enhancing the bonding between the rubber
powder and the concrete substrate. It was also reported by [23,25,31,32] that rubber particles
with small sizes gave higher strength than coarse rubber particles. This was attributed to
the formation of larger air voids in the concrete when coarse crumb rubber particles were
used [31]. Reference [32] investigated the durability properties of rubberized concrete with
up to 30% rubber content. The carbonation depth of rubberized concrete was also greater
than that of conventional concrete, and it increased with the rubber content, indicating
greater corrosion susceptibility. The study’s findings suggest that rubberized concrete
with a rubber content of up to 15% can be used for structural components with sufficient
strength and service life. Rubberized concrete is frequently used in low-value applications
such as road barriers, concrete paving blocks and playground concrete works. However,
using rubberized concrete in structural members is an effective way to improve ductility,
which is critical for structural members, particularly in seismic areas. When compared to
conventional concrete, the use of crumb rubber in precast concrete panels is also beneficial
in terms of sound absorption [33].

The current study assesses the performance of concrete made with recycled aggregate
and crumb rubbers at different replacement levels. Different studies have been conducted
on concrete performance either made with recycled aggregates or crumb rubber, but very
limited studies utilize both recycled materials to make concrete [6–8]. Furthermore, there is
a lack of information on the durability performance of rubber recycled aggregate concrete;
thus, this study aims to fill these knowledge gaps.

2. Materials

2.1. Material Used

CEM 11/B-V 32.5N Portland fly ash cement complying with [34] was used for this
study. Uncrushed natural aggregates of 10 mm size and recycled aggregates with composi-
tion shown in Table 1 were used in this work. The recycled aggregates used for this work
sourced from Offerton Sand and Gravel (Manchester, UK). The recycled aggregates contain
other impurities as detailed in Table 1. According to [35], the classification of recycled
aggregates used in this study are low quality RC80 (recycled aggregates obtained from
concrete products with 20% impurities). The water absorption rates and the densities of
both the recycled and natural aggregates are shown in Table 2.

The grading of the natural aggregates, recycled aggregates are shown in Figure 1.
Crumb rubber of 8 mm length and 2mm thickness with an aspect ratio of 4 from worn out
vehicle tyres as shown in Figure 2 were supplied by SRC Products Ltd. (Stockport, UK).
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Table 1. Composition of natural and recycled aggregates.

Composition Proportion

Natural aggregates

Quartzite 79%

Sandstone 6%

Basalt 5%

Others 10%

Recycled Aggregates

Recycled Aggregates 81%

Bricks 13%

Dust 6%

Table 2. Water absorption rates and densities of natural and recycled aggregates.

Type
Apparent

Particle Density
Particle Density on

Oven Dry Bases
Particle Density on Saturated

and Oven Dry Bases
Water

Absorption (%)

Natural aggregate 2.69 2.62 2.65 1.05

Recycled aggregates (RA) 2.61 2.27 2.40 5.77

Figure 1. Grading of natural aggregates, recycled aggregates and fine sand [36].

2.2. Concrete Mix and Specimen Preparation

This study designed a reference concrete of 40 MPa cylindrical compressive strength
as shown in Table 3. Crumb rubber was used to replace the coarse aggregates in different
concentrations (5%, 10%, 15% and 20%). The experimental programme in Table 4 allows
for the systematic investigation and comparison of the effects of different proportions of
crumb rubber in recycled aggregate concrete to those of natural aggregate concrete (NAC).
The percentages of replacement of recycled aggregates by crumb rubber were carefully
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selected based on the recommendations made by [22,37,38] for the rubberised recycled
aggregate concrete to achieve a substantial proportion of the mechanical properties of the
reference concrete. In order to achieve a workable concrete, superplasticizer (1% of cement
weight) was added to the recycled aggregate concrete with and without crumb rubber.

 

Figure 2. Crumb rubber (8 mm length) particles from worn out tyres.

Table 3. Concrete mix composition of the reference concrete.

Mix Type Cement (kg) Water (kg) w/c Sand (kg) Coarse Aggregates (kg)

NAC 550 220 0.4 626 939

Table 4. Experimental programme.

Specimen
Natural

Aggregates
Recycled

Aggregates (RA)
Crumb Rubber Sand

Designation (% by Weight) (% by Weight) (% by RA Weight) (% by Weight)

NAC 100 - - 100

RAC - 100 - 100

RRAC5 - 100 5 100

RRAC10 - 100 10 100

RRAC 15 - 100 15 100

RRAC 20 - 100 20 100
NAC- Natural aggregate concrete; RAC- Recycled aggregate concrete; RA- Recycled aggregate; RRAC5, RRAC10,
RRAC15 and RRAC20- Rubber recycled aggregate concrete with 5, 10, 15 and 20 percent of crumb rubber content
respectively of recycled aggregate weight.

The recycled aggregates and fine sand were incorporated into the concrete mixer and
mixed for 60 s followed by crumb rubber and 50% of water for another 60 s. Cement was
then added for another 30 s and finally the remaining quantity of water was added in 120 s
to attain a uniform concrete mix.

2.3. Concrete Resistivity of Specimens

For regular reinforced concrete structures using recycled aggregate concrete, durability
is a particular concern [9,11,39] because recycled aggregates in their natural crushed state
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have higher porosity and permeability than natural aggregates and are therefore more
susceptible to corrosion of the reinforcement.

In this study, the concentration of crumb rubber particles in recycled aggregate concrete
is limited to 5% in order to preserve its mechanical properties. Hence, the durability
assessment of the recycled aggregate concrete with 5% of crumb rubber concentration will
be conducted.

The surface resistivity test was used in this study to measure the durability perfor-
mance (chloride ion penetration) of the recycled aggregate concrete with crumb rubber.
The resistivity tests were conducted on cylindrical specimen of size φ100 × 200 mm based
on the specifications presented in [40]. The four probes are placed on the surface of the cylin-
drical specimen to produce electrical contact as shown in Figure 3. The two external probes
generate pulse of alternating current through the concrete sample and the inner probes
measure the electrical potential created. The surface resistivity measurements were taken
with a fixed probe spacing of 38 mm with an alternating current frequency of 13 Hz [41,42].

Figure 3. Surface resistivity measurements of cylindrical concrete samples. (a) Resistivity measure-
ment on cylinders. (b) Sample markings.

3. Experimental Results

3.1. Fresh Properties

For each mix, slump tests were carried out and results presented to ascertain the
workability of the concrete. The workability of all mixes was assessed by means of slump
test according to [43]. The concrete was placed in a cone of 300 mm in three layers.
At each layer, the concrete is compacted with 25 strokes of a tamping rod. After filling and
compacting the top layer, the surface of the concrete is struck off by means of sawing and
the rolling action of the compacting rod. The mould is then carefully lifted within a time
interval of 2 to 5 s. Figure 4 shows the effect of the crumb rubber and recycled aggregates
on the workability of concrete.

The workability of the recycled aggregate concrete was enhanced to level comparable
to the reference concrete (165 mm) by adding superplasticizer (1% of the cement weight).
The added superplasticizer compensates for the water absorbed by the recycled aggregates
during mixing process [18,44,45]. However, adding crumb rubber reduces the workability
of the recycled aggregate concrete. This can be attributed to the crumb rubber surface
texture and water absorbability of the crumb rubber particles. The observed results are
similar to those reported by [23,42,46].There is no significant difference in workability
when 5% of the recycled aggregates were replaced with crumb rubber particles in recycled
aggregate concrete. This is due to the crumb rubber’s slightly higher water absorption
than the replaced recycled aggregates. According to [47], the water absorption of crumb
rubber less than 50mm is 6.7%, while recycled aggregates, as shown in Table 2, have a water
absorption of 5.77%. Hence, 5% crumb rubber replacement level did not have influence on
workability. However, a sharp reduction in workability was observed for rubber recycled
aggregate concrete when more than 5% crumb rubber particles were incorporated into the
recycled aggregate concrete.
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Figure 4. Influence of crumb rubber concentration on the workability of recycled aggregate concrete.

3.2. Hardened Properties
3.2.1. Compressive Strength

For each mix, three concrete cubes were tested as per specifications made in [48] and
the results presented are the average values for 7, 28 and 90 days of curing. As expected,
the results in Table 5 and Figure 5 reveals that addition of crumb rubber particles in
the recycled aggregate concrete reduces its compressive strength. The reduction of the
compressive strength was attributed to the low elastic modulus and high poisons ratio of the
crumb rubber capable of initiating premature cracking under loading condition [23,49,50].
Weak bonding between the rubber particles and cement paste could also lead to reduction
in compressive strength [51]. However, the recycled aggregate concrete maintains most of
its properties when the crumb rubber concentration is limited to 5%.

Table 5. Experimental results of the concrete hardened properties.

Specimen Compressive Strength (MPa) Tensile Ultrasonic Pulse

Type 7 days 28 days 90 days Strength MPa Velocity (KM/s)

NAC 34.6 47.8 60.4 4.11 4.19

RAC 30 40.7 56.9 3.50 3.90

RRAC5 23.7 32.1 44.3 2.72 3.72

RRAC10 18.69 25.3 37.6 2.82 3.61

RRAC 15 15.28 21.9 29.4 2.33 3.54

RRAC 20 13.24 17.5 22.5 1.91 3.41

The results of the ultrasonic pulse velocity in Table 5 were used to ascertain the quality
of already cast concrete. The ultrasonic pulse velocity tests were based on the specifications
made in [52]. The pulse velocity of the recycled aggregate concrete drop by 6.9% compared
to reference concrete mainly due to the micro cracks sustained by the recycled aggregates
during extraction. Addition of crumb rubber to the recycled aggregate concrete further
drop the pulse velocity in Table 5 and is attributed to the entrapped air by the crumb rubber
particles, as well as the low ultrasonic wave velocity in crumb rubber. However, based on
the criteria made in Table 6, the quality of the rubber recycled aggregate concrete in Table 5
is questionable if the rubber content is more than 5%.
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Figure 5. Influence of crumb rubber content on the compressive strength of recycled aggregate concrete.

Table 6. Concrete classification based on Ultrasonic pulse velocity [52].

Ultrasonic Pulse Velocity (m/s) Concrete Classification

V > 4575 Excellent

4575 > V > 3660 Good

3660 > V > 3050 Questionable

3050 > V > 2135 Poor

V < 2135 Very poor

Figure 6 shows the compressive strength of the concrete mixes subject to axial mono-
lithic loading. The stress strain results in Figure 6 shows higher ductility of the concrete
with crumb rubber particles compared to the conventional concrete.

The failure mode of the concrete mixes without crumb rubber is brittle. However,
addition of crumb rubber enhances the ductility of the recycled concrete mixes. This
due to the higher deformability of the crumb rubber particles used in the replacing the
recycled aggregates.

3.2.2. Tensile Strength

Three split tensile strength tests were carried out for each mix based on the specifi-
cations in [53] and the average results are presented in Figure 7, which shows how the
amount of crumb rubber influenced the splitting tensile strength of rubber recycled aggre-
gate concrete. A linear reduction is the best fit, ranging from 14.3% at 5% crumb rubber to
reductions of 21.4%, 35.7% and 45.4% at 10%, 15% and 20% of crumb rubber, respectively,
for rubber recycled aggregate concretes.

3.3. Durability of the Recycled Aggregate Concrete with Crumb Rubber

The samples for the concrete resistivity tests were cured for 28 days prior to testing.
Two curing techniques were adopted in this study; some samples are fully submerged in
tap water at a temperature of (20 ± 2) ◦C and relative humidity ≥95% while others are
wrapped with damp cloth at a temperature of (20 ± 5) ◦C. The samples cured in tap water
were tested under surface saturation condition. All the samples are marked at four locations

113



Materials 2022, 15, 1776

equally spaced at 90 degrees as shown in Figure 3 prior to curing process. The surface
resistivity tests for surface saturated samples and air-dried samples were carried out after
28 days curing. Excess water on the samples surface cured in water were wiped off with
damped cloth. The probes of the resistivity equipment are dipped in water prior to tests for
air dried samples to ensure proper surface contact. Resistivity measurements of all samples
were repeatedly taken at four different locations (total of eight readings on each sample) to
ensure quality control applications as specified in [40].

Figure 6. Compressive stress strain relationships of recycled aggregate concrete with different
amounts of rubber particles.

Figure 7. Influence of crumb rubber content on the tensile strength of recycled aggregate concrete.

The surface resistivity of concrete mixes cured for 7 and 28 days are shown in
Figures 8 and 9. The chloride ion penetration of concrete mixes for rubber recycled aggre-
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gate concrete under saturated surface dried state is high based on the specifications made
in Table 7. This may be attributed to the voids in recycled concrete due to the presence of
crumb rubber particles, hence creating a path for ingress of fluids into the concrete. This
can also be illustrated with the ultrasonic pulse velocity tests in Table 5. The ultrasonic
pulse velocity of the recycled aggregate concrete reduces with the increase in crumb rubber
concentration, indicating the presence of voids in the concrete.

Figure 8. Surface resistivity of concrete mixes at saturated surface dried and air-dried state for
7 days curing.

Figure 9. Surface resistivity of concrete mixes at saturated surface dried and air-dried state for
28 days curing.
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Table 7. Comparison of chloride penetrability levels established for standards based on electrical
resistivity (AASHTO TP 95) and charged passed (ASTM C1202) [40].

Chloride Ion Penetrability AASHTO TP 95, kΩ.cm ASTM C1202, Coulombs

High <12 >4000

Moderate 12 to 21 2000 to 4000

Low 21 to 37 1000 to 2000

Very Low 37 to 254 100 to 1000

Negligible >254 <100

However, under air dried state the durability performance of the recycled concrete
with 5% crumb rubber concentration is moderate based on the Table 7 specifications.
The result of the recycled concrete is also comparable to the control mix under the air-dried
curing method. Hence, the use of recycled concrete containing rubber content of limited
amount (5%) could be useful for construction applications, especially where exposure
condition is not extreme or critical.

4. Conclusions

The effect of crumb rubber on the strength and penetration of chloride ion in recycled
aggregate concrete was investigated using the surface resistivity test method. Different
concentrations (5%,10%, 15% and 20%) of crumb rubber in recycled aggregate concrete
were considered in the study. The results clearly shown that addition of crumb rubber
reduces the compressive strength of the recycled aggregate concrete moderately when its
concentration is limited to 5%. The study also observes the resistivity of chloride ions for
recycled aggregate concrete with 5% crumb rubber concentration. Based on the ultrasonic
pulse velocity results, the use of recycled aggregate concrete with crumb rubber content
beyond 5% is questionable.

The results of the surface resistivity tests shows that the resistivity of the recycled
aggregate concrete to chloride ion penetration is moderate under the air dried curing
technique. However, using the water bath technique, the resistivity was found to be low
based on the specifications listed in Table 7. Hence, the study suggests the application
of recycled aggregate concrete with crumb rubber in the construction industry where the
exposure conditions are not extreme. The rubber recycled aggregate concrete could be
useful, for example, in making concrete wall panels, concrete lintels and road kerbs where
the criteria for exposure conditions for durability are not so critical.

Furthermore, the ductility of recycled concrete with crumb rubber is found to be
greater than that of recycled concrete without crumb rubber. As a result, using rubberized
concrete for structural members subject to seismic loads is a promising potential application.
Rubberized recycled concrete is an alternative solution for meeting sustainability targets
and reducing embodied carbon in the construction industry. However, its limitations are
the reduction in strength and the willingness of contractors to use the concrete product on
new projects due to the previously mentioned associated drawbacks.

Further Research

Further research on the durability performance of the recycled concrete with crumb
rubber concentration using different mix ratios is needed. Pre-treatment of the crumb rubber
particles could also be considered when assessing the durability of the recycled concrete.
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Abstract: The hydration kinetics of Portland-limestone cement pastes with organic additives in the
form of acetic acid and sodium acetate were studied by using solid-state 13C, 27Al and 29Si NMR
spectroscopy. The evolution of the relative content of various phases was monitored over the period
of one month: amorphous and crystalline calcite (in 13C spectra), ettringite, aluminum in C-S-H gel,
calcium aluminates and calcium hydroaluminates (in 27Al spectra), as well as alite, belite and silicon
in C-S-H gel (in 29Si spectra). The retarding effect of the additives on cement hydration at early age
was demonstrated. We show that the kinetics of phase assemblage formation is influenced by the
acetate ion adsorption on the surface of the anhydrous cement components and hydrated phases.
The kinetics of formation of ettringite in the cement paste, depending on the addition of acetic and or
sodium acetate, is discussed in the context of potential thaumasite sulfate attack.

Keywords: Portland-limestone cement; organic additives; hydration kinetics; NMR spectroscopy

1. Introduction

Cement-based building materials are among the most used in modern construction.
Despite their widespread application and the large amount of information regarding the
chemistry of cement pastes [1,2], several issues regarding their properties during the
hydration process and the effect of various environmental factors on the hardened material
are still not clear. One of these factors is the chemical sulfate attack, which might occur
in the form of conventional (ettringite or gypsum formation) or thaumasite sulfate attack
(TSA) [3,4]. The former process is associated with the active formation and growth of
expansive ettringite and gypsum crystals in the cement paste matrix, while the latter
involves the formation of thaumasite microcrystals, occurring readily in the presence of
carbonate ions and at temperatures close to the freezing point of water, about 0–5 ◦C. The
amount and volume occupied by these minerals increase during the attack, developing
internal stresses that induce cracks in the hardened cement paste. Moreover, as more
silicon is available for the formation of thaumasite during TSA, which is derived from
the continuously deteriorating calcium silicate hydrate phase, cement paste gradually
transforms into a non-cohesive mass, further contributing to the destruction of building
structures. TSA is particularly dangerous for Portland-limestone cement materials, because
the presence of calcium carbonate facilitates this type of chemical attack.

To reduce the effect of deleterious external factors and optimize the hydration process
and the properties of the obtained cement pastes, various additives based on mineral,
organic or multicomponent substances are actively used [5–8]. However, although complex
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multicomponent additives are widely used, the hydration process in the presence of
simple organic substances has not been fully investigated. In this work, we decided
to study the effect of commonly used additives, such as sodium acetate and its parent
acid, on the hydration kinetics of Portland-limestone cement. Sodium acetate is used as
anti-freeze additive [9], as well as for reducing the permeability of concrete to water and
sulfate ions [10]. Acetic acid, in turn, is used to control the hardening time of cement [11].
Moreover, an amount of additive about 3% by cement mass was observed as optimal for
achieving the maximum strength of the cement stone.

13C, 27Al and 29Si NMR spectroscopy was selected as the main research tool. The
technique allows for obtaining information about the local environment of the investigated
nuclei [12]. The advantage of the applied method, in comparison with X-ray diffraction
research methods, is that NMR spectroscopy allows for recording signals from both the
amorphous and crystalline parts of the investigated samples. In hydrated cements, the
amorphous part mainly consists of the calcium silicate hydrate phase, which provides most
of the strength of the hardened cement paste.

The main aim of this work was to study the kinetics of the phase assemblage formation
in Portland-limestone cement pastes in the presence of acetic acid and its sodium salt, as
well as to elucidate the mechanism behind the observed hardening rate and appraise
the changes of its strength properties, based on the data obtained. Research on cement
hydration that assesses a large number of nuclei with NMR spectroscopy is scarce in the
literature. The applied method is supposed to provide detailed structural and quantitative
information about the occurring phase changes.

2. Materials and Methods

Cement pastes were prepared with a type CEM II/A-L 42.5N Portland-limestone
cement (SLK Cement–Sukhoy Log, Sverdlovsk Region, Russia), distilled water and p.a.
organic additives (acetic acid and sodium acetate). A water-to-cement ratio of 0.45 was used.
Organic additives amounted to 3% by cement mass each, both added to the mixing water.
Cement pastes were cast in cylindrical plastic molds (12 mm in diameter; 30 mm in height),
where they remained sealed for 24 h. After demolding, the specimens were immersed
in distilled water and kept throughout the investigated hydration periods. To study the
kinetics of the changes in the phase composition of the pastes at certain ages (after 1, 2, 3, 5,
7, 14 and 34 days), about 150 mg of hardened material was scraped off the specimens’ end
and placed in paper bags to prevent any further hydration. Such quantity was sufficient
for conducting the NMR experiment. In this work, the following nomenclature was used
to label the samples: C (cement paste without additives), CAA (cement paste with acetic
acid) and CSA (cement paste with sodium acetate). The stage of hydration was indicated
by the age of the cement paste, which was added to the sample marker.

Prior to hydration, the mineralogical composition of the employed cement was de-
termined with X-ray powder diffraction (XRPD) analysis; the results are summarized
in Table 1. XRPD analysis was performed at room temperature, using CuKα radiation
2-theta range 5–80◦, step 0.0203◦, voltage 30 kV and current 10 mA. Qualitative X-ray
phase analysis was carried out with the software PDXL 2.8.4.0 (Rigaku, Tokyo, Japan), with
connection of PDF-2 database (International Diffraction Data Center, ICDD). Quantitative
phase analysis (wt.%) was carried out by applying the Rietveld method [13] on the obtained
full-profile data with the software TOPAS 4.2 (Bruker, Billerica, MA, USA).

NMR experiments were performed by using an Avance III 400 WB spectrometer
(Bruker, Billerica, MA, USA) at constant magnetic field of 9.4 T. 13C, 27Al and 29Si nuclei
were studied and characterized by the respective resonance frequencies of 100, 104 and
86 MHz. A probe that is able to rotate the samples at the magic angle to the direction of
the constant magnetic field (stabilization accuracy of the rotation frequency ±4 Hz) and
stabilize their temperature (temperature stabilization accuracy ±1 ◦C) was used. Powder
samples were loaded on a 4 mm zircon oxide rotor and rotated at a frequency of 12.5 KHz
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at 20 ◦C. Tetramethylsilane, for 13C and 29Si nuclei, and 1 M·D2O AlCl3 solution, for 27Al
nuclei, were used as external references.

Table 1. Quantitative phase analysis of Portland-limestone cement derived from Rietveld refinements
of X-ray powder diffraction data (Bragg R factor −5.2%).

Mineral Phase Formula * wt.%

Alite 3CaO·SiO2 (C3S) 56.2
Belite 2CaO·SiO2 (C2S) 4.7

Tricalcium aluminate 3CaO·Al2O3 (C3A) 5.8
Brownmillerite 4CaO·Al2O3·Fe2O3 (C4AF) 10.6

Gypsum CaO·SO3·2H2O (CSH2) 1.2
Basanite 2CaO·2SO3·H2O (C2S2H) <1.0

Anhydrite CaO·SO3 (CS) 2.8
Periclase MgO (M) 1.6
Calcite CaO·CO2 (CC) 9.3

Dolomite CaO·MgO·2CO2 (CMC2) 7.2
* The formulas in brackets correspond to cement chemist notation.

All the spectra were recorded by using a single-pulse sequence. The duration of the
exciting impulses was 2.5, 4.5 and 2.5 μs; the relaxation delay was 4, 2 and 4 s; the number
of scans was 1024, 512 and 1024 for 13C, 27Al and 29Si nuclei, respectively.

Deconvolution of spectra into Gaussian-shape individual components was performed
by the least squares method, using the software Origin 9.0. (OriginLab Corporation,
Northampton, MA, USA) For all the spectra, the results of approximation were obtained
with a coefficient of determination R2 higher than 0.8. Since single-pulse sequence was
used to record the NMR spectra, the relative integrated intensities of the signals can be
interpreted as mole fractions of the corresponding phase components.

3. Results

3.1. 13C

The 13C NMR spectrum of the anhydrated cement (Figure 1 (top)) shows a single broad
asymmetric line at a chemical shift of about 168.7 ppm. Most likely, this line originates from
amorphous calcium carbonate and, possibly, small amounts of calcite and dolomite, which
are contained in cement, according to the phase composition obtained from the XRPD
analysis (Table 1). An effort to perform component deconvolution in this spectrum was not
attempted, because its line shape is quite broad and the 13C chemical shifts of the carbonate
compounds fall close to each other [14]. The 13C NMR spectra obtained at different ages of
cement hydration show two (except for CAA and CSA at 1 d) clearly distinguished peaks
(Figure 1 (bottom) is an example of the 13C NMR spectrum of the sample C07; the other
spectra are provided in Supplementary Figures S1a–S3a). Moreover, the peak at about
168.5 ppm consists of unresolved narrow and broad signals; the deconvolution into two
peaks is justified in Supplementary Figure S1c,d. We note, however, that the precision of the
deconvolution of unresolved signals might suffer from larger errors and a certain degree
of caution should be exercised when analyzing these results. The position of the signal at
about 171 ppm remains virtually unchanged over time. However, the narrow component of
the signal at 168.5 ppm was slightly shifted to the weak field at the initial stage of hydration,
and the broad component was shifted to the strong field throughout the entire hydration
period, with the exception of the CSA sample, for which this component was shifted, on
the contrary, to the weak field. The signals mentioned are contributed also by the presence
of calcium monocarboaluminate hydrate, forming during the hydration process. The time
dependences of the 13C chemical shift values are shown in Supplementary Figures S1b–S3b
in Supporting Information.
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Figure 1. 13C NMR spectra of the (top) anhydrated Portland-limestone cement, and (bottom) cement
paste sample without additives on the 7th day of hydration.

According to the literature, all the observed signals correspond to CO3
2− struc-

tural units of various amorphous and crystalline modifications of calcium carbonate and
dolomite [14–16]: the broad signal at about 168.5 ppm corresponds to amorphous calcium
carbonate and to metastable ikaite, which is possibly contained in the samples; the narrow
signal corresponds to calcite, dolomite and vaterite; and the signal at about 171 ppm cor-
responds to carbon atoms in aragonite and vaterite. According to Reference [17], the two
narrow signals from carbon nuclei in the structure of vaterite correspond to its two most
probable crystal structures.

3.2. 27Al

The 27Al NMR spectrum of the anhydrated cement (Figure 2 (top)) shows two isotropic
signals. The signal at 85 ppm corresponds to aluminum atoms in tetrahedral environment
of oxygen atoms Al(IV), which are in the form of impurities in alite and belite [18]. The signal
at about 10 ppm corresponds to aluminum atoms in octahedral environment of oxygen
atoms Al(VI). This signal consists of two spectral components: the narrow component at
about 15 ppm corresponds to aluminum atoms in Ca3Al2O6 (C3A), and the broad one at
about 10 ppm to C4AF [18].
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Figure 2. 27Al NMR spectra of the (top) anhydrated Portland-limestone cement, and (bottom) cement
paste sample with acetic acid addition at the 7th day of hydration.

In the 27Al NMR spectra of all studied hydrated samples (Figure 2 (bottom) shows
the 27Al NMR spectrum from the CAA07 sample; the rest of the spectra are shown in
Supplementary Figures S4a–S6a), it can be seen that the signal from the aluminum atoms
Al(IV) in anyhydrated alite and belite practically disappears already on the first day of
hydration; there is only a weak signal at this age for the CAA and CSA samples. At the
same time, a broad asymmetric signal appears at about 65 ppm that can be described as
the sum of the two components at 60 and 75 ppm. Both correspond to aluminum atoms
Al(IV) in the amorphous cement hydration gel. In fact, the line at about 75 ppm is typical for
aluminum incorporation in the C–S–H gel, while the line at around 60 ppm for aluminum
atoms in an unstable aluminum silicate hydrate (A–S–H) gel, forming near the surface of
clinker grains at conditions of calcium shortage and excess aluminum [19]. In this case, the
total relative integrated intensity of the signals in the given spectral region decreased with
increasing the hydration time.

For the C and CSA samples, a broad asymmetric signal in the region of Al(VI) chemical
shifts can be described also by two components: a narrow one at 15 ppm and a broad
component, whose chemical shift decreased from 14 to 10.5 ppm from the 1st to the 7th day,
and then increased to 14.5 ppm by the end of the investigated time interval. For the CAA

sample, there is another narrow component, in this region of the spectrum, at about 11 ppm
(see the example in Figure 2, bottom). The narrow intense line at about 15 ppm corresponds
to aluminum atoms in ettringite [12]. The narrow line of weak intensity at about 11 ppm
corresponds to calcium monocarboaluminate hydrate (AFm) [19]. The broad line, whose
position varies in the range of about 10.5–14.5 ppm, corresponds to signals from several
aluminum hydrates and calcium hydroaluminates of different compositions. According to
the behavior of the chemical shift of the broad line under consideration, it can be assumed
that redistribution of coexisting phases occurs, from aluminate hydrate (AH3) through
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mono-(CAH10) and dicalcium hydroaluminate (C2AH8) to tricalcium hydroaluminate
(C3AH6) [12].

3.3. 29Si

The 29Si NMR spectrum of the anhydrated cement (Figure 3 (top)) shows a single
signal, which is superposition of a narrow line at about −70.6 ppm from silicon atoms in
the structure of belite and a broad asymmetric line in the range from −65 to −75 ppm,
which corresponds to silicon atoms in the structure of alite [20] that are located in various
local environments.

-40 -60 -80 -100 -120 -140
 29Si chem.shift, ppm

C3S

cement

C2S

 

-40 -60 -80 -100 -120 -140

 29Si chem.shift, ppm

C07
C3S
C2S Q2

C-(A-)S-H

Figure 3. 29Si NMR spectra of the (top) anhydrated Portland-limestone cement, and (bottom) cement
paste sample without additives at the 7th day of hydration.

During the initial stage of hydration of all three cement mixtures, broad unresolved
lines appear in the spectrum initially in the range from −75 to −95 ppm, and then the
specified range expands to chemical shift values of about −120 ppm (Figure 3 (bottom))
shows the 29Si NMR spectrum from the sample C07; the rest of the spectra are shown
in Supplementary Figures S7–S9). This behavior corresponds to the appearance of an
inhomogeneous phase, containing silicon atoms in tetrahedral environment of oxygen
atoms, which are characterized by the presence of one to two linked silicon tetrahedra
(Q1 and Q2 structural elements, from −75 to −90 ppm) or of three to four linked silicon
tetrahedra (Q3 and Q4 structural elements, from −90 to −120 ppm) [12]. The presence
of the former two structural elements in the cement paste characterizes the formation
of the mostly amorphous C–(A−)S−H gel, while the latter two point to the formation
of crosslinked silicate chains (C−(A−S−H of low Ca/Si ratio)) and amorphous hydrous
silica [21].

At the later stages of hydration, a narrow line at about −86 ppm appeared in the
spectra. This line corresponds to silicon atoms in Q2 structural elements of the cement
paste, in paired (Q2

P) and/or bridged (Q2
b)silicon tetrahedra in silicate chains, which form

the bulk structure of the resulting cement paste [22].
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4. Discussion

Figure 4 shows the time dependences of the relative integrated intensities of the 13C
NMR signals for all three studied samples. It can be seen that the intensities of the lines
corresponding to amorphous calcium carbonate sharply decrease at the initial stage of the
hydration process for C and CAA samples, and then a slight increase is observed. For the
CSA sample, a gradual decrease in the relative proportion of amorphous calcium carbonate
is observed. The proportion of calcite increases for all the samples, while that of aragonite
decreases, as is especially noticeable for C sample. However, at the end of the studied
hydration period (15–34 days), the relative content of calcite and aragonite essentially
stabilizes and for CAA sample even slightly reverses. It should be noted that a significant
amount of aragonite is observed on the first day of hydration only for C sample.

 

Figure 4. Time-evolution (in logarithmic scale) of the relative integrated areas of the isotropic
components recognized in the 13C NMR spectra of the samples: C (a), CAA (b) and CSA (c).
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The increase in the content of the poorly soluble calcium carbonate polymorphs (calcite
and aragonite), as noted for all samples, leads to their precipitation in the pores of the
hardening cement paste, and this might cause an increase in its strength and a decrease in
porosity [1,2]. The smallest amount of these calcium carbonate polymorphs is observed for
the sample CAA.

Evidently, the formation of aragonite in the samples containing organic additives
begins only on the second day of hydration, while the fraction of the initial amorphous
CaCO3 in the CSA sample, on the first day, is much lower than for the other samples. This
observation can be attributed to the fact that the acetate ion (CH3COO−) can be adsorbed
on the surface of the anhydrated cement microparticles and prevent their hydration [10,23],
and also the crystallization of new phases [24]. However, in the case of acetic acid addition,
the acidity of the pore solution increases, and this increase, at the initial stage of hydration,
contributes to the dissolution of the fine particles of the anhydrated cement. At the same
time, the presence of sodium cations hinders this process, forming a weakly alkaline
medium in CSA mixture.

It is worth noting that it is not possible to quantify the amount of calcium monocarboa-
luminate hydrate (AFm) in CAA sample from 13C NMR spectra, although this compound
is resolved in the corresponding 27Al NMR spectra. This is because of the negligible 13C
NMR chemical shift difference between AFm phase and other calcium carbonates (calcite
and vaterite) that prevents a reliable deconvolution of the overlapped signals [14].

Figure 5 illustrates the time dependences of the relative integrated intensities of
the 27Al NMR signals for all three studied samples. Considering the observed changes
in the intensities of the aforementioned spectral components, it can be concluded that,
after the initial dissolution of the aluminate phases of the cement used, a large amount
of aluminate hydrate forms, whose quantity gradually decreases. Then the amount of
various compounds in the form of C–S–H, A–S–H or C–(A–)S–H gels grows in volume,
further gradually decreasing. Finally, a gradual increase in the amount of various calcium
hydroaluminates and ettringite is observed.

It should be noted that, for the CAA and CSA samples, on the first day, there is an
insignificant amount of residual aluminum impurity in C2S and C3S. This can be associated
with incomplete hydration of the anhydrous cement particles, due to the adsorption of the
acetate ions on their surface.

The diagrams of Figure 5 show that, for all samples, the amount of ettringite initially
increased and then decreased, and, at later stages, it again increased [2]. According to
the generally accepted theory of hydration of aluminum-containing cements, ettringite
crystallizes in two stages. In the initial stage, long narrow crystals form, which contribute
to the initial binding of the hydrated cement grains. Later, during the deceleration of
the hydration process, the initially formed ettringite recrystallizes in the form of large
crystals in the voids of the matrix. Moreover, for the C sample, recrystallization of ettringite
practically did not occur, while, in the CAA sample, the amount of the primary and
secondary ettringite is noticeably larger than for all the other samples. The presence of
acetate groups in the CAA and CSA samples can partially replace the sulfate groups [24].
Hence, the excess of the latter facilitates the formation of primary ettringite, whose content
is larger than that in the C sample, resulting in the kinetics observed.

Since the surface of the aluminum-containing clinker phases is more electronegative
than that of C3S and C2S [11], their dissolution occurs faster and, in parallel, a deficiency of
calcium arises. Thus, in the CAA and CSA samples, at the early stages of hydration, an
increased amount of aluminate hydrate is observed, which subsequently, with an increase
in the calcium content, gradually transforms into the more stable C3AH6 phase.

Moreover, aluminum actively passes into the crystalline phases of ettringite and
calcium hydroaluminate; hence, its content in the amorphous C–(A–)S–H phase decreases.
It should be noted that the increased ettringite content observed in the CAA sample may
act as a risk factor for sulfate corrosion.
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Figure 5. Time-evolution (in logarithmic scale) of the relative integrated areas of the isotropic
components recognized in the 27Al NMR spectra of the samples: C (a), CAA (b) and CSA (c).

Figure 6 illustrates the time dependences of the relative integrated intensities of the
29Si NMR signals for all the three studied samples. When analyzing the change in the
relative integrated intensities of the observed spectral components during hydration, we
observed that the mass fraction of the silicate-containing clinker phases gradually decreases
for all samples, while the mass fraction of the C–(A–)S–H phase increases proportionally,
as well as the fraction of paired Q2 terahedra. It should be noted that the Q2 tetrahedra
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resolved in the spectrum appear on the first day for the CSA sample, on the second day
for the C sample, and only on the third day for the CAA sample. Moreover, for the CAA

sample, the spectral component, which is visually distinguishable from the baseline and is
characteristic for Q3 and Q4 structural elements, also appears only on the second day of
hydration.

 

Figure 6. Time-evolution (in logarithmic scale) of the relative integrated areas of the isotropic
components recognized in the 29Si NMR spectra of the samples: C (a), CAA (b) and CSA (c).
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These observations, along with the fact that no resolved peaks arise from other char-
acteristic Q1, Q2 and Q3 structural elements [22], may indicate that such a characteristic
layered structure of hydrated cements remains mainly amorphous; however, the number
of paired Q2 tetrahedra increases, and this increase can correspond to an increase in the
length of silicate chains, consisting of paired silicate tetrahedra. The presence of such phase
corresponds to an increase in strength of the cement matrix. The formation of this phase
for the CAA sample is observed at later stages of hydration.

It should be noted that, during cement hydration, a relative redistribution of the
amounts of alite and belite occurs (Figure 7). For all the pastes, an increase in the relative
content of belite is observed that is much larger for the CAA sample as compared to the
other two.
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Figure 7. Time-evolution (in logarithmic scale) of the relative integrated areas of the isotropic
component of calcium silicates (belite (C2S, blue markers) and alite (C3S, red markers)) recognized
in the 29Si NMR spectra of the studied samples (C (filled points), CAA (empty points) and CSA

(crossed points)).

Over the entire investigated time interval, the silicon-containing anhydrous phases
did not completely hydrate. It should be noted that, in the CAA sample, the remaining
amount of such phases is slightly less than for the other two samples; the addition of acetic
acid leads to the involvement of a larger amount of alite in the formation of the C–(A–)S–H
gel. That is, at the later stages of the hydration process of the CAA paste a smaller amount
of alite remains anhydrated, and, thus, it is more effectively transformed to amorphous
hydrate phase, affecting the strength properties of the hardened material.

5. Conclusions

In contrast to X-ray studies, one of the advantages of the NMR method is the ability
to directly observe the signals of the nuclei both in the crystalline and amorphous local
environments. As a result, in this work, it was possible to trace the time dependences of
a set of chemical phases in the studied cement pastes. Despite the natural difficulty in
obtaining unambiguous deconvolution of strongly overlapped signals of some cases, it
was possible to identify the main components the presence of which is assumed in the
chemistry of cementitious materials, including the amorphous phases, especially the crucial
ones containing 29Si nuclei.

Considering all the above, it can be deduced that the addition of acetic acid and sodium
acetate changes the kinetics of the cement paste phase composition during the hydration
process. Adsorption of the acetate ion on the surface of the anhydrated and hydrated phases
has a significant effect on the hydration process when the studied organic substances are
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added in the mixtures. Moreover, the presence of sodium ions slightly increases the
alkalinity of the pore solution, partially reducing the efficiency of such adsorption.

It can be concluded that the addition of 3% acetic acid or sodium acetate, by cement
mass, to the cement paste hindered the initial stages of the hydration process. The addition
of sodium acetate led to the formation of a large amount of poorly soluble forms of calcium
carbonate and a significant increase in the amount of polymerized silicon-containing phases.

Concerning the sulfate degradation of the cement paste, we see that the addition of
acetic acid led to the development of favorable conditions for the formation of ettringite; in
contrast, the addition of sodium acetate slightly slowed down this process. Thus, in the
future studies, it would be interesting to investigate whether sodium acetate is a useful
additive for improving the durability of hardened cementitious materials against sulfate
attack. As only cement pastes were investigated in this work, further applied studies in
this field are needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma15062004/s1. Figure S1: 13C NMR spectra of the anhydrated Portland-limestone cement and
cement paste samples without additives (C) (a) and the chemical shift of spectra components (b) at
the different hydration times. Deconvolution of C07 spectra per three (c) and two (d) components.
Figure S2: 13C NMR spectra of the anhydrated Portland-limestone cement and cement paste samples
with acetic acid (CAA) (a) and the chemical shift of spectra components (b) at the different hydration
times. Figure S3: 13C NMR spectra of the anhydrated Portland-limestone cement and cement paste
samples with sodium acetate (CSA) (a) and the chemical shift of spectra components (b) at the
different hydration time. Figure S4: 27Al NMR spectra of the anhydrated Portland-limestone cement
and cement paste sample without additives (C) (a) and the chemical shift of spectra components (b) at
the different hydration time. Figure S5: 27Al NMR spectra of the anhydrated Portland-limestone
cement and cement paste samples with acetic acid (CAA) (a) and the chemical shift of spectra
components (b) at the different hydration time. Figure S6: 27Al NMR spectra of the anhydrated
Portland-limestone cement and cement paste samples with sodium acetate (CSA) (a) and the chemical
shift of spectra components (b) at the different hydration time. Figure S7: 29Si NMR spectra of the
anhydrated Portland-limestone cement and cement paste sample without additives (C). Figure S8:
29Si NMR spectra of the anhydrated Portland-limestone cement and cement paste samples with acetic
acid (CAA). Figure S9: 29Si NMR spectra of the anhydrated Portland-limestone cement and cement
paste samples with sodium acetate (CSA).
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Abstract: In this paper, we present a novel defect detection model based on an improved U-Net archi-
tecture. As a semantic segmentation task, the defect detection task has the problems of background–
foreground imbalance, multi-scale targets, and feature similarity between the background and defects
in the real-world data. Conventionally, general convolutional neural network (CNN)-based networks
mainly focus on natural image tasks, which are insensitive to the problems in our task. The proposed
method has a network design for multi-scale segmentation based on the U-Net architecture including
an atrous spatial pyramid pooling (ASPP) module and an inception module, and can detect various
types of defects compared to conventional simple CNN-based methods. Through the experiments
using a real-world subway tunnel image dataset, the proposed method showed a better performance
than that of general semantic segmentation including state-of-the-art methods. Additionally, we
showed that our method can achieve excellent detection balance among multi-scale defects.

Keywords: deep learning; semantic segmentation; U-Net; defect detection; subway tunnel

1. Introduction

With the growth of economies worldwide, various infrastructures such as tunnels,
bridges, and viaducts have been constructed [1], which are indispensable for our daily life
and are used by a large number of people in their daily lives [2]. However, infrastructures
built more than five decades ago are experiencing aging problems, and the number of
dilapidated infrastructures will significantly increase in the near future [1], and their
maintenance cost will also increase exponentially [3,4]. Under these circumstances, a
more efficient maintenance and management of infrastructures have become an urgent
issue. Recently, much interest has been shown in smart maintenance and management
technologies, including artificial intelligence (AI), Internet of Things (IoT), and big data
analysis. These techniques have already been applied to real-world problems in various
fields [5–9]. These techniques are required in the field of infrastructure to improve the
efficiency and accuracy of infrastructure maintenance [10,11].

As an important infrastructure, urban railway systems have been mainly constructed
during the high-speed economic growth period. In urban areas, the overground transporta-
tion network is already dense and its expansion potential is limited. On the other hand,
the subway transportation environment, such as subway tunnels, is expected to expand
further in the future. However, through the high frequency of use, tunnels that were built
decades ago inevitably decay and suffer from a number of defects. Without repairs, these
defects lead to significant economic losses and threaten safety.

In order to maintain a high level of security and economic growth, the daily main-
tenance and inspection of tunnels is necessary. Traditional inspection methods mainly
rely on tunnel wall images taken by inspection vehicles or inspectors [12]. Inspectors look

Sensors 2022, 22, 2330. https://doi.org/10.3390/s22062330 https://www.mdpi.com/journal/sensors
133



Sensors 2022, 22, 2330

for deterioration such as cracks and leaks when taking images and the deterioration of
tunnel walls is evaluated and repaired according to their conditions. This process is per-
formed manually, and it takes much time and labor. Technologies that enable the automatic
detection of defects are required to facilitate this process [13,14].

The standard strategy for supporting the inspection of subway tunnels is to construct
a detector for the estimation of defects from tunnel wall images. Among all kinds of defects,
automated crack detection has been studied for a long time, and various methods based on
image processing have been proposed [15–19]. Recently, in the field of computer vision,
the performance of image recognition has been significantly improved with the emergence
of deep learning, which has been useful for various tasks [20–24]. Therefore, it is expected
that image recognition technology will enable the development of a detector that can
automatically identify defects in infrastructures.

Deep learning-based methods have achieved higher performances in detecting defect
in infrastructures than traditional methods that use handcrafted image features [25–27].
However, when applying deep learning methods to real-world problems, various charac-
teristics and situations have to be considered. Since there are various kinds of defects in
subway tunnels such as cracks, cold joints, and leakages, existing deep learning methods
cannot be directly applied to this task. Specifically, the following problems need to be
addressed to improve detection performance:

Problem 1:

Subway tunnel images have a high resolution and limited areas of defects. Hence,
the problem of imbalance between the background and foreground in semantic
segmentation is prominent.

Problem 2:

Defects in subway tunnels have multi-scale variations. It is necessary to distinguish
between these types since the repair action differs depending on the type of defect.

Problem 3:

Subway tunnel image contains a complex background. Although there are no defects
in the background area, it often contains structures similar to the defects due to the
construction conditions.

Hence, it is desirable to devise more effective network architectures that can recover
the details of defects in subway tunnel images and improve the detection accuracy of
multi-scale defects.

To solve the above problems, we focus on the U-Net architecture [28], one of the most
widely used methods in biomedical image segmentation tasks. The U-Net’s skip connection
method, which can concatenate up-sampled feature maps with feature maps skipped from
an encoder, makes it possible to effectively capture details and location information about
objects. U-Net and its variants have achieved impressive segmentation results in computer
vision tasks, especially in detecting multi-scale targets [29–32]. Because the cracks feature
in our task is long and thin, we require the network to have the capacity to maintain the
feature in high resolution; U-Net is a suitable choice for this. Specifically, the feature of
cracks (small targets) is mainly captured by the high-resolution layer, and the water leakage
feature is mostly captured by the low-resolution layer. Because of the succinct architecture,
it is easy to add extra modules or change the architecture to improve the detection capacity
for different kinds of segmentation targets in our task. The U-Net architecture is, therefore,
suitable for our task.

In this paper, we propose an improved version of the U-Net architecture to solve the
above problems. As a network design for the multi-scale target segmentation of a particular
image dataset, the U-Net architecture is a suitable foundation network for our task. To solve
Problem 1, we adjust the image dataset to balance background and foreground images to
overcome the problem of background examples dominating gradients. To solve Problems 2
and 3, we optimize the network architecture using the following strategies: First, we
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replace all convolution blocks of the U-Net architecture with inception blocks [33]. Since
the inception module consists of four different branches with different kernel sizes and
enlarges the network’s receptive field, we can improve the network adaption to different
scales of features. For our task, this improvement increases the capacity to detect multi-scale
defects. In addition, for the same purpose, we replace the first convolution layer of the
bridge layer with an atrous spatial pyramid pooling (ASPP) module from Deeplab-v2 [34].
Combining these two kinds of structures results in more precise detection and mitigates
the over-fitting problem.

Our contributions are summarized as follows:

• We propose a novel advanced U-Net for defect detection using subway tunnel images.
• We design an architecture that can grasp the characteristics of a variety of defects. The

experimental results show the effectiveness of our new architecture.

This paper is organized as follows: Summaries of related works on defect detection
and classification are presented in Section 2. Next, Section 3 shows the data characteristics,
and Section 4 shows the proposed method and the adopted network architectures. The
experimental results are shown in Section 5. Finally, our conclusion is presented in Section 6.

2. Related Works

In this section, we discuss related works of computer vision tasks for application, U-
Net family, and defect detection, respectively. Recent application tasks in computer vision
are mentioned in Section 2.1, more specific architectures based on U-Net are explained in
Section 2.2, and methods for defect detection are presented in Section 2.3.

2.1. Computer Vision Task for Application

Computer vision tasks have made great progress with the rise of deep learning tech-
nologies [35]. In the past, computer vision tasks have been studied mainly with the aim of
recognizing objects in images; however, with the rise of deep learning, the level of accuracy
close to real-world applications has been achieved [25,36]. The recognition level of general
objects exceeded human accuracy in a competition held in 2015, and various methods
for more advanced tasks such as object detection and pixel-level segmentation have been
proposed [37,38]. In parallel, this technology has been applied not only in the field of
computer science but also in various other fields. Transfer learning has shown that feature
representations acquired by general image recognition can be useful for tasks in other
domains [39,40]. In addition, a number of studies have been proposed for tasks where the
amount of data is not sufficient [41].

Following general images, medical images are the next area where the technology is
expected to be applied to society [42–44]. Medical images are highly specialized due to the
clarification of imaging standards, but the quality of the captured images is high. Therefore,
supervised learning, which is the speciality of deep learning, has succeeded in building
relatively accurate models [45].

2.2. Deep Learning with U-Net and Its Variants

As a well-known biomedical image segmentation network, U-Net architecture in 2015
has a completely symmetric encoder–decoder structure, where features extracted from the
same size convolutional layers are concatenated with corresponding up-sampling layers;
thus, high- or low-level feature maps can be preserved and inherited by the decoder to
obtain more precise segmentation. After that, its variants were proposed in the following
years and are still applied to real-world segmentation tasks nowadays.

The common improved variants of U-Net are committed to redesigning convolutional
modules and modifying down- and up-sampling. Namely, many varying methods such as
TernausNet [46], Res-UNet [47], Dense U-Net [48], and R2U-Net [31] have been proposed.
For example, TenausNet replaces the encoder part with VGG11, Res-UNet and Dense U-Net
replace all submodules with res-connection and dense-connection, and R2U-Net combines
recurrent convolution and res-connection as a submodule. U-Net++ [29] and U-Net 3+ [30]

135



Sensors 2022, 22, 2330

hope to increase multi-scale target detection capacity. The main advantage of these variants
is that they can capture features of different levels and integrate them through feature
superposition.

2.3. Defect Detection in Infrastructures

Before the high development age of deep learning techniques, the defect detection
methods were mainly developed by using image processing method. In [10,11], the
authors conducted surveys of newly developed robotic tunnel inspection systems and
showed that they overcome these disadvantages and achieve high-quality inspection
results. Additionally, Huang et al. reported a method for analyzing the morphological
characteristics and distribution characteristics of structural damage based on an intelligent
analysis method from visible images of tunnel images [13]. Furthermore, Koch et al.
reported computer vision-based distress detection and condition assessment approaches
related to concrete and asphalt civil infrastructure [49]. In addition, several methods for
automatic detection based on computer vision techniques have been proposed [21,22].
Khoa et al. proposed automatic crack detection and classification methods by using
morphological image processing techniques and feature extraction based on distance
histogram-based shape descriptors [21]. Furthermore, Zhang et al. proposed a method
called online CP-ALS to incrementally update tensor component matrices, followed by
self-tuning a one-class support vector machine [24] for online damage identification [22].

In recent years, deep learning techniques have been successfully applied to defect de-
tection tasks based on real-world datasets. For instance, Kim et al. [50] used Mask R-CNN
to detect and segment defects in multiple kings of civil infrastructure. Bai et al. [51] used
Robust Mask R-CNN for the task of crack detection. Specifically, they proposed a two-step
method, called cascaded network, in which ResNet is used to classify defects and then
some state-of-art segmentation networks are used. Huang et al. [52] proposed an integrated
method, which combines a deep learning algorithm and Mobile Laser Scanning (MLS) tech-
nology, achieving an automated three-dimensional inspection of water leakages in shield
tunnel linings. Choi et al. [53] proposed a semantic damage detecting network (SDDNet)
for crack segmentation, which achieves real-time segmentation effectively negating a wide
range of various complex backgrounds and crack-like features. Chen et al. [54] present a
switch module to improve the efficiency of the encoder–decoder model, demonstrating it
with U-Net and DeepCrack as examples. In this way, deep learning-based defect detection
methods have shown promising results for the classification and segmentation tasks with
the benefit of high representation ability.

3. Dataset

In this section, we explain the inspection data used in our study. Figure 1 shows
examples of the subway tunnel image data. We can see that the tunnel image data have
different characteristics of natural image data. The size of the images is approximately
12, 088 × 10, 000 pixels or 12, 588 × 10, 000 pixels and the resolution is 1 mm/pixel, and
so they can be considered high-resolution images. Typically, analyzing high-resolution
images requires enormous computer resources and such image sizes are not used in the
input of deep learning models. On the other hand, the resizing process results in the loss of
fine-scale defects. We solve this problem by the patch division processing.

The subway tunnel image data consist of defect and background images. Figure 2
shows defect patch examples divided from original images shown in Figure 2 (a) cracks, (b)
cold joint, (c) construction repair (d) deposition (e) peeling, and (f) trace of water leakage.
As shown in Figure 2, we can see that each type of defect has its characteristics such as
different texture edges and color features. As for a two-class segmentation task, this intra-
class variance will cause false alarms. For instance, the size and color of cracks (Figure 2a)
are different from those of traces of water leakage (Figure 2f).

Next, we show divided patch examples of background images that have no defects in
Figure 3 (a) cable, (b) concrete joint, (c) connection component of overhead conductor rail,
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(d) passage tunnels (e) overhead conductor rail, and (f) lighter. In Figure 3, some of them
have characteristics similar to those of defect images, which can also cause a serious false
alarm problem.

(a) (b)

Figure 1. Examples of subway tunnel images used in this study. (a,b) are sample images taken from
a visible camera for inspection. (Resolution: 1 mm/pixel, Image size: 12,088 × 10,000 pixels).

(a) (b) (c)

(d) (e) (f)

Figure 2. Example of defect images. (a–f) represent cracks, cold joint, construction repair, deposition,
peeling, and trace of water leakage, respectively. (Resolution: 1 mm/pixel, Image size: 256 × 256 pixels).
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(a) (b) (c)

(d) (e) (f)

Figure 3. Example of background images. (a–f) show cable, concrete joint, connection component
of overhead conductor rail, passage tunnels, overhead conductor rail, and lighter, respectively.
(Resolution: 1 mm/pixel, Image size: 256 × 256 pixels).

4. Methodology

Inspired by Inception-v4, ASPP module, and U-Net, we propose a new model for
defect detection. The proposed network combines the advantages of all three existing
models. We explain data augmentation in Section 4.1 and introduce the architecture of our
network in Section 4.2.

4.1. Data Augmentation

In this subsection, we propose our data augmentation strategy and patch selection
method. First, we divide high-resolution subway tunnel images into multiple patches as
shown in Figures 2 and 3. Let Pi(i = 1, 2, 3, ..., I) denote divided patches derived from the
original images shown in Figure 1, where I represents the number of patches. Because of
the imbalance distribution and multi-scale defects, we used an overlap strategy to ensure
exhaustive defect patches, which extend the patch dataset. In addition, to construct the
dataset via patch selection, we experimentally obtained a large-scale dataset containing
background Bn (n = 1, 2, ..., N) and defect patches Dm (m = 1, 2, ..., M). Note that the ratio
between M and N is approximately 7:3 and N + M = I.

For the training phase, since the dataset includes superfluous patches and a approxi-
mately half of them are background patches, it can cause a data imbalance problem. Under
this condition, we randomly excluded some background patches to balance the number
of patch samples. It should be noted that this strategy does not influence the detection
accuracy. Finally, the ratio between defect and background patches can reach 1:1.

The advantage of data augmentation is that features between distributions of data can
be resolved by pseudo-data generation. The model acquires a high degree of generality by
learning to identify the transformed images as input. In recent years, this idea has been
incorporated into self-supervised learning. In self-supervised learning, a transformation
similar to data augmentation is performed, and learning is performed without labels. It has
been reported that this method can dramatically improve the representational capability of
the model itself. In this paper, we focus on data augmentation because we are interested in
supervised learning.

4.2. Network Architecture

In this subsection, we explain the network architecture used in our method. Figure 4
depicts a model architecture of the proposed method, and Table 1 represents the details of
our network. We chose U-Net as our backbone model to achieve a high performance in
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the special data segmentation task. To increase the rate of detection of multi-scale defects
in subway tunnel data, first, we replaced the convolution blocks of the U-Net architecture
with inception blocks modified from Inception-v3 as shown in Table 1. Inception blocks
extend the feature capture area to increase accuracy and mitigate the over-fitting problem.
Second, we added the ASPP module to our model, and we imitated the usage of the ASPP
in Deeplab-v3+ to set it after the last layer of the encoder (the bridge layer, middle of the
network) shown in Figure 5a. In shallow architectures, the size of the encoder’s last layer
is no less than 16 × 16. We adjusted the parameter settings of multiple parallel atrous
convolutions in the ASPP module for adaptation to our task. In the following, we explain
the details of our model.

Table 1. Architecture of the proposed model.

Type Size/Stride Output Size Depth

Inception Module 3 × 3/1 256 × 256 × 64 3
Inception Module 3 × 3/1 256 × 256 × 64 3
Inception Module 3 × 3/1 256 × 256 × 64 3

Max Pooling 3 × 3/2 128 × 128 × 64 1
Inception Module 3 × 3/1 128 × 128 × 128 3
Inception Module 3 × 3/1 128 × 128 × 128 3
Inception Module 3 × 3/1 128 × 128 × 128 3

Max Pooling 3 × 3/2 64 × 64 × 128 1
Inception Module 3 × 3/1 64 × 64 × 256 3
Inception Module 3 × 3/1 64 × 64 × 256 3
Inception Module 3 × 3/1 64 × 64 × 256 3

Max Pooling 3 × 3/2 32 × 32 × 256 1
Inception Module 3 × 3/1 32 × 32 × 512 3
Inception Module 3 × 3/1 32 × 32 × 512 3
Inception Module 3 × 3/1 32 × 32 × 512 3

Max Pooling 3 × 3/2 16 × 16 × 512 1

The ASPP module – 16 × 16 × 1024 2
Inception Module 3 × 3/1 16 × 16 × 1024 3

Deconvolution 3 × 3/2 32 × 32 × 512 3

Cat – 32 × 32 × 512 1
Inception Module 3 × 3/1 32 × 32 × 512 3
Inception Module 3 × 3/1 32 × 32 × 512 3

Deconvolution 3 × 3/2 64 × 64 × 256 1
Cat – 64 × 64 × 512 1

Inception Module 3 × 3/1 64 × 64 × 256 3
Inception Module 3 × 3/1 64 × 64 × 256 3

Deconvolution 3 × 3/2 128 × 128 × 128 1
Cat – 128 × 128 × 256 1

Inception Module 3 × 3/1 128 × 128 × 128 3
Inception Module 3 × 3/1 128 × 128 × 128 3

Deconvolution 3 × 3/2 256 × 256 × 64 1
Cat – 256 × 256 × 128 1

Inception Module 3 × 3/1 256 × 256 × 64 3
Inception Module 3 × 3/1 256 × 256 × 64 3

Sigmoid 1 × 1/1 256 × 256 × 1 1

Our network consists of stacked layers of modified inception blocks shown in Figure 5b
in the U-Net-based encoder–decoder network. The inception blocks consist of four parallel
branches. Three of them have convolution layers with different kernel sizes, and the
last one has one max-pooling layer. We replaced the 5 × 5 convolution layer with 5 × 1
and 1 × 5 convolution layers to decrease the training parameters. In the original U-Net
architecture, the encoder part contains 8 convolution blocks. In addition, the output of
every 2 convolution blocks is down-sampled by a max-pooling layer, and to construct a
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deeper network, we add one inception block before each max-pooling layer, increasing the
total number of convolution operations in the encoder from 8 to 12.

Figure 4. Overview of our defect detection network architecture.

At the end of the encoder part, we replaced the bridge’s first convolution layer with
the ASPP module, which is shown in Figure 5a; the input was split into 5 equal partitions.
In the original ASPP module, the atrous rates of three 3 × 3 convolutions were set to 6, 12,
and 18 (with 256 filters and batch normalization) to adapt to the input size, which is over
37 × 37. When the rate value is close to the feature map size, the 3 × 3 filter degenerates to
a 1 × 1 filter, and the atrous convolution loses its effectiveness. In our task, the input size
was limited to 256 × 256 pixels, and after 4 max-pooling operations, the final input size of
the ASPP module became 16 × 16, which is less than the required 37 × 37. Therefore, we
changed the atrous rates from 4, 8, and 16 to 2, 4, and 6 to adapt to the input size. After the
ASPP module, a 1 × 1 convolution operation (with 1024 channels) was added to merge the
bridge layer.

In the decoder part, we used a convolution transpose layer (with a kernel size of 3 × 3
and a stride size of 2) to perform the up-sampling operation. Instead of using the deeper
architecture as the encoder, we replaced all basic convolution layers with inception blocks.

(a) (b)

Figure 5. Modules introduced in our method. (a) represents the architecture of ASPP module and
(b) represents the inception module.

5. Experiments and Results

This section shows quantitative and qualitative evaluations to confirm our network’s
effectiveness for detecting defects in subway tunnel images. The experimental settings are
explained in Section 5.1, and the results and discussion are presented in Sections 5.2 and 5.3,
respectively. Experimental data were provided by Tokyo Metro Co., Ltd, a Japanese
subway company.
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5.1. Settings

In our experiments, 47 images made up the subway tunnel image dataset. The images
were obtained from visible cameras with high resolutions (e.g., 12, 088 × 10, 000 pixels or
12, 588 × 10, 000 pixels), and we divided the images into multiple patches of 256 × 256
pixels with a sliding interval of 64 pixels.

In the training phase, we filtered the patches using the strategy introduced in Section 4.1.
The pixel-ground truth of defects was determined by inspectors. We selected 280,000
patches from 29 images as our training dataset. In this dataset, the ratio between the
background and defect patches was set to 1:1. Then, in the validation phase, seven images
were divided by the same strategy, as in the training phase, and finally, 71,818 patches were
selected. The last 11 images were used in the test phase. We only used the same dividing
strategy without abandoning background patches. Therefore, the number of patches used
in the test phase was 326,172, which is significantly larger than that in the training phase.
After the test phase, we generated estimation images by recombining the estimation results
and the average probability of each pixel.

For the semantic segmentation task, Recall, Precision, F-measure, and Intersection over
Union (IoU) were used to evaluate the binary classification performance as our estimation
metrics. They can be calculated as follows:

Recall =
TP

TP + FN
, (1)

Precision =
TP

TP + FP
, (2)

F-measure =
2 × Recall × Precision

Recall + Precision
, (3)

IoU =
TP

TP + FP + FN
, (4)

where TP, TN, FP, and FN represent the number of true-positive, true-negative, false-
positive, and false-negative samples, respectively.

We compared our method with classic segmentation methods including Deeplab-v3+
(CM1) [55], FCN (CM2) [56], and SegNet (CM3) [57]. Since the input of the network was set
to 256 × 256, the output size of the encoder in Deeplab-v3+ was 16 × 16. According to our
method, we adjusted the parameter settings of multiple parallel atrous convolutions in the
ASPP module using the same strategy as introduced in Section 4.2. In addition, since our
network is based on the U-Net architecture, we added several previous U-Net versions as
comparative methods (CM4-CM7). The design of each method is shown in Table 2. Among
them, CM5 [58] added additional down-sampling blocks to both the encoder and decoder
of the network, changing the down-sampling stride from 16 to 32.

Table 2. Differences in the proposed method (PM) and U-Net-based comparative methods (CM4-
CM7) used in the experiment.

Method Inception ASPP Layer Extend

PM � � -
CM4 - � -
CM5 - - �
CM6 � - -

CM7 (Baseline) - - -

5.2. Results

In this subsection, we show the evaluation results and discuss some important details
of the proposed model.
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5.2.1. Quantitative Analysis

Table 3 shows the detection rate of all defects. From Table 3, we can compare the
defect detection performance of our method and comparative methods (CM1-CM7). In
these metrics, IoU, which is the standard metric of the semantic segmentation field, is the
most important value to evaluate the total performance. We can see that PM obviously
outperformed all CMs in this metric.

Next, Table 4 shows the recall rate of detection of each defect. From Table 4, we can
observe the specific defect detection performance of our method and comparative methods
(CM1-CM7). It should be noted that the metric Recall was used for the evaluation of each
defect detection performance since the small crack defects were directly included. For the
evaluation of the detection performance of cracks, IoU is not the best evaluation metric
because of the difficulty of pixel-level matching. Moreover, considering the application
situation, over-detection is considered preferable to miss-detection for the detection of
defects. From the above reasons, we selected the evaluation metric Recall in this evaluation.

Table 3. Defect detection performance of the proposed method (PM) and the comparative meth-
ods (CMs).

Method Recall Precision F-Measure IoU

PM 0.660 0.436 0.525 0.356

CM1 [55] 0.564 0.375 0.451 0.291
CM2 [56] 0.494 0.315 0.385 0.238
CM3 [57] 0.410 0.136 0.204 0.158

CM4 0.493 0.405 0.444 0.286
CM5 0.532 0.463 0.495 0.329
CM6 0.617 0.346 0.443 0.285

CM7 0.588 0.336 0.428 0.272

Table 4. Recall of all kinds of defects in each method.

Defect
Recall

PM CM1 CM2 CM3 CM4 CM5 CM6 CM7

Peeling 0.921 0.866 0.729 0.191 0.795 0.905 0.711 0.655
Floating 0.802 0.711 0.568 0.199 0.708 0.782 0.651 0.533
Crack (0.3 mm–0.5 mm) 0.173 0.230 0.163 0.209 0.159 0.140 0.125 0.110
Crack (0.5 mm–1 mm) 0.358 0.385 0.430 0.334 0.407 0.382 0.361 0.326
Crack (1 mm–2 mm) 0.402 0.463 0.384 0.422 0.455 0.434 0.409 0.388
Crack(2mm+) 0.414 0.409 0.394 0.431 0.467 0.444 0.426 0.389
Cold joint 0.013 0.017 0.016 0.014 0.016 0.016 0.007 0.005
Honeycomb 0.084 0.251 0.230 0.010 0.030 0.210 0.090 0.080
Patching (intermediate pile) 0.819 0.734 0.616 0.159 0.721 0.816 0.656 0.591
Alligator crack 0.362 0.308 0.216 0.063 0.317 0.368 0.306 0.244
Early construction repair 0.423 0.375 0.271 0.061 0.394 0.504 0.306 0.297
Deposition 0.054 0.049 0.015 0.001 0.080 0.012 0.005 0.010
Construction repair 0.591 0.307 0.167 0.078 0.413 0.556 0.364 0.375

The proposed method outperforms all comparative methods. According to Table 3
and Table 4, we can further discuss the importance of each component.

Limitation of Deeplab-v3+ (CM1):

Deeplab-v3+ used atrous convolution, ASPP module, and a simplified decoder
branch, achieving great improvement compared with the baseline. There was a
slight difference in the detection accuracy for various kinds of defect. Although
Deeplab-v3+ applied multiple kinds of modules to improve detection performance
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for multi-scale defects, it still lacks detection accuracy for large-scale defects as shown
in Table 3.

FCN and SegNet (CM2, CM3):

FCN and SegNet, as classic segmentation networks, show a certain degree of in-
compatibility in our subway tunnel dataset, not only with a low accuracy but also
with a large number of false detection instances as shown in Table 3. Especially,
the performance of SegNet is extremely poor. Although the detection accuracy of
small targets such as cracks can be maintained, it is almost impossible to detect large
defects as shown in Table 4. These result in the low overall detection accuracy and
precision of the network. Unlike U-Net, the SegNet decoder uses the max-pooling
indices received from the corresponding encoder to perform nonlinear upsampling
of the input feature map as a typical symmetric encoder–decoder architecture. It is
considered that this function did not work well in the subway tunnel dataset.

Effectiveness of ASPP module (CM4):

In CM4, this module increases F-measure from 0.428 to 0.444 and IoU from 0.272 to
0.286 compared with the baseline module (CM7) in Table 3. Additionally, the obtained
results from Table 4 suggest that the addition of the ASPP module significantly
improved the detection performance of small-, medium-, and large-scale defects. The
obtained results show the effectiveness of the ASPP module.

Effectiveness of layer extend operation (CM5):

In CM5, compared with the baseline (CM7), this module increases F-measure from
0.428 to 0.495 and IoU from 0.272 to 0.329 as shown in Table 3. Additionally, Table 4
suggests that CM5 is superior to CM4, CM6, and the baseline (CM7). These results
suggest that deeper networks improve the detection of all scales of defects. However,
this operation could not be applied to networks with the ASPP module due to patch
size limitations in the experimental setting.

Effectiveness of Inception module (CM6):

In CM6, we only replaced all convolution blocks with the inception module. This op-
eration increased F-measure from 0.428 to 0.443 and IoU from 0.272 to 0.285 compared
with the baseline (CM7) in Table 3. Additionally, Table 4 shows that the detection rate
of each scale significantly improved compared with the baseline. This indicates that
the addition of the inception module can contribute to the representation ability of
low- and high-level information.

Analysis of the proposed method:

As shown in Table 3, PM outperformed all other methods. Furthermore, from Table 4,
we can see that PM achieves better accuracy in detecting large-scale defects but has
some limitations in detecting small-scale defects. The limitation of small-scale defects
may influence the detection performance of the inspection task. Thus, qualitative
analysis is also required.

5.2.2. Qualitative Analysis

In this part, we discuss the visual quality of the results. The estimation results are
shown in Figures 6–9. Figure 6 shows detection result samples of all regions of the test
image. Figures 7 and 8 show the detection results of peeling and cracks. From Figures 6–8,
we can see that PM achieves a high detection quality when detecting various defects
compared to CMs. On the other hand, we show the over-fitting result sample in Figure 9. In
some cases, we observed that vertical cracks tend to over-fit in our model. The quantitative
analyses show that the proposed method has some limitations in detecting small-scale
defects, and according to Figure 8, these limitations may not influence the actual inspection
works. Compared with all CMs, the result of PM achieves fewer instances of false detection,
which would lead to less unnecessary work for inspectors.
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(a) Origin image (b) Ground Truth

(c) PM (d) CM1 (e) CM2

(f) CM3 (g) CM4 (h) CM5

Figure 6. Cont.
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(i) CM6 (j) CM7

Figure 6. Results of proposed method and comparative methods. (From left to right: (a): original
image; (b): ground truth; (c): results obtained by the proposed method; and (d–j): results obtained by
the comparative methods.)

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j)

Figure 7. Example of the result in peeling detection. (a) Original image. (b) Ground Truth. (c) PM.
(d) CM1. (e) CM2. (f) CM3. (g) CM4. (h) CM5. (i) CM6. (j) CM7.

145



Sensors 2022, 22, 2330

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j)

Figure 8. Example of the result for crack detection. (a) Original image. (b) Ground truth. (c) PM.
(d) CM1. (e) CM2. (f) CM3. (g) CM4. (h) CM5. (i) CM6. (j) CM7.

5.3. Discussion

In the field of image recognition, various models have been proposed consistently
owing to the AI boom. In the models for general object recognition, the error rate of
recognition now exceeds that of humans, and there is a glimpse of a direction to target
more advanced tasks. Applications of AI are beginning to be explored in all areas, one
of which is infrastructure maintenance. In this paper, we have proposed a method for
detecting defects in subway tunnel images. By constructing a model that takes into account
the characteristics of the data, the proposed method achieved a higher accuracy in detecting
defects compared to conventional methods.

What we should consider here is how much the system should achieve to reach the
accuracy that can be applied in the real world. The quantitative evaluation results obtained
from this experiment showed that the IoU was around 0.3–0.4. This value may not be
sufficient when compared to the accuracy of general image recognition. However, as
shown in the results of the qualitative evaluation, cracks and other defects in the image
can be detected even if there is some deviation. For example, if we consider the practical
applications of the proposed method, such as supporting the registration of defects in CAD
systems or identifying dense regions of defects, we can say that the proposed method has
reached a system that can be applied in practice.
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j)

Figure 9. Example of the results of over-fitting parts. (a) Origin image. (b) Ground truth. (c) PM.
(d) CM1. (e) CM2. (f) CM3. (g) CM4. (h) CM5. (i) CM6. (j) CM7.

There are some limitations in this study. This study was conducted using data from
a certain subway line in Japan, and there is still room for future studies on the general
applicability to a wide variety of data. In this study, 47 high-resolution subway tunnel
images were divided into patches to enable the network training; however, it would be
desirable to have a larger number of images to verify the robustness of our method. In
addition, since the accuracy is considered to vary depending on the year of construction of
tunnels, verification using a wide variety of data is necessary. Specifically, the condition of
the wall depends on the construction method of the subway tunnel, and furthermore, the
new construction method may be completely different from the conventional construction
method. When considering the versatility of the model, it will be necessary to verify the
versatility of the model for various types of data.

6. Conclusions

In this study, we present a new version of the U-Net architecture to improve the
detection performance of defects in subway tunnel images. By introducing ASPP and
inception modules in the U-Net-based network architecture, we improved the capacity
of the network for defect detection. The experimental results on a real-world subway
tunnel image dataset showed that our method outperformed other segmentation methods
quantitatively and qualitatively. Different from conventional crack detection methods, our
model can detect various types of defects in a single model, which enhances the practicality
for supporting tunnel inspections. In future works, we will investigate a new strategy for
enhancing detection accuracy and discuss its application to other real-world tasks.
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Abstract: Because of the rapid development of the economy and the process of urbanization, con-
struction waste recycling is becoming increasingly important and should be considered. Motivated by
effectively managing the construction waste recycling under sustainability incentives, the multi-agent
stochastic game model is used to evaluate the evolutionary behavior of the government agencies,
waste recyclers, and waste producers. To capture the uncertainty existing in the external environ-
ment, the replicator dynamic formula is integrated with Gaussian noise, and the Lyapunov exponent
diagram is analyzed to illustrate the nonlinear dynamic behavior. The numerical approximations
are then solved by utilizing the random Taylor expansion formula. Finally, a numerical simulation
is performed to evaluate the evolutionary trajectories of the participants involved. The findings
revealed that: (1) the government agency should adopt a positive supervision approach, which can
encourage waste producers and recyclers to collaborate around each other; (2) lower sorting and
disposal costs can enhance construction waste recycling; and (3) the existence of uncertainty in the
environment around different participants will influence one’s strategy selection.

Keywords: construction waste recycling; sustainability incentives; multi-agent stochastic game model

1. Introduction

Construction waste is an issue that has attracted increasing worldwide attention
recently. With the rapid development of socioeconomic and urbanization in China, the
building industry has emerged as a pillar of the national economy. In particular, a large
number of raw materials are used and massive construction waste is generated along
a gradient of increasing urbanization, resulting in environmental pollution and scarcity
of nature resource [1,2]. According to a study published by the Chinese Academy of
Engineering, construction waste increased by 15.4% per year from 1990 to 2000, and
by 16.2% per year from 2000 to 2013 [1,3]. Because of limited technology, e.g., a lack
of professional construction waste recycling enterprises, and a lack of unified technical
standards, China’s construction waste resource rate is less than 10%, which is far below
the developed countries [1,3]. Furthermore, to the best of our knowledge, the traditional
disposal methods of construction waste in many countries in China are landfill and open-air
stacking, which not only cause secondary pollution to soil, groundwater, rivers, and air, but
also continuously occupy valuable land resources. To that end, representatives from the
Chongqing Technology Evaluation and Transfer Service Center of the Chongqing Academy
of Science and Technology suggested that the government should do everything possible
to supervise construction waste recycling and ensure that it meets the requirements of
construction sustainability development [2,4].

At present, construction waste recycling has been proven to be the most effective
method of managing construction trash. In the meantime, many existing works [5–9] have
already investigated its positive social, environmental, and sustainable influences and
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pointed out that many factors, such as positive government agency supervision, or waste
recyclers implement waste recycling, can influence construction waste recycling. Huang
et al. [7] pointed out that government takes a decisive role in directing and promoting
construction waste recycling in China. Furthermore, Bakshan et al. [10] used Bayesian
network analysis to investigate the causal behavioral determinants of practice improvement
in construction waste management, and they concluded that proper supervision is critical in
construction waste recycling systems. Lately, Fu et al. [11] further investigated the influence
of the government’s supervision for waste recycling enterprises. Tam et al. [12] emphasized
that the government’s incentives can encourage construction waste producers and waste
recyclers to actively recycle construction waste. However, these studies almost discussed
construction waste recycling from the standpoint of an interview and questionnaire survey,
and there are no existing studies that focus on how different factors influence the behavior
between government and recycling enterprises.

To address the above mentioned issues, Ma et al. [1] introduced a dynamic evolution-
ary game theory into the construction management system and investigated the effects
of government incentive policies on the evolution process. The experiments show that:
(1) government subsidies for waste enterprises are critical for construction waste recycling;
(2) government subsidies for waste recyclers are not always necessary since the behavior of
waste recyclers is influenced by the waste producers. Furthermore, increasing the landfill
cost will encourage cooperation when the government does not provide a subsidy. In
contrast, Long et al. [13] investigated the evolutionary game theory between construc-
tion waste producers and construction waste recyclers in the context of the government’s
reward-penalty mechanism. However, it focuses primarily on the dynamic evolution
process between different enterprises with and without government incentives, ignoring
how the government influences the behavior of construction waste producers and waste
recyclers during the evolution process. To this end, Su [2] stated that recycling construc-
tion waste is extremely beneficial for reducing environmental pollution and conserving
resources, and the three-party evolutionary game theory is investigated, which included
government agencies, construction waste producers, and construction waste recyclers. In
particular, it was discovered that the government plays different roles during different
construction waste recycling periods. Du et al. [14] presented a theoretical evolutionary
game theory framework to analyze the behavior of governments, construction contractors,
and the public. It first investigated the impact of various factors on stakeholders’ decision-
making and discovered that incentives and penalties can reduce the illegal dumping of
construction waste. To that end, this paper mainly investigated what is the best choice for
penalties and incentives selection.

Many significant efforts have been made to use evolutionary game theory to inves-
tigate the impact of various factors on construction waste recycling, e.g., construction
sustainability incentives, positive/negative government supervision, etc. However, in
these existing works [1,2,13,14], the evolutionary game process analysis for construction
waste recycling is based on a deterministic model that ignores the effect of external un-
certainty. It is well understood that various random factors play an important role in
decision-making between each participant during the evolution process, which should be
taken into account in terms of construction waste recycling [15,16]. The purpose of this
paper is to build a three-party stochastic game framework that can answer the following
corresponding questions. (1) How should the three-party payoff matrix and replicator dy-
namic formula for the construction recycling system be defined? (2) Is there an equilibrium
solution in the random replicator dynamic differential formula when Gaussian white noise
is introduced? If so, what kinds of boundary conditions must be met?

To address the aforementioned issues, a three-party stochastic game framework is
proposed for construction waste recycling based on bounded rationality theory, in which
the payoff matrix is first constructed and then the replicator dynamic equation is for-
malized. In particular, the Lyapunov exponent diagram is employed to investigate the
nonlinear dynamic characteristics of replicator dynamic equations based on the Benettin
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method, and then Gaussian white noise is introduced into the Itô equation. The numerical
approximations are then solved using the Taylor expansion method. Finally, a numerical
simulation is run to demonstrate the dynamic evolutionary trajectory. In conclusion, the
following contributions have been made:

• The three-party stochastic game structure, which includes government agencies,
construction waste producers, and construction waste recyclers, is first presented.

• The Lyapunov exponent diagram is next analyzed to capture the nonlinear dynamic
behavior of the replicator dynamic equation based on Benettin method.

• Next, the Gaussian white noise is inserted into the replicator dynamic equation as
an uncertain that exists in the external environment. Furthermore, the existence and
stability of the equilibrium solutions of the Itô stochastic differential equation are
investigated.

• Finally, the numerical simulations are conducted to show the evolutionary trajectory
in terms of the stability based on Taylor expansion.

2. Literature Review

2.1. Construction Waste Recycling and Management

In recent years, with the rapid development of the economy and the acceleration of
urbanization, construction and demolition waste (C&D) has increased dramatically recent
years, accounting for 30–40% of city waste in China and more than 40% of all municipal
waste in Europe [7–9]. However, the recycling of C&D waste is not optimistic. According
to the National Bureau of Statistics of China, 1.3 billion tonnes of construction waste were
produced in China in 2017, which is five times the total quantity of residential waste
produced in the same year [3]. According to Ma et al. [1], 80% of the construction waste
can be recycled. However, the construction waste recycling rate in China is less than
10%, which is much lower compared with 94% for the Netherland and 95% for Japan. A
large gap is observed between China and developed countries in the construction waste
recycling industry. In other words, construction waste recycling and management have
received considerable attention from scholars both at home and abroad. Duan et al. [17] and
Yang et al. [18] said that the traditional method of processing construction waste is landfill
and 84% of the construction waste is landfilled in recent years in Shengzhen City, China.
However, there is insufficient capacity in this area to landfill construction waste. As a result,
construction waste recycling and resourcing have become a national primary objective
for improving environmental effects, and the question about how to process construction
waste effectively and rationally has become an urgent one. Lately, Kabirifar et al. [19]
presented a framework to assess the effectiveness of construction and demolition waste
management (CDWM) using construction and demolition waste stakeholders’ attitudes
(CDWSA), CDWM within project life cycles (CDWPLC), which pointed out that CDWAS
was the most effective factor in CDWM and CDWPLC was the least effective factor in
CDWN. Finally, it was stated that the most effective CDWM strategies were recycle, reuse,
and reduce. Furthermore, motivated by sustainability concepts, Ghafourian et al. [20]
investigated the sustainable construction and demolition waste management (SCDWM) by
introducing sustainability dimensions in CDWM, which further analyzed the impacts of
factors that contribute to sustainability aspects of CDWM on waste management hierarchy,
such as reduce, reuse, recycle, and disposal strategies.

Recently, Bao et al. [21] treated Shengzhen as a case study and provided a decision-
support framework for construction waste recycling planning. This framework intends
to assist in the planning of on-site and off-site construction waste recycling in Shenzhen,
China, using qualitative research methodologies such as case studies, site visits, and semi-
structured interviews. Lu et al. [22] investigated a data-driven approach to obtain the bulk
densities of inert and non-inert construction waste by analyzing a big dataset of 4.9 million
loads of construction waste in Hong Kong in the years 2017 to 2019. Hoang et al. [23]
studied the financial and economic evaluation of construction and demolition waste re-
cycling in Hanoi, Vietnam from the supply and demand perspective. However, informal
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processing the construction waste, e.g., land-filling, has increased the government costs.
Ma et al. [1] constructed an evolutionary game model including construction enterprises
and recycling enterprises and analyzed the behavior evolution trajectory of participants
in the construction waste recycling management system. Moreover, Su [2] studied the
multi-agent evolutionary game, including government agencies, waste recycles, and waste
producers, in the recycling utilization of construction waste. Most of the above literature
analyzes the importance of recycling construction waste. Moreover, it only considers the
deterministic replicator dynamics equations, without further consideration that environ-
mental uncertainty on the behavioral decision of participants, which plays an essential role
in constructing the evolutionary game theory model. Compared with the deterministic
model, which assumes that parameters are deterministic, Yazdani et al. [24] studied a waste
collection routing problem by considering uncertain and proposed a novel simheuristic
approach based on an integrated simulation optimization. In particular, an efficient hy-
brid genetic algorithm is used to optimize vehicle route planning for construction and
demolition waste collection from construction projects to recycling facilities.

2.2. Evolutionary Game Theory for Construction Waste

Evolutionary game theories are flexible and powerful tools for understanding evo-
lutionary dynamics of group interactions [25]. Many significant efforts have been made
towards using evolutionary game theory to manage construction waste recycling. Ma
et al. [1] developed a dynamic evolutionary game model on construction waste recycling
to analyze the symbiotic evolution between the behavior of construction enterprises and
recycling enterprises, in situations with or without government incentives. Moreover,
the authors also studied how government incentive policy affects the dynamic evolution
process of construction waste recycling. Lately, Su [2] further studied the multi-agent evolu-
tionary decision-making process and stable strategies among three stakeholders, including
government agencies (GA), waste recycles (WR) and waste producer (WP), in the recycling
utilization of construction waste. In particular, Su analyzed the main factors that affected
the strategies of the stakeholders and provide the tripartite evolutionary game model.

However, considering the existence of uncertainties, in reality, it is difficult to reflect
the actual situation of construction waste recycling in reality only by using the general
deterministic evolutionary game model. So it is necessary to introduce the random dis-
turbance for analysis [15] and judge the stability of stochastic evolution [26]. Li et al. [16]
constructed a multiplayer stochastic evolutionary game model to study the impact of inno-
vation subsidy on enterprise innovation development. Liu et al. [27] introduced Gaussian
white noise to analyze the corporate governance issues, and found that random interference
factors can affect the trajectory of the equilibrium strategy.

3. Three-Party Evolutionary Game Framework

3.1. Problem Formulation

As for recycling construction waste, the strategy bank of government agencies, waste
recyclers, and waste producers are SGA = {PS, NS}, SWR = {IR, NIR}, and SWP = {I, NI},
respectively. In particular, PS and NS represent positive and negative supervision, IR and
NIR indicate implement construction waste recycling and not implement construction
waste recycling. The tripartite evolutionary game model, including government agencies,
waste recyclers, and waste producers are as follows:

The government agencies, waste recyclers, and waste producers are the members of
the construction waste recycling system. In this system, government agency aims to in-
crease the proportion of implementing construction waste recycling to realize and promote
the construction sustainability development. As for waste recyclers and producers, they try
to maximize their interests. It is worth noting that if waste producers do not implement con-
struction waste recycling, the construction waste will increase, which will further pollute
the environment and lead to higher environmental management costs [28,29]. Therefore,
strategies from waste recyclers and producers play an essential role for the environment
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and eco-system, the more these two enterprises adopt waste recycling, the less pollution
led by construction waste. Following Ref. [2], this work first introduces a more precise
multi-agent evolutionary model by introducing environmental benefits and penalties for
waste recyclers and producers, respectively. In particular, it is assumed that government is
more prone to support waste recyclers than waste producers. Then the evolution behavior
of three participants is analyzed during the procedure of construction waste recycling
through the evolutionary game framework. The description of corresponding parameters
is given in Table 1.

Table 1. Model parameter descriptions.

Para. Descriptions

C0

If waste recyclers and producers do not implement construction waste recycling,
then waste producers need to send the produced construction wastes to landfill for
disposal, and the cost is C0, where C0 > 0.

Pj
The waste recyclers generate construction materials by using natural materials, and the
benefits is Pj, where Pj > 0.

Eg
The environment governance cost is paid by government agencies if the waste
recyclers and producers do not implement construction waste recycling, where Eg > 0.

λ
Revenue distribution factor if waste recyclers and waste producers adopt
construction waste recycling, where 0 < λ ≤ 1.

R Total revenue if waste recyclers and producers adopt waste recycling, R > 0.
η Effort level when waste producers implement construction waste recycling. (0 < η ≤ 1).
C C Total costs of the entire recycling procedure from sorting to re-production (C > 0).
C1 Sorting cost of construction waste (0 < C1 ≤ C).
Cg Supervision cost of government agencies (0 < Cg ≤ C).

ΔCj
The losses if waste producers do not implement construction waste recycling
while the waste recyclers adopt construction waste recycling strategies.

G Social benefits were achieved when the government conducted positive supervision, e.g,
good reputation.

S1
Environment benefits brought by the waste recyclers implement construction waste
recycling, such as environmental improvement, etc.

S2
Environment benefits brought by the waste producers implement construction waste
recycling, such as environmental improvement, etc.

G1
Good reputation achieved by government agency although their positive supervision
cannot effectively evade construction waste generation.

Ss
Subsidies offered by the government agencies to waste producers when it implements
waste recycling.

Sj Subsidies provided by GA to waste recyclers when it implements waste recycling.
F1 Penalties are issued by GA to waste recyclers when it does not implement waste recycling.

F2
Penalties are issued by GA to waste producers when it does not implement waste recycling,
where 0 < F1 < F2

x The probability when government agency conducting positive supervision.
y The probability that waste recyclers conduct construction waste recycling.
z The probability that waste producers implement construction waste recycling.

Among them, the assumptions are summarized as follows:

• The government agencies, waste recyclers, and waste producers have individually
bounded rationality and try to find the maximization value of their interests.

• The waste recyclers have enough spaces to recycle waste if the waste producers are
“conducting” waste recycling strategy.

• They are able to adjust their strategies when the environment changes in the construc-
tion waste recycling process.

• Assuming x indicates the probability when government agency conducts positive
supervision, 1 − x denotes the probability when government agency conducts neg-
ative supervision. Similarly, y denotes the probability that waste recyclers conduct
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construction waste recycling, 1 − y indicates the probability that waste recyclers do
not conduct construction waste recycling. If z denotes the probability that waste
producers implement construction waste recycling, 1 − z represents the probability
that waste producers do not implement construction waste recycling.

• In the stochastic evolutionary system, the higher the strategy payoff than the average
payoff is, the higher probability different enterprises conduct this strategy. Generally,
this principle can be represented by replicator dynamics formulas.

• The uncertainty exists around different participants, which will bring random dis-
turbance into the evolutionary system. To this end, it is necessary to consider this
random noise in the replication dynamic differential formula.

3.2. Payoff Matrix and Replicator Dynamics Equations

Table 2 gives the payoff matrix of the government agencies, waste recycles and waste
producers, which is defined based on the principles shown in Figure 1 and each element of
the Payoff Matrix are shown in Equation (1).

Government
Agency

Waste Recyclers Waste Recyclers

Waste Producers Waste Producers Waste Producers Waste Producers
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Figure 1. The three-party game tree of government agencies, waste recyclers and waste producers.

Table 2. The payoff matrix of the three-party evolutionary game for construction waste recycling.

Waste Producer

Implement
Recycling z

Not Implement
Recycling 1 − z

Government
Agency

Positive
Supervision x

Waster
Recyclers

Implement
Recycling y (a1, b1, c1) (a2, b2, c2)

Not Implement
Recycling 1 − y (a3, b3, c3) (a4, b4, c4)

Negative
Supervision 1 − x

Waster
Recyclers

Implement
Recycling y (a5, b5, c5) (a6, b6, c6)

Not Implement
Recycling 1 − y (a7, b7, c7) (a8, b8, c8)
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⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

G − Cg − SS − Sj + S1 + S2 (1 − λ)R − (C − ηC1) + Sj λR − ηC1 + SS
G + G1 + F1 + F2 − Cg − Eg − Sj + S1 Pj + Sj − ΔCj −C0 − F2
G + G1 + F1 + F2 − Cg − Eg − SS + S2 Pj − F1 −C0 + Ss − ηC1

G + C1 + F1 + F2 − Cg − Eg Pj −C0 − F2
S1 + S2 (1 − λ)R − (C − ηC1) λR − ηC1
−Eg + S1 Pj − ΔCj −C0
−Eg + S2 Pj −C0 − ηC1

−Eg Pj −C0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1)

Let N11 and N12 denote the expected utility when government agency conducts posi-
tive supervision and negative supervision, respectively, and their average is represented
by N̄1.

N11 =yz
(
G − Cg − Ss − Sj + S1 + S2

)
+ y(1 − z)

(
G + G1 + F1 + F2 − Cg − Eg − Sj + S1

)
+ (1 − y)z

(
G + G1 + F1 + F2 − Cg − Eg − Ss + S2

)
+ (1 − y)(1 − z)(

G + G1 + F1 + F2 − Cg − Eg
) (2)

N12 = yz(S1 + S2) + y(1 − z)
(−Eg + S1

)
+ (1 − y)z

(−Eg + S2
)
+ (1 − y)(1 − z)

(−Eg
)

= yz
(
Eg
)− yS1 + zS2 − Eg

(3)

N̄1 = x × N11 + (1 − x)× N12 (4)

Then the replicator dynamic formula of government agency conducting positive
supervision is given, as shown in Equation (5):

F(x) =
dx
dt

= x(N11 − N̄1) = x(1 − x)(N11 − N12)

= x(1 − x)
[
yz(−G1 − F1 − F2)− ySj − zSs +

(
G + G1 + F1 + F2 − Cg

)] (5)

Similarly, let N21 and N22 represent that waste recycler enterprise selects to implement
and not implement construction waste recycling, respectively. And N̄2 denotes the average
revenues.

N21 =xz[(1 − λ)R − (C − ηC1)] + x(1 − z)
(

Pj + Sj − ΔCj
)

+ (1 − x)z[(1 − λ)R − (C − ηC1)] + (1 − x)(1 − z)
(

Pj − ΔCj
)

=− xzSj + xSj + z
[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+
(

Pj − ΔCj
) (6)

N22 = xz
(

Pj − F1
)
+ x(1 − z)Pj + (1 − x)zPj + (1 − x)(1 − z)Pj = Pj − xzF1 (7)

N̄2 = y ∗ N21 + (1 − y) ∗ N22 (8)

Then, according to Equations (6) and (7), the replicator dynamic equation of waste produc-
ers conducting construction waste recycling strategy is given as follows:

F(y) =
dy
dt

= y(N21 − N̄2) = y(1 − y)(N21 − N22)

= y(1 − y)
{−xzSj + xSj + z

[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ xzF1 − ΔCj

} (9)

Finally, let N31 and N32 denote the expected utility that the waste producer chooses to
implement and not implement the waste recycling and their average is represented by N̄3,
which are formulated as follows:
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N31 = xy(λR − ηC1 + Ss) + x(1 − y)(−C0 + Ss − ηC1)

+ (1 − x)y(λR − ηC1) + (1 − x)(1 − y)(−C0 − ηC1)

= xSs + y(λR + C0)− C0 − ηC1

(10)

N32 = xy(−C0 − F2) + x(1 − y)(−C0 − F2)− (1 − x)yC0 − (1 − x)(1 − y)C0

= −xF2 − C0
(11)

N̄3 = z × N31 + (1 − z)× N32 (12)

Then, the replicator dynamic formula of waste recycler conducting construction waste
recycling strategy is defined as follows:

F(z) =
dz
dt

= z(N31 − N̄3) = z(1 − z)(N31 − N32)

= z(1 − z)[x(Ss + F2) + y(λR + C0)− C0 − ηC1]
(13)

3.3. Replicator Dynamics Analysis

According to Equations (5), (9) and (13), the multi-agent dynamic replication formula
of construction waste recycling system is achieved, i.e.,

⎧⎨
⎩

F(x) = x(1 − x)
[
yz(−G1 − F1 − F2)− ySj − zSs +

(
G + G1 + F1 + F2 − Cg

)]
F(y) = y(1 − y)

{−xzSj + xSj + z
[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ xzF1 − ΔCj

}
F(z) = z(1 − z)[x(Ss + F2) + y(λR + C0)− C0 − ηC1]

(14)

Let

⎧⎨
⎩

F(x) = 0
F(y) = 0
F(z) = 0

, 8 corresponding strategy solutions for the construction waste recy-

cling system can be achieved, i.e., A1(0, 0, 0), A2(0, 0, 1), A3(0, 1, 0), A4(0, 1, 1), A5(1, 0, 0),
A6(1, 0, 1), A7(1, 1, 0), and A8(1, 1, 1). Additionally, there also exists a mixed strategy
solution O((x∗, y∗, z∗)), which satisfies Equation (15)

⎧⎨
⎩

F(x∗) = y∗z∗(−G1 − F1 − F2)− y∗Sj − z∗Ss +
(
G + G1 + F1 + F2 − Cg

)
= 0

F(y∗) = −x∗z∗Sj + x∗Sj + z∗
[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ x∗z∗F1 − ΔCj = 0

F(z∗) = x∗(Ss + F2) + y∗(λR + C0)− C0 − ηC1 = 0
(15)

Therefore, the following equations can be achieved

x∗ = C0 + ηC1

Ss + F2
(16)

y∗ = C0 + ηC1

λR + C0
(17)

z∗ =
(Ss + F2)ΔCj − (C0 + ηC1)Sj

(C0 − ηC1)(F1 − Sj) + (Ss + F2)[(1 − λ)R − (C − ηC1)− Pj + ΔCj]
(18)

where 0 < x∗ < 1, 0 < y∗ < 1 and 0 < z∗ < 1.
In addition, it is obvious that 1 − x, 1 − y, and 1 − z are non-negative, so they will not

influence the results of the evolution analysis. Next, the replicator dynamic formulas of
government agencies, waste recyclers, and waste producers can be rewritten as:

⎧⎨
⎩

F(x) = dx/dt = x
[
yz(−G1 − F1 − F2)− ySj − zSs +

(
G + G1 + F1 + F2 − Cg

)]
F(y) = dy/dt = y

{−xzSj + xSj + z
[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ xzF1 − ΔCj

}
F(z) = dz/dt = z[x(Ss + F2) + y(λR + C0)− C0 − ηC1]

(19)
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3.4. Nonlinear Dynamic System Chaotic Analysis

To the best of our knowledge, Equation (19) is a nonlinear dynamic formula, meaning
some parameters will bring chaos into this system. Chaotic represents an irregular and
random movement that exists in a deterministic nonlinear system, e.g., butterfly effect. To
study if the chaotic characteristic exists in the nonlinear dynamic formula in the setting of
some threshold values, the Lyapunov exponent diagram is used to analyze the characteristic
of the nonlinear dynamic system [30]. The Lyapunov exponent graph is used to analyze
the convergence of adjacent trajectories. Especially, the nonlinear dynamic system shows
stability characteristics when LLE < 0, where LLE means largest Lyapunov exponent. In
contrast, if LLE = 0, the nonlinear dynamic system bifurcates at that point; if LLE > 0, the
nonlinear dynamic system shows chaotic behavior [31].

Taking the three-party evolutionary game framework construction waste recycling sys-
tem as examples, the LLE graphs are obtained based on Benetthin algorithm. As shown in
Figure 2, fixing other parameters, LLE < 0 when construction waste sorting cost C1 belongs
to (0, 8.1), (9.8, 10.2), (10.8, 12.4), (17.6, 18.5), (19.8, 20), resulting in stable construction
waste recycling system. In contrast, if LLE > 0, where C1 ∈ (8.1, 9.8), (10.2, 10.8), (12.4, 17.6)
and (18.5, 19.8), the construction waste recycling system is going to show chaotic char-
acteristic (as shown in Figure 2a. From Figure 2b, it can be observed that LLE < 0
if C0 ∈ (4.2, 4.8), (5.8, 6.5), (6.8, 8.2), (8.5, 9.7), (10.7, 11.5), (16.1, 16.3), (16.9, 18.1), and
C0 ∈ (18.3, 19.8), respectively and the system stay in stable state. If C0 ∈ (0, 4.2), (4.8, 5.8),
and C0 ∈ (6.5, 6.8), (8.2, 8.5), (9.7, 10.7), (11.5, 16.1), (16.3, 16.9), (18.1, 18.3), (19.8, 20), re-
spectively, then LLE > 0 and the nonlinear dynamic system shows chaotic characteristic.
It is also observed LLE > 0 when η ∈ (0.32, 0.44), (0.49, 0.71), (0.74, 0.78), (0.83, 0.84), and
η ∈ (0.91, 0.92), (0.99, 1) in Figure 2c. This also make system show chaotic characteristic.
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Figure 2. Largest Lyapunov exponent diagram of tripartite stochastic evolutionary game system with
fixed parameters are Ss = 10, Sj = 10, F1 = 15, F2 = 20, G = 30, G1 = 15, Eg = 8, Cg = 5, Pj = 15,
ΔCj = 8, C = 30, λ = 0.2, R = 45. (a) C0 = 10, η = 0.7. (b) C1 = 20, η = 0.7. (c) C0 = 10, C1 = 20.
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4. Stochastic Evolutionary Game Framework

4.1. Multi-Agent Stochastic Evolutionary Game Framework

To the best of our knowledge, there exist high uncertainty in the game among the
government agencies, waste recyclers, and waste producers because the complexity of the
external environment. To this end, the different participants will have different strategic
selections because of their profits. In particular, there always exists random noise in the
replicator dynamics formula, leading to bad performance for the deterministic evolutionary
game framework, since the existing uncertainty around different participants. Therefore,
it is necessary to take random noise into account in the tripartite game model. To further
improve the previous deterministic game model, in this study, the replicator dynamic
formula is combined with Gaussian white noise, which results in the multi-agent stochastic
evolutionary game framework, as follows:

⎧⎨
⎩

dx(t) =
[
yz(−G1 − F1 − F2)− ySj − zSs +

(
G + G1 + F1 + F2 − Cg

)]
x(t)dt + δx(t)dω(t)

dy(t) =
{−xzSj + xSj + z

[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ xzF1 − ΔCj

}
y(t)dt + δy(t)dω(t)

dz(t) = [x(Ss + F2) + y(λR + C0)− C0 − ηC1]z(t)dt + δz(t)dω(t)
(20)

where ω(t) is Brownian movement. dω(t) denotes Gaussian white noise, where t > 0
should stratify and h is time step, h > 0. Δω(t) = ω(t+ h)−ω(t) and it can be represented
as normal distribution N(0,

√
h), and δ denotes noise intensity.

To this end, the Equation (20) denotes one-dimensional multi-agent stochastic dif-
ferential formula, which also describes the tripartite evolutionary replicator dynamics
equation of government agency, waste recyclers, and waste producers under random noise,
respectively.

4.2. Equilibrium Solutions Analysis

It is known that Equation (20) is Itô-type stochastic differential formula, therefore, at
initial time x(0) = 0, y(0) = 0, and z(0) = 0, respectively. Then according to Equation (20),
the following equations are given:

⎧⎨
⎩

dx(t) =
[
yz(−G1 − F1 − F2)− ySj − zSs +

(
G + G1 + F1 + F2 − Cg

)] · 0 + δx(t)dω(t)
dy(t) =

{−xzSj + xSj + z
[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ xzF1 − ΔCj

} · 0 + δy(t)dω(t)
dz(t) = [x(Ss + F2) + y(λR + C0)− C0 − ηC1] · 0 + δz(t)dω(t)

(21)

Based on Equation (21), it can be seen that dω(t)|t=0 = ω′(t)dt||t=0 = 0, and there at
least have zero solution, which indicates the construction waste recycling system will stay
in this state without the interference of external white noise. To this end, zero solution is
the best in this situation.

However, the construction recycling system will always be disturbed by the internal
and external environment, which influences system stability. Therefore, the system stability
under random noise circumstances must be considered and analyzed.

Given stochastic differential equation [16]
{

dx(t) = f (t, x(t))dt + g(t, x(t))dω(t)
x(t0) = x0

(22)

It is assumed that there has a function V(t, x) for which there exist positive constant
σ1, σ2, such that

σ1|x|p ≤ V(t, x) ≤ σ2|x|p, t ≥ 0 (23)

Then, two kinds of specific scenarios are analyzed concerning system stability.
I. If a positive constant α is existing, making LV(t, x) ≤ −αV(t, x), t ≥ 0, the null

solution of Equation (22) is therefore globally exponentially stable in p-th mean. Then,
E|x(t, x0)|p < σ2

σ1
|x0|pe−αt, t ≥ 0.
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II. When a positive constant α is existing, making LV(t, x) ≥ αV(t, x), t ≥ 0. In this
case, the null solution of Equation (22) is not exponentially stable in p-th mean. Then,
E|x(t, x0)|p ≥ σ2

σ1
|x0|pe−αt, t ≥ 0.

To this end, for the Equation (19), let V(t, x) = x(t), V(t, y) = y(t), and V(t, z) = z(t),
where x, y, z ∈ [0, 1]. In particular, when σ1 = σ2 = 1, p = 1, and α = 1, the following
equations can be attained:

LV(t, x) = f (t, x) = x
[
yz(−G1 − F1 − F2)− ySj − zSs +

(
G + G1 + F1 + F2 − Cg

)]
LV(t, y) = f (t, y) = y

{−xzSj + xSj + z
[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ xzF1 − ΔCj

}
LV(t, z) = f (t, z) = z[x(Ss + F2) + y(λR + C0)− C0 − ηC1]

(24)

So, if the conditions

x
[
yz(−G1 − F1 − F2)− ySj − zSs +

(
G + G1 + F1 + F2 − Cg

)] ≤ −x

y
{−xzSj + xSj + z

[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ xzF1 − ΔCj

} ≤ −y

f (t, z) = z[x(Ss + F2) + y(λR + C0)− C0 − ηC1] ≤ −z

(25)

are satisfied, the null solutions of Equation (19) are globally exponentially stable in p-th
mean, respectively.

4.3. Taylor Expansion of Evolution Equation

It is known that there is no clear solution for a nonlinear Itô stochastic differential
formula. To this end, the random Taylor expansion for Itô equation is conducted and the
numerical approximations are used to solve it.

For a existing stochastic differential equation, i.e., Equation (26)

dx(t) = f (t, x(t))dt + g(t, x(t))dω(t) (26)

where t ∈ [t0, T], x(t0) = x0, x0 ∈ R, and ω(t) is the standard winner process. Assume that,
when h = (T − t0)/N, tn = t0 + nh, the equation of random Taylor expansion is given in
Equation (26)

x(tn+1) = x(tn) + I0 f (x(tn)) + I1g(x(tn)) + I11L1g(x(tn)) + I00L0 f (x(tn)) + R (27)

where L0 = f (x) ∂
∂x + 1

2 g2(x) ∂2

∂x2 , L1 = g(x) ∂
∂x , I0 = h, I1 = Δωn, I00 = 1

2 h2,

I11 = 1
2

[
(Δωn)

2 − h
]
, and R is the remainder of the Taylor expansion.

Therefore, Equation (27) can be rewritten as follows

x(tn+1) = x(tn) + h f (x(tn)) + Δωng(x(tn)) +
1
2

[
(Δωn)

2 − h
]

g(x(tn))g′(x(tn))

+
1
2

h2
[

f (x(tn)) f ′(x(tn)) +
1
2

g2(x(tn)) f ′′(x(tn))

]
+ R

(28)

To this end, the Milstein approach is used to solve the approximation problem. The
Taylor expansions are further conducted for government agencies, waste recyclers, and
waste producers, which leads to

x(tn+1) = x(tn) + h
(

y(tn)z(tn)(−G1 − F1 − F2)− y(tn)Sj − z(tn)Ss+

+
(
G + G1 + F1 + F2 − Cg

))
x(tn) +

1
2

(
(Δωn)

2 − h
)

σ2x(tn) +
1
2

h2
(

y(tn+1)z(tn+1)

(−G1 − F1 − F2)− y(tn+1)Sj − z(tn+1)Ss +
(
G + G1 + F1 + F2 − Cg

))2
x(tn) + Δωnσx(tn) + R1

(29)
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y(tn+1) = y(tn) + h
(
− x(tn)z(tn)Sj + x(tn)Sj + z(tn)

[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ x(tn)z(tn)F1 − ΔCj

)
y(tn) +

1
2
[(Δωn)

2 − h]σ2y(tn) +
1
2

h2
(
− x(tn)z(tn)Sj + x(tn)Sj

+ z(tn)
[
(1 − λ)R − (C − ηC1)− Pj + ΔCj

]
+ x(tn)z(tn)F1 − ΔCj

)2
y(tn) + Δωnσy(tn) + R2

(30)

z(tn+1) = z(tn) + h
(

x(tn)(Ss + F2) + y(tn)(λR + C0)− C0 − ηC1

)
z(tn) +

1
2

h2
(

x(tn)(Ss

+ F2) + y(tn)(λR + C0)− C0 − ηC1

)2
z(tn) + Δωnσz(tn) +

1
2

(
(Δωn)

2 − h
)

σ2z(tn) + R3

(31)

5. Numerical Simulations

To the best of our knowledge, it is hard to achieve the precise solution of nonlinear
Itô differential formula. To this end, numerical simulation is applied to simulate the
trajectory of three-party dynamic evolution. Especially, in this study, a three participants
stochastic evolutionary game framework is proposed for construction waste recycling by
analyzing the effect principle of sorting cost of construction waste, construction waste
producer disposal cost when recyclers and producers do not implement construction waste
recycling, effort level when waste producer implement construction waste recycling, and
Gaussian white noise on the three-party evolutionary trajectory. In addition, the stability
and convergence rate of the evolutionary trajectory is also analyzed. In the beginning,
the following two different cases are considered: (1) for the numerical study of sorting
costs and effort level, let both waste recyclers and producers implement waste recycling
under positive government supervision. In this case, x = 0.5, which means the government
agency conducts the positive supervision. In particular, the government agency does not
favor any one of the positive and negative strategies at the game start, and the same with
the waste producers and waste recyclers. To this end, the initial points are defined as
x0 = y0 = z0 = 0.5. (2) In contrast, for the disposal costs study, let both waste recyclers and
producers do not want to implement waste recycling, while government agency tends to
negative supervision strategies at the beginning. Here x = 0.4. While the waste producers
and recyclers do not implement construction waste recycling. Therefore the initial points
are defined as x = 0.4, y0 = 0.2, z0 = 0.3.

5.1. Sorting Cost of Construction Waste

Sorting cost is an essential factor when conducting construction waste recycling.
Therefore, it is necessary for the waste producers and recyclers to take this factor into
consideration. Figure 3 shows the results of the evolutionary trajectory of government
agencies, waste recyclers, and waste producers, respectively. From Figure 3a, it is observed
that with the increase of waste sorting cost, government agency always keeps the state
under positive supervision. From the perspective of stability of evolution system and
convergence rate, C1 = 5 is the first one to reach the equilibrium point, while C1 = 2 tends
to reach the stable point. However, when the value of sorting cost (i.e., C1 = 19) belongs to
some ranges that lead to LLE > 0, the evolutionary trajectory of the three parties shows
a very instability characteristic. Meanwhile, it can be seen from Figure 3b,c, the waste
producers and recyclers also can implement waste recycling with the increasing sorting
costs. However, when sorting cost C1 = 19, the trajectories show strong instability.

Furthermore, the analysis of sorting cost between the waste recyclers and producers
without external interference (δ = 0) is conducted. In particular, from Figure 4, it can be
seen that when C1 = 2 and C1 = 5, the trajectory of recyclers and producers presents a fast
convergence to implement construction waste recycling, and there exist Nash equilibrium.
This means that if waste producers and recyclers bear fewer sorting costs, it will promote
its enthusiasm to implement construction waste recycling. This is because the more sorting
is, the more complex the dynamic system will show. Furthermore, with the increase of
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the sorting cost, the probabilities of waste producers and recyclers choosing to implement
construction recycling will reduce.

(a)

0 2 4 6 8 10 12 14 16 18 20
Time (t)

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Pr
ob

ab
ili

ty
 (

x)

C1=2
C1=5
C1=19

15 15.5 16 16.5

0.99

1

1.01

0.1 0.15 0.2 0.25 0.3

0.9

0.95

1

(b)

0 2 4 6 8 10 12 14 16 18 20
Time (t)

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Pr
ob

ab
ili

ty
 (

y)

C1=2
C1=5
C1=19

13 14 15
0.99

1

1.01

0.1 0.15 0.2 0.25

0.96

0.98

1

(c)

0 2 4 6 8 10 12 14 16 18 20
Time (t)

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Pr
ob

ab
ili

ty
 (

z)

C1=2
C1=5
C1=19

11 12 13 14 15 16

0.98

0.985

0.99

0.995

1

1.005

1.01

1.015

0.06 0.08 0.1 0.12 0.14 0.16 0.18

0.94

0.95

0.96

0.97

0.98

0.99

1

Figure 3. Multi-agent dynamic evolutionary trajectories under different construction waste sorting
costs. (a) The probability when government agency conducting positive supervision. (b) The
probability when waste recyclers implement construction waste recycling. (c) The probability when
waste producers implement construction waste recycling. When Ss = 10, Sj = 10, F1 = 15, F2 = 20,
G = 30, G1 = 15, Eg = 8, Cg = 5, Pj = 15, ΔCj = 8, C = 30, λ = 0.2, R = 45, η = 0.3, C0 = 11,
δ1 = δ2 = δ3 = 0.1.
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Figure 4. Evolution of waste recycles and waste producers.

Therefore, the waste producers and recyclers should find a suitable sorting cost that
enhances their enthusiasm for construction waste recycling under the positive supervision
of government agencies.

5.2. Disposal Costs from Waste Producers

An essential assumption in the construction waste recycling management system
is that if both waste producers and recyclers do not implement waste recycling. The
producers should pay the fee for waste landfills. To this end, how disposal cost affects the
waste recycling system is further studied. Figure 5 shows the numerical simulation results.
From the perspective of the government agency, the suitable C0 leads the evolutionary
trajectory to quickly converge to the stability points. However, unsuitable value brings
disturbance to the dynamic system, which makes the construction recycling system is easily
affected by external factors. In contrast, it can be seen that waste recyclers and producers
are prone to not implement waste recycling when the value of C0 results in LLE > 0.
This means although an unreasonable value of C0 can speed the trajectory evolution, the
system is easily influenced by the external environment. In addition, the government
agency can quickly reach the equilibrium point with a reasonable C0 and choose positive
supervision. Waste recyclers and producers aim to not conduct recycling construction
waste in this situation.

5.3. Effects of Effort Level of Waste Producers

The effort level represents how waste producers implement waste recycling. Generally,
the smaller η is, the rougher the waste producers dispose of the construction waste. In
contrast, the larger η represents the waste producers dispose of the construction waste
finer. Therefore, how effort level affects the dynamic system is also considered. To this
end, the effect of effort level is discussed. Figure 6 gives the results. From Figure 6a, it is
observed that reasonable and higher value of effort level make the government agency
reach the equilibrium faster and more stable under positive supervision. In contrast,
a lower reasonable value of η also reduces the convergence time of the system, which
even brings disturbance to the system. And when selecting the unreasonable value of
η, the system will be more easily affected by the external environments. In this case, the
waste recyclers select to implement waste recycling under positive supervision from the
government agency. A larger and reasonable value of effort level will make a faster and
more stable system. This means waste recyclers can quickly reach the balance and a lower
value of effort level will bring disturbance for the system. In contrast, waste producers
reach the balance under the reasonable effort level value. In addition, the dynamic shows
more vulnerable characteristics under the unreasonable effort level.

In the construction waste recycling system, the more effort from waste producers to
recycle the construction waste is, the more enthusiasm for government agencies imple-
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menting positive supervision is and the more enthusiasm for waste recyclers implementing
waste recycling is. This undoubtedly brings great benefits for the construction waste
recycling system. Therefore, the waste producers need to try their best to recycle the con-
struction waste generated by themselves, which will promote the activities of government
agencies and waste recyclers.
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Figure 5. Multi-agent dynamic evolutionary trajectories under different disposal costs. (a) The
probability when government agency conducting positive supervision. (b) The probability when
waste recyclers implement construction waste recycling. (c) The probability when waste producers
implement construction waste recycling. When Ss = 10, Sj = 10, F1 = 15, F2 = 20, G = 30, G1 = 15,
Eg = 8, Cg = 5, Pj = 15, ΔCj = 8, C = 30, λ = 0.2, R = 45, η = 0.3, C1 = 5, δ1 = δ2 = δ3 = 0.1.
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Figure 6. Multi-agent dynamic evolutionary trajectories under different effort level. (a) The proba-
bility when government agency conducting positive supervision. (b) The probability when waste
recyclers implement construction waste recycling. (c) The probability when waste producers im-
plement construction waste recycling. When Ss = 10, Sj = 10, F1 = 15, F2 = 20, G = 30, G1 = 15,
Eg = 8, Cg = 5, Pj = 15, ΔCj = 8, C = 30, λ = 0.2, R = 45, C0 = 6, C1 = 5, δ1 = δ2 = δ3 = 0.1.

5.4. The Effect of Noise Intensity

Further simulations are conducted to discuss how noise intensity affects the trajectory
of the evolutionary game model. Figure 7 shows the results. It can be observed that the
uncertainty will bring random disturbance into the evolution process and then affect the

167



Sustainability 2022, 14, 3702

evolution process. In addition, it also can be seen that the higher the noise intensity is, the
more fluctuation exists in the evolutionary trajectories. This means the uncertainty can
affect the strategy choice of the government agencies, waste recyclers, and waste producers.

(a)

(b)

(c)

Figure 7. Multi-agent dynamic evolutionary trajectories under different noise intensity. (a) The
probability when government agency conducting positive supervision. (b) The probability when
waste recyclers implement construction waste recycling. (c) The probability when waste producers
implement construction waste recycling. When Ss = 10, Sj = 10, F1 = 15, F2 = 20, G = 30, G1 = 15,
Eg = 8, Cg = 5, Pj = 15, ΔCj = 8, C = 30, λ = 0.2, R = 45, C0 = 6, C1 = 5, η = 0.8.
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6. Discussion

An important exploration of the development of construction waste recycling systems
is the study of the game interaction between the government agency and different recyclers,
as well as the evolutionary trajectory of participants. Due to the lack of effective manage-
ment strategies in the past, construction waste recycling has brought significant impacts on
the environment and human health [7,32]. To improve environmental quality, many coun-
tries’ governments have enacted a variety of environmental incentive policies [1]. However,
there are multiple parties involved in the construction waste recycling system, and the
existence of conflicts of interest makes it difficult to effectively implement environmental
incentive policies. In particular, the existence of uncertainty in the external environment,
makes the behavior of participants in the construction waste recycling system more com-
plicated [15]. Under the premise of bounded rationality, the stochastic evolutionary game
model is built to analyze the complex behavior of participants, in which the Gaussian white
noise is introduced to describe the impacts of uncertainty factors on stakeholders’ decision
evolution trajectories. Balancing the interests of participants is the key to improving the
quality of construction waste recycling. For example, China established a Processing Fund
for Waste Electrical and Electronic Products in 2012 to assist the formal recycling sectors of
the electronic waste dismantling industry. The dismantling fund has lost $8 billion since
its establishment, with the fund already stagnant in 2017. As a result, the management
of e-waste recycling cannot rely solely on subsidies, but also on corresponding punitive
measures, which is consistent with previous research [33] and also useful for construction
waste recycling. According to Andrew et al. [34], different policies must be implemented
based on the characteristics of different countries in order to improve governance quality.
Furthermore, environmental uncertainty is a significant factor that must be considered
during the decision-making process. The random interference factors can influence the
equilibrium strategy’s trajectory [16]. In addition, certain critical values are determined so
that the system behaves chaotically.

There are also some limitations in this paper. There are differences in construction
recycling management and environment incentive policies in different countries. This paper
built a stochastic evolutionary game model for a case study of China, which would be
greater applicability by considering different environmental incentive policies in different
countries. In addition, this paper only considers the government agencies, waste producers,
and waste recyclers, and introduce Gaussian white noise, China’s dual government systems
also play an important role in construction waste recycling. More practical conclusions
would be obtained by considering the combination of political concentration and economic
decentralization of dual government systems.

Base on above analysis, some implications are proposed as follows:

• With the construction waste recycling system, greater attention must be paid to the
game interaction between waste producers and waste recyclers. Different enterprises
have different willingness in different states, which makes the behavior of participants
in the construction waste recycling system more complicated. It is therefore incred-
ibly important to coordinate the different waste recycling enterprises’ interests and
obligations to ensure the effective implementation of waste recycling and to improve
environmental quality.

• As regulators of the construction waste recycling system, the government agency must
adopt a subsidy-penalty coordination mechanism in order to improve construction
waste recycling’s environmental quality and increase subsidies for qualified recyclers
and default penalties for collusion.

• When making decisions, the government agency must fully consider the existence
of uncertain factors in order to ensure the smooth implementation of environmental
incentive policies and improve construction waste recycling quality.
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7. Conclusions

Facilitating the implementation of construction waste recycling is the primary basis
to realize construction sustainability and it has great practical significance for the quality
improvement of construction waste recycling. In this study, the three-party Itô stochastic
evolutionary game framework is proposed for construction waste recycling, making the
payoff matrix and combining the Gaussian white noise with replicator dynamic formula.
Then the random Taylor expansion is used to solve the numerical approximation, and
finally, the numerical simulations are conducted to study the dynamic evolution between
the government agencies, waste recyclers, and waste producers. The main conclusions
are as follows: (1) Smaller sorting costs make the group strategy more stable and effective.
(2) Larger disposal costs make waste producers do not implement construction waste
recycling. (3) The more Waste producer put into disposing of the construction waste re-
cycling, the more efforts government make to guide construction recycling, and the more
enthusiasm the waste recyclers recycle construction waste. (4) Based on the comparative
analysis of Gaussian white noise intensity, the effect of uncertainty external environments
brings the random disturbance into the evolution trajectory of different participants, which
leads to fluctuation of a smooth curve. To evade strategy fluctuation for different partici-
pants, it is necessary to let government agencies actively guide the waste producers and
waste recyclers.

In a brief, this paper investigated the tripartite Itô stochastic evolutionary game model
for construction waste recycling policies analysis, filling the multi-agent stochastic game
study of construction waste recycling and offering a practical basis for different agencies to
implement construction waste recycling.
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Abstract: With rapid urban expansion and the increasing demand of industrial development, the
existing industrial zones require transformation and upgrading to achieve the sustainable devel-
opment of society, economy, and environment. The green transformation of industrial zones lacks
overall theoretical guidance and a systematic evaluation system. This research aims at developing
effective methods to integrate the elements of existing industrial zones within the same framework
for the purpose of optimizing the sustainability of the whole system. In this study, the connotation
of a composite ecosystem in existing industrial zones was analyzed using the theory of sustainable
development, and an evaluation model of existing industrial zone was constructed. Taking the green
transformation of Chongqing Gepai Wire and Cable Co., Ltd. as an example, the sustainability of
land, architecture, industry, ecology, landscape, culture, and other elements has been fully considered
in the transformation process. Through the evaluation results, it can be seen that the sustainability of
all aspects of the industrial zone have been effectively improved, which is 16% to 40% higher than
that before the transformation. The research results illustrate that, in the process of the green trans-
formation of industrial zones, using interdisciplinary methods to select indicators and dynamically
evaluate the sustainable development of industrial zones can systematically and comprehensively
consider the elements of industrial zones and promote the role of various majors in the transformation
of industrial zones.

Keywords: existing industrial zone; green transformation; sustainable development; evaluation model

1. Introduction

China’s existing industrial zones form a complex and massive system that is continu-
ously undergoing development and, in many regions, degradation [1,2]. In the process of
transformation, cultural excavation and economic and social development are typically not
considered. Large-scale demolition and construction in existing industrial zones constitute
a huge waste of resources [3–5]. Construction waste accounts for 30–40% of municipal solid
waste [6–8].

In terms of the green transformation of industrial zones, some theories and methods
are relatively well-developed. For example, in terms of industrial production, clean pro-
duction and a circular economy can be adopted to reduce pollution emissions [9–12]. In
industrial zones that have caused serious pollution, ecological environmental restoration
measures can be adopted to transform brownfields [13,14]. Regarding building utilization
in industrial areas, the protection and reuse of architectural heritage sites can be strength-
ened gradually [15–17]. The core ideas are to reduce damage to nature, utilize and conform
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to nature, realize the symbiosis between human and nature, improve eco-efficiency, aban-
don waste, improve resource recycling, use renewable energy, promote multi-disciplinary
resource management [18,19], and combine environment and economy [20–22]. However,
implementing transformation often unilaterally emphasizes the green transformation of
one aspect in the industrial zone and lacks an overall evaluation system and transformation
method for the total factors of green transformation in the industrial zone.

Ma and Wang proposed the concept of an asocial-economic-natural complex ecosys-
tem in 1979 and the idea of “sustainable development” from the perspective of a complex
ecosystem [23]. Wang et al. (1989) further explained and enriched the concept of the
social-economic-natural complex ecosystem from the perspective of cybernetics [24–26].
Later, Zhao explained the concept of sustainable development from a philosophical per-
spective and proposed the principles of establishing a sustainable development indicator
system [27–29]. Niu, Lü et al., and Ye and Chen analyzed sustainable development from
different perspectives; however, they all emphasize that sustainable development requires
overall systematic coordination [30–33].

On the premise of sustainable development, starting from the concept of green econ-
omy, this paper quantitatively analyzes the eco-economic system of industrial zones from
the perspectives of flow of capital, energy, and material. For example, PSR and DPSIR
models are employed to evaluate the index system of environmental sustainable develop-
ment [34–40]. Regarding the transformation of existing industrial buildings, the evaluation
is mostly carried out from the perspectives of green buildings and the impact of the whole
life cycle of buildings on the environment [41–48]. With regard to landscape evaluation,
it is mostly conducted from the perspectives of culture, material, and emotion [49]. The
innovation of this research lies in the integration of sustainable development ideas in
the fields of ecology, urban planning and design, landscape design, green transformation
of existing industrial zones, and the design of comprehensive indicators of the dynamic
process of industrial zone transformation and development in view of society, economy,
and environment.

This study constructs a sustainable development evaluation model of the existing
industrial zone and applies this evaluation system to an existing industrial zone, Chongqing
Pigeon Brand Wire and Cable Co., Ltd., to determine the sustainable development potential
of this area. The evaluation system reflects the integrity, systematic nature, and dynamics
of the green transformation of the industrial zone, rather than pursuing the sustainability
of one aspect of the industrial zone.

2. Materials and Methods

2.1. Study Area

Pigeon Brand Wire and Cable Co., Ltd., situated near Chongqing University, is an
enterprise specialized in wires and cables and is mainly engaged in the processing of
products such as electrical porcelain products and wires. The company is the backbone of
this industry in China. The company has been established for more than 60 years, which
has not only developed the local economy but also provided many jobs. The factory has,
over the course of its long history, become an integral part of the collective memory and
identity of the community.

In June 2006, Pigeon Brand moved its wire and cable production to a new industrial
zone, leaving the old factory idle. According to relevant planning, innovation-capable
regions should be built around the Chongqing University. To improve the area, the old site
of the original Pigeon Brand cable factory will be upgraded to become the Design and Cre-
ation Industry Zone of Chongqing University, covering an area of 1.87 ha (Figures 1 and 2).
The project was launched in 2018. After completion, it is expected to accommodate a design
team of 500 people. After more than three years of transformation, it has been put into use.
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Figure 1. Transformation scope.

 

Figure 2. Before reconstruction.

2.2. Date Collection

In terms of data sources, several indicators were obtained from actual measurement,
statistics, and literature, whereas others were determined from expert scoring and ques-
tionnaire surveys. This study contains six types of data, namely land, architecture, industry,
ecology, landscape, and culture of the existing industrial zone. Land and building data
are obtained through actual measurement. Industrial data are obtained by comparing the
actual measured value with the relevant value of the national eco-industrial demonstration
zone standard. Ecological data are mainly obtained by comparing the actual measurement
with the relevant standards. For example, the soil scoring standard refers to the soil envi-
ronmental quality standard, the water scoring standard refers to the national industrial
wastewater discharge standard, and the noise evaluation standard refers to the acoustic
environment quality standard. Landscape and cultural data are mainly obtained through
questionnaires.

2.3. Method

The general goal of sustainable development in an existing industrial zone is realized
through the synergy of the environmental, economic, and social subsystems that constitute
the system, so as to eliminate the system’s current degradation and stagnation and improve
it considering the renewal and utilization of land resources as the goal [50–52]. This study
emphasizes that, under the premise of a clear overall goal and vision, the favorable factors
of social and economic subsystems can be used to create landscape on the material elements
of the environmental subsystems (Figure 3) to achieve social, economic, and environmental
improvements, and sustainable development [53–55].
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Figure 3. Relationship between subsystems in existing industrial zones.

An existing industrial zone is a composite ecosystem with economic development
as its main body. The transformation and upgrading of existing industrial zones cover
the most complex elements and combinations. In the meantime, the transformation and
upgrading of existing industrial zones is a spiraling dynamic and sustainable development
process, in which the industrial zone must be altered from its past state; this is the top
priority in solving sustainable development issues in the human society. The main feature
of the sustainable development evaluation model is to highlight the baseline status of
ecosystem services, while considering how to improve the people’s overall satisfaction as
much as possible [36,56,57].

Existing industrial zones can be regarded as complete composite ecosystems [58,59].
On this basis, we constructed a green transformation and sustainable development evalu-
ation model. Each subsystem was composed of the social, economic, and environmental
elements of the existing industrial zones. We found that through the optimization of each
element index, ecosystem services can be maintained and improved, with sustainable
benefits provided to existing industrial zones. This model of a continuous optimization of
the elements of existing industrial zones is called the sustainable development evaluation
model of the green transformation of existing industrial zones.

The sustainable development evaluation model of existing industrial zones requires
a complete data system embracing data on land, industry, ecology, architecture, culture,
and landscape in the respective industrial zones [60–62]. In this process, the sustainable
development of the existing industrial zone will be realized by means of industrial transfor-
mation and upgrading, compound land use, ground buildings, the green transformation of
structures, ecological environment restoration, the construction of characteristic landscape,
the continuation of culture, and so on (Figure 4).

The transformation of existing industrial zones is an evolving process (from unsustain-
able to sustainable). During the process of construction, dynamic monitoring and real-time
data feedback can be implemented, while adjustments, improvements, and renovation
can be made according to changes in the situation during the implementation process
(Figure 5).

In the sustainable development evaluation model, an index system of six dimensions
(land, building, industry, ecology, landscape, and culture) is constructed. Each dimension
has its sustainability score and can be optimized in different dimensions under the premise
of ensuring ecological constraints. In the process of green transformation, the data for each
dimension are reflected in the indicators (Figure 6). Before and after the transformation,
there will be changes in the indicator data. The comparison of sustainable development
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evaluation reflects the green and ecological effects of the transformation means. According
to the scoring results of each indicator, the improvement in each direction can be reflected.

Figure 4. The transformation and upgrading of existing industrial zones.

Figure 5. Data model of sustainable development in existing industrial zones.
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Figure 6. Comparison before and after transformation.

2.4. Evaluation Process

To make the evaluation results scientific, the construction of the index system follows
the principles of comprehensiveness, systematicness, operability, and 3 Rs (reduction, reuse,
and recycling). Through an on-site investigation, observation, and questionnaire survey
of the project, the relevant government departments, project investors, relevant designers,
users, and later, operation managers are consulted; the historical data, project planning
scheme, transformation design drawings, and on-site actual information of buildings re-
lated to the transformation of the industrial zones are collected; and the factors affecting the
whole process of the transformation of the industrial zones are analyzed and summarized.
Through the analysis of the information, a list of indicators is made, following the general
optimization principle of evaluation indicators. In addition, through repeated commu-
nication and argumentation with experts, combined with the actual development of the
industrial zone, the preliminary framework of evaluation indicators for the transformation
and sustainable development of the industrial zone is summarized from the three aspects
of economy, society, and environment.

The analytic hierarchy process (AHP) can be used for qualitative and quantitative
analyses and is suitable for multi-objective decision-making processes [63,64]. The hi-
erarchical structure model designed in this study is based on the AHP. When selecting
model indicators, the key elements that can be changed in the process of the transformation
and upgrading of industrial zones are selected, and include aspects of land, architecture,
industry, ecology, landscape, and culture. Overall, the indicators take green and low-carbon
principle as the starting point, and can reflect the social, economic, and cultural characteris-
tics of industrial zones. At the same time, the selection of indicators focuses on industrial
transformation and the demand of landscape perception.

From the perspective of the current development status of existing urban industrial
zones in China, the vast majority of industrial zones are in the dual dilemma of low-
carbon transformation as well as development and economic benefit improvement. In
the process of index selection, the economic value and utilization efficiency of industrial
land are considered. Therefore, in terms of land, geographical conditions, area size, and
land function are more important to the economic value of the renewal and transformation
of the existing industrial zone. In addition, the indicators of plot ratio and building
density are applied to judge the economic value and space utilization efficiency of zoning
transformation according to the growth ratio before and after the transformation. In terms of
industry, industrial structure, economic benefits, and industrial energy consumption should
be considered. For building indicators, the reconstruction value of buildings is determined
by the building materials and building quality, the type of buildings is determined by the
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building space characteristics, and the energy consumption of buildings is measured by
the building’s energy consumption per unit output value. The ecological indicator mainly
refers to the ecological stock in the industrial zone, including green ecological stock and
gray ecological stock. Green ecological stock refers to the existing ecological space in the
industrial zone. Gray ecological stock refers to the space that can be transformed into a
certain ecological function after a certain transformation, such as roof space, corridor space,
impervious ground, and square space. Landscape data include landscape perception and
landscape feature data. Landscape perception data include landscape friendliness and
attractiveness. Landscape feature data include characteristic buildings and structures and
characteristic landscape nodes. In terms of culture, the historical, technological, artistic,
and social values of the built space in the industrial zone are considered. Table 1 lists the
main level 1 and 2 indicators determined in this study.

Table 1. Data types and contents of transformation.

Data
Type

Land Data Building Data Industry Data
Ecological

Data
Landscape

Data
Cultural Data

Data
content

Geographic
conditions;
Area size;

Land function;
Plot ratio;

Green space
rate;

Building
density

Types of building
functions;

Building material;
The age of

Architecture;
Building energy

conservation;
Construction quality;

Type of building
structure

Total output
value of the park;

Proportion of
output value of

high-tech
industry;

Carbon emissions
per unit GDP

decline

Green
ecological

capital;
Grey ecological

capital

Friendliness;
landscape

beauty;
Landscape

features

Historical value;
Value of science
and technology;
Artistic value;
Social value

Regarding scoring standards, the ecological indicators are based on existing domestic
standards, such as the national eco-industrial demonstration park standards, green building
evaluation standards, soil environmental quality standards, etc. The indicators of landscape
and culture are mainly evaluated subjectively in view of perceptual experience. Economic
indicators are chiefly designed based on the national average level from characteristics
and economic value of the park itself. For example, as far as the indicators of geographical
conditions are concerned, considering that the distance between industrial areas and urban
centers of cities of different sizes will be different, the distance judgment index is used
to eliminate the impact of urban size, where L is the distance between the industrial
zones and the urban centers, and S represents the urban administrative boundary area.
When formulating the scoring standard, 50 cities with different grades and scales and their
industrial areas were manually classified and compared with the K value. In this paper,
three types of industrial zones are preliminarily demarcated, and when the demarcation
range is: 0 < K ≤ 0.06, it is the urban type; when 0.06 < K ≤ 0.2, it is the suburban type;
when 0.2 < K, it is the outer suburban type. Subsequently, the geographical conditions of
the industry are scored according to the interval value.

After obtaining the data, the indicators were scored according to the actual data. The
weight can reflect the relative importance of each evaluation index in the evaluation system.
In the model, a judgment matrix of each index was established. Eighteen experts in the six
fields of land, architecture, industry, ecology, landscape, and culture were invited to rank
the importance of each index in this field using the 1–9 scale method. The matrix value is
the ratio of the importance of the two elements, and the index value in each level is the
relative weight. The square root method was used to solve the normalized eigenvector and
eigenvalue, and each feature vector was the weight of the evaluation factor. According to
the weight of the judgment matrix, the score of each subsystem index was summed as the
total score of the sustainable development degree in this field.
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3. Results

Using the building indicators as an example (Tables 2 and 3), each indicator has
corresponding secondary indicators and scoring standards. This is to obtain the building
data scores before and after the transformation and then calculate the scores of the other
five categories according to the same method.

Table 2. Indexing system for buildings.

Target Layer First Level Indicators Secondary Indicators

Building System

Building Type
Production plant, storage plant, auxiliary
production plant, transportation building,

and other buildings.

Building Material
Brick wood (40 years), brick concrete

(50 years), reinforced concrete (60 years),
steel structure materials (80 years)

Age of Architecture 1840–1894; 1895–1936; 1937–1948;
1949–1976; 1976–present

Building Energy Conservation Energy consumption per unit output
value of buildings

Quality of Architecture Good, medium, heavy, severe, cannot
be used

Type of Building Structure “Large span type”, “conventional type”,
“special type”

Table 3. Score before and after reconstruction of the building system.

Data Type Data Content Index Weight
Before

Transformation
After

Transformation

Building
data

Types of building
functions 0.097 0.27 0.38

Building material 0.137 0.48 0.74

Age of Architecture 0.115 0.43 0.45

Building energy
conservation 0.155 0.43 0.61

Construction quality 0.306 0.57 1.01

Type of building
structure 0.19 0.65 0.76

Total 1 2.83 3.95

The score of each group before and after the transformation is shown in the radar chart
(Figure 7), and the development of each index can be intuitively understood. Following the
transformation, we measured improvements of 33% for land, 40% for architecture, 35% for
industry, 16% for ecology, 36% for landscape perception, and 39% for culture (Table 4).
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Figure 7. The evaluation model of Chongqing University Design and Creative Industrial zone.

Table 4. Comparison of indices before and after transformation.

Index Before Transformation After Transformation Changing Trend

Land 3.28 4.35 +33%
Building 2.83 3.95 +40%
Industry 2.6 3.5 +35%

Ecological 3.16 3.66 +16%
Landscape 2.24 3.04 +36%

Cultural 3.05 4.25 +39%

In the process of reconstruction, the design team retain the original overall structure
and fully respect the original appearance, and the historical significance of the old build-
ings is preserved and sublimated. Reusing building materials reduces waste generation,
saves investment costs, and decreases the consumption of natural resources. Moreover,
renovating existing buildings can make people deeply understand the impact of building
on the environment and actively participate in the action of improving the environment.

At the same time, the company building kept the terrazzo floor, partial walls, large
motors, warning signs, coils, and other devices left by the old cable factory. These articles
are also the products of an era. Thus, the industrial culture and industrial spirit of the
original cable factory are retained, and the industrial culture is continued. In the design
process, the design team combined with Chongqing University’s own historical and cultural
heritage and the original architectural color; the industrial design style was adopted, with
black, white, gray, bright red, and bright yellow as the main colors. This color matching is
consistent with the style of Chongqing University, which will make the users of the zone
continue to feel the essence of the Creative Industrial Zone and generate a sense of belonging
and pride due to their emotional and spiritual cognition to Chongqing University [65,66].

4. Discussion

By changing land use and increasing building area and plot ratio, the indicator score
of land increased from 3.28 to 4.35, an increase of 33%. By improving the existing building
quality, optimizing the building space, making full use of the original buildings and
facilities, and realizing the green transformation of the building, the indicator score of the
building increased from 2.83 to 3.95, an increase of 40%.
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In terms of industry, the cable manufacturing industry was transformed into a cultural
and creative industry. After the transformation, the GDP of the industrial zone increased,
the carbon emission per unit GDP decreased, and the proportion of high-tech industries
increased. The final score increased from 2.6 to 3.5, an increase of 35%. In terms of ecology,
positive changes included attempting to increase the number of trees, optimizing the green
space structure, reducing patch fragmentation, strengthening connectivity, and reducing
the proportion of impervious ground. After the transformation, the score increased from
3.16 to 3.66, and the ecological function will be gradually enhanced. Due to the short time
interval before and after the transformation, the overall score increased by 16%.

In terms of landscape, mainly from the perspective of people’s perception of the
landscape, the principles of landscape creation were used to improve landscape friendliness
by optimizing the comfort, accessibility, and participation of the landscape, focusing on
building characteristic industrial buildings, public spaces, and landscape nodes. The score
of landscape increased from 2.24 to 3.02, an increase of 36%. This kind of landscape contains
a certain man-made and natural meaning and meets people’s spiritual needs. This spirit is
established above natural and artificial elements, which optimizes the benefit to mankind
as well as achieving ecological sustainability.

In terms of culture, the industrial zone is combined with urban historical, cultural,
and socio-economic factors. The cultural traces of the existing industrial zone in different
periods were retained in different forms, and the historical, scientific, technological, and
artistic value of the original buildings and facilities in the industrial zone were improved to
improve people’s perception of history and culture. The cultural score increased from 3.05
before the transformation to 4.25, an increase of 39%.

5. Conclusions

This study focuses on the construction of an evaluation system of an existing industrial
zone using the principles of sustainable development, which takes the natural, economic,
and social elements of the existing industrial zones into overall consideration and con-
structs an indicator system of six dimensions: land, building, industry, ecology, landscape,
and culture.

Combined with the renovation of Chongqing Pigeon Brand Wire and Cable Co., Ltd.,
six categories of level 1 indicators and 43 categories of level 2 indicators were generated, and
the data before and after the transformation were measured, calculated, and compared. Af-
ter the transformation, the sustainability of land, architecture, industry, ecology, landscape
perception, and culture increased by 33%, 40%, 35%, 16%, 36%, and 39%, respectively.

As far as the transformation of a complete industrial zone is concerned, both the time
span and the space span are quite large. In different stages of the project, the content
and importance of the indicators used for evaluation will be different, and there are some
deficiencies in the comprehensiveness of the indicators. Due to the lack of early data in
the old industrial zones, the operability of data calculation in development and construc-
tion is poor, and the objectivity of the scoring results is still insufficient. Furthermore,
this study is primarily aimed at the transformation of old industrial zones into cultural,
creative, and office zones, with a limited scope of application. The economic, social, and
environmental indicators will change according to the types of industrial zones before
transformation, and the functions and demands after transformation. Further study on the
sustainable development evaluation of different transformation types would be needed
to guide the implementation and promotion of the sustainable transformation of existing
industrial zones.

From the perspective of multiple disciplines, this study runs the concept of sustainable
development through the whole process of transformation, which is more conducive
to the comprehensive sustainable development of industrial zones. The purpose of the
evaluation is to promote the implementation of the transformation of industrial zones.
Therefore, this study selects indicators from the fields of ecology, urban planning and
design, and landscape design. It can be found that, in the transformation process of the
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industrial zones, the cooperation of various disciplines is needed, and the concept of
sustainable development in various professional fields runs through the whole process
of transformation. Only in this way can it be more conducive to the comprehensive and
sustainable development of the industrial zones. It is expected that this method can be
used in the transformation of existing industrial zones.
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Abstract: Diabase mud (DM) is a silica-rich residue yielding from aggregate crushing and washing
operations in quarries. This work focuses on identifying the geopolymerization potential of a diabase
mud through characterization of its mineralogical composition, investigation of its reactivity, and
assessment of the early compressive strengths of alkali activated mixtures formulated based on the
mud’s dissolution results. The findings suggest that considerably low amounts of Al and Si metals
were dissolved following the dissolution tests conducted on DM, however, the incorporation of small
quantities of CEM I, gypsum, and metakaolin (MK) moderately at a Na2SiO3:NaOH ratio of 50:50
and with a molarity of NaOH of 4 M enhanced the geopolymerization compared to low L/S ratio
mixtures cured at different conditions. When M was increasing, the high L/S ratio mixtures exhibited
fluctuations in strengths, especially beyond a 10 M NaOH molarity. Maximum strengths of mixtures
at equivalent molarity of 10 were achieved when the Na2SiO3:NaOH ratio reached 30:70, regardless of
the ambient conditions and the presence of CEM I. The curing conditions, the ratio of Na2SO3:NaOH,
and the presence of CEM I in the DM-based mixtures did not appear to significantly affect the mixture
when NaOH concentration was between 2 M and 4 M; at higher molarities, however, these enhanced
the strengths of the geopolymerized DM.

Keywords: waste diabase mud; geopolymer binders; alkali activated materials; materials valorisation;
sustainability; mix design; early age compressive strength

1. Introduction

The exponential demand for cement production–which currently reaches over
4.3 billion tonnes per annum worldwide [1]–imposes considerable pressure on the indus-
tries towards developing initiatives for minimizing the environmental impact associated
with the cement’s embodied CO2 emissions. Backed by the desire to deliver sustainable
and cost-effective solutions in construction, the conversion of waste into secondary raw
materials is an imperative initiative within the framework of the Circular Economy agenda
for the European Union [2]. In this perspective, one of the most promising methods for
utilizing byproducts and industrial waste is the geopolymerization. Within this technology,
the reaction mechanism to form inorganic polymers is essentially based on an alkali-based
activation i.e., dissolution of the solid precursor by alkaline hydrolysis, gelation, and fi-
nally rearrangement and reorganisation to a three-dimensional network that resembles a
zeolitic-like structure. The alkaline activators are usually concentrated solutions of Na,K–
hydroxides and Na,K–silicates, whereas most typically used solid precursors are Al-Si- and
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Ca-Si-rich materials in nature. Prominent examples of such precursors are fly ash from coal
combustion, metakaolin, and ground granulated blast furnace slag. Since these byproducts
are associated with a considerably low embodied carbon footprint (for example, 4 kg of CO2
emitted per tonne of fly ash produced; 52 kg of CO2 emitted per tonne of slag produced [3]),
the alkali activation of these materials certainly offers environmental advantages as well
as promising durability, both aspects that have been indeed extensively researched [4–17].
The particular technology, in what is known as alkali-activated cement technology, has
unveiled a promising potential, especially when considering slag, fly ash, and metakaolin
for developing low carbon binders in non-structural applications, as featured in extensive
research reviews [18–22].

In Cyprus, while slag and fly ash are in little to non-existent amounts due to the
non-presence of steel industries or coal on the island. There is, however, an equally
challenging issue to be addressed, and this is the large amounts of deposits of diabase
mud (DM) accumulated as a sludge waste from the quarries. DM is a form of sludge
waste that derives from solid fractions following aggregate crushing and/or aggregate
washing operations. It is a residue yielded with a humidity content ranging between
25–30% and with a mineralogical composition consisting mainly of Al and Si oxides. This
essentially makes it a promising candidate for potential alkali activation. At the same time,
the accumulation rate of DM in quarries in Cyprus is indeed high, as certain plants were
reported to exhibit an annual production of nearly 25,000 tonnes. Further, disposing of
the mud in landfills within the production facilities is considerably limiting their storage
capabilities. Considering the abovementioned issues, if a possible activation of the DM
occurs to a sufficient degree so as to yield a durable, low carbon hydraulic binder, then
there would be a leeway for the current issues of mud storage/accumulation/disposal
in Cyprus to be controlled. At the same time, the possibility of sustainable solutions will
be developed and offered to the market. Moreover, it would cater to the EU legislation
related to recycling requirements of waste materials in Cyprus (which were introduced in
2012 [23]), thus ultimately enabling routes for the state to set regulations and targets related
to industrial waste management.

The degree of the reactivity of the DM that is yielded from quarry operations for po-
tential use in geopolymerization has not been researched to a considerable extent. Previous
work [24–26] suggests that the quarry sludges or aggregate wash muds–depending on the
oxide contents and reactivity–may scantily compete as a suitable precursor for potential
alkali activation for yielding durable alkali-activated binders. There is, in addition, the
important issue of the mineralogical variability of these residue muds due to the variations
in the aggregate compositions existing in quarries in different geographic regions. Such
variability, combined with additional key parameters that affect both the reactivity of
the aluminosilicates (i.e., amorphism, fineness, specific surface area) as well as the pre-
cursor consumption (quantity and modulus of the alkali solutions for defining Si/Al or
(Si + Al)/Na ratios of the mixtures), needs to be carefully taken into consideration when
examining a by-product as a candidate for geopolymerization [5–18]. It is therefore critical
to characterize and quantify the contents of key soluble elements, especially Al and Si,
along with the crystallinity profile of the material and the corresponding phase amounts at
the highest possible accuracy, so as to enable drawing conclusions on whether the material
is capable of being geopolymerized—and thus defining its potential for use in developing
sustainable and durable alkali-activated binders.

In light of the above, this work seeks to define the geopolymerization potential of a
diabase mud received from a Cyprus quarry through a comprehensive experimental pro-
gram, which consisted of characterizing, initially, the DM, followed by quantification of its
reactivity potential through dissolution tests, and finally investigating of early mechanical
properties of formulations developed based on the reactivity of the material.
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2. Materials and Methods

2.1. Experimental Program

The experimental program consisted of three distinct stages, as described below:

- Characterization of the DM material as received from quarry;
- Examining the DM material’s reactivity through dissolution tests (i.e., determining

the soluble Al, Si contents) as a basis for then establishing properly proportioned
inorganic polymer formulations; and

- Development of the above selected inorganic polymer formulations incorporating a
combination of solids and alkaline solutions and investigating their stability through
early age compressive strength tests at varying curing conditions and varying
mixing parameters.

2.2. Characterization of the DM

The first stage of the experimental program, as received DM from Pharmakas Quarries
in Cyprus, was initially characterized through X-Ray Diffraction Analysis (XRD), Thermo-
gravimetric Analysis (TGA), Energy Dispersive X-Ray Fluorescence (ED-XRF), and density
tests. For these tests, the DM was oven-dried at 110 ◦C until constant mass, followed by
being crushed into fine particles using a Los Angeles abrasion machine at 2000 cycles and
then sieved through a 0.063 mm sieve.

X-ray diffraction analysis was conducted using a BRUKER D8 X-Ray Diffractometer
(BRUKER, Billerica, MA, USA) with Cu Kα1 (Ni filtered) radiation in the 2-theta range of
2◦ to 60◦ and on a 0.02◦/s step. X-ray diffractogram of the material is shown in Figure 1.
The composition, as observed by the peaks, appeared to be mainly crystalline, comprising
of quartz (SiO2), albite (NaAlSi3O8 or Na1.0–0.9Ca0.0–0.1Al1.0–1.1Si3.0–2.9O8), labradorite (Ca,
Na)(Al, Si)4O8, as well as minor traces of calcite (CaCO3).

 

Figure 1. XRD diffractograms of the investigated DM material.

The differential thermal/thermogravimetric (DT/TGA) analysis (Figure 2), which
was conducted from less than 100 ◦C to 1100 ◦C at nitrogen atmosphere and at a rate of
15 ◦C/min, confirmed the disintegration of the abovementioned phases with mass losses
occurring mainly within the dehydroxylation range (i.e., 1.75% mass loss of labradoride/
portlandite at 500–650 ◦C), as well as within the decarbonation range (i.e., approximately
1.2% mass loss of labradorite/calcite at 700–800 ◦C). It has to be noted that the recorded
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initial mass loss was attributed to the loss of humidity, whereas the transformation of
quartz was not observed during the analysis, as the phenomenon is taking place in
higher temperatures.

Figure 2. DT/TGA curves of the investigated DM material.

For obtaining the oxide contents of the DM, ED-XRF analysis was conducted using a
SPECTRO XEPOS elemental spectrometer, the results of which are shown in Table 1. The
results were validated through Atomic Absorption Analysis (Fusion method), as well. By
observing the oxide contents, the DM appeared to be a silicate-rich material with almost
41% SiO2 content, which, in combination with 11% of Al2O3, indirectly provided a good
degree of reactivity potential and indicated a promising precursor for geopolymerization,
even though its amorphousness profile may have seemed less favorable.

Table 1. Oxide composition of the DM material from ED X-Ray Fluorescence (XRF) analysis.

Na2O MgO Al2O3 SiO2 CaO ZnO FeO

% 2.53 8.87 11.14 40.91 5.36 1.71 13.65

2.3. Density of DM

Density measurements were obtained by oven-drying the as-received sample at 105 ◦C
until constant mass, followed by grinding the material using pestle and mortar in sizes
less than 63 microns and using a Quantachrome pycnometer to determine the density of
the powdered sample. Four measurements were obtained, and the average density was
reported as 2362 kg/m3 (standard deviation = 25.2 kg/m3). This value was slightly lower
than the average reported density of the aggregates crushed and processed in the particular
local quarry in Cyprus.

2.4. Reactivity (Dissolution Tests) and Basis of Establishing Formulations

Dissolution tests were conducted on the basis of assessing the reactivity of DM. Reac-
tivity is defined as the concentration of leached-out soluble elements (Si, Al) following a
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specific time frame. The test, therefore, provided the basis for establishing and develop-
ing inorganic polymer formulations incorporating solids with alkaline solutions for the
subsequent experimental phase. The leaching reagents used were either NaOH or KOH at
molarities of 2 M, 4 M, 6 M, 8 M, 10 M, 12 M, and 16 M, and at a liquid to solid ratio (L/S
ratio) of 250. The test involved adding 0.2 g of the DM sample in 50 g leaching reagent in a
tube which was shaken for 24 h, and then centrifuging the mixture for 15 min at 3000 rpm,
followed by filtrating the supernatant at 0.45 micron membrane-filter and analyzing the
residue through inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Results of the dissolution tests are shown in Figure 3. Based on the leached contents of
both Al and Si metals, the highest dissolution percentage was noted at 12 M of NaOH or
KOH molarity, beyond which, however, the efficiency of both reagents appeared to decline.
The leaching amounts of both metals were higher when NaOH was used as the reagent
compared to the case when KOH was used, although the contents were still very low to
render the DM as a proper precursor for geopolymerization in both cases. The results
from Figure 3 essentially suggest that DM may not be sufficiently dissolved in any of the
two alkaline activators (i.e., a max. dissolution of 2.54%, which is considerably lower than
typical Al-Si dissolutions of fly ash or metakaolin), and this is mainly attributed to the pres-
ence of high amounts of crystalline phases in DM that are unable to be dissolved, even in
highly alkaline concentrations. A minimum, commonly suggested, dissolution percentage
required to create a stable geopolymeric material based on previous research [18,19,27,28]
is approximately 10%, which typically yields formulations of appreciable compressive
strengths without the addition of other materials. A linear correlation, moreover, appears
to exist [8,10,18,19] between the metal dissolution contents and the mechanical properties
of the inorganic polymers; i.e., higher amounts of metal dissolutions were reported to lead
to higher compressive strengths. Therefore, to establish appropriate inorganic polymer
formulations that promote the dissolution of the metals, it was decided to incorporate small
quantities of suitable hydraulic materials that promote greater amorphicity of phases within
the matrix and thus enhance the geopolymerization of the DM. The materials selected are
discussed in the following section.
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Figure 3. Results of dissolution of Al and Si elements of the investigated DM material.

2.5. Solids, Alkaline Solutions and Basis of Establishing Formulations

For achieving stability of the geopolymerized formulations, commercially available
materials of portland cement (CEM I to EN 197-1:2020), gypsum (calcium sulfate dihydrate,
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CaSO4·2H2O to EN 13279-1:2008), as well as commercially available metakaolin (MK), were
all strategically incorporated in the mixtures at defined percentages (thereon all referred to
as ‘solids’). The solids were added on the basis of promoting amorphicity in the matrix and
thus enhancing the geopolymerization of the DM.

For preparing the alkaline activator solution, a combination of NaOH and Na2SiO3
solutions were used at progressively varying Na2SiO3:NaOH ratios ranging from 10:90 to
90:10, although predominantly considered ones were the 50:50 and 40:60 ratios. The NaOH
solution was prepared in molarities of 2 M, 4 M, 6 M, 8 M, 10 M, and 12 M by mixing solid
pellets with appropriate amounts of deionized water (to maintain constant properties of
water),–the amount of which was determined based on NaOH molar mass for producing
the required concentrations–and then stirring the mixture for 5 min using a magnetic stirrer.
The solution was insulated for 24 h in ambient conditions and mixed with a commercially
available Na2SiO3 solution in the abovementioned percentages to develop the alkaline
activator (thereon referred to as ‘liquid’). Properties of all solids and alkaline solutions used
are shown in Table 2.

Table 2. Properties of alkaline solutions and solid used in the experimental.

Material
Conformity

Standard
Nomenclature

Particle Size
(Median, μm)

Specific
Gravity

pH
Specific

Surface (m2/kg)

Portland cement CEM I EN 197-1:2020 CEM I 19.6 3.1 12.5 330
Metakaolin NF P18-513 MK 1.2 2.5 5 14,200
Gypsum EN 13279-1:2008 CaSO4·2H2O 24.5 2.82 7.2 260
Sodium Silicate solution - Na2SiO3 - 1.37 11.35 -
Sodium Hydroxide solution - NaOH - 2.13 13 -

Three different cases of inorganic polymer mixtures were investigated:

- Case 1 included the development of 12 mixtures of varying molarities (2–12 M, at 2 M
increment) and varying NaOH/Na2SiO3 ratios for a liquid to solid (L/S) ratio of 0.69,
incorporating DM, CEM I and gypsum and oven-cured for 48 h at 70 ◦C;

- In Case 2, a total of nine mixtures were developed using DM, CEM I and MK at a low
L/S ratio of 0.38, again with varying molarities (2–0 M, at 2 M increment) and varying
NaOH/Na2SiO3 ratios, air-cured at 20 ◦C and 65% RH for 72 h prior to testing;

- And lastly, a Case 3 was considered where a total of eight mixtures were developed
using DM and MK at a low L/S ratio (0.38), again with varying molarities (2–10 M,
at 2 M increment) and varying NaOH/Na2SiO3 ratios and being conditioned in the
oven at 50 ◦C for 72 h prior to testing.

The nature of the DM (i.e., being a waste material with mineralogical variability
due to the differences in the compositions of aggregates existing in quarries in different
geographic regions of the island), in combination with the very limited previous references
on the characterization and valorization of the material, demanded the investigation of a
wide spectrum of factors potentially influencing its activation. Therefore, the three Cases
mentioned above were selected after a considerable number of small-scale preliminary
trial mixtures and combinations, based on the evaluation of the results related to the
characterization of the DM and either previous experiences of the research team, or some
similar cases reported in the literature [28]. It is important to be noted that it was not
the intention of the research team to perform a direct comparison of the results obtained
from the three Cases under investigation. Instead, the selection of the three Cases and the
variation of the parameters were all aimed to reveal the factors that would positively affect
the activation of the DM. Compressive strength values at 24 and 48 h were obtained for the
mixtures in Case 1, whereas 72-h strengths were determined for the mixtures developed
in Cases 2 and 3. All the varied parameters of the experimental program are shown in
Table 3 below.

192



Materials 2022, 15, 3189

T
a

b
le

3
.

M
ix

pr
op

or
ti

on
s

an
d

pr
op

er
ti

es
of

th
e

de
ve

lo
pe

d
fo

rm
ul

at
io

ns
us

ed
in

th
e

ex
pe

ri
m

en
ta

lp
ro

gr
am

.

C
u

ri
n

g
C

o
n

d
it

io
n

F
o

rm
u

la
ti

o
n

N
o

m
e

n
cl

a
tu

re
L

/S
R

a
ti

o

D
M %

b
y

w
t.

S
o

li
d

s

C
E

M
I

%
b

y
w

t.
S

o
li

d
s

G
y

p
su

m
%

b
y

w
t.

S
o

li
d

s

M
K

%
b

y
w

t.
S

o
li

d
s

N
a

2
S

iO
3
:N

a
O

H
R

a
ti

o
%

:%
b

y
w

t.

M
N

a
O

H

2
4

h
A

v
e

ra
g

e
C

o
m

p
re

s-
si

v
e

S
tr

e
n

g
th

(M
P

a
)

4
8

h
A

v
e

ra
g

e
C

o
m

p
re

s-
si

v
e

S
tr

e
n

g
th

(M
P

a
)

7
2

h
A

v
e

ra
g

e
C

o
m

p
re

s-
si

v
e

S
tr

e
n

g
th

(M
P

a
)

C
A

SE
1:

24
h

or
48

h
in

th
e

ov
en

at
70

◦ C

M
1

0.
69

68
16

16
-

50
:5

0
12

1.
94

3.
36

-
M

4
40

:6
0

12
2.

1
4.

23
-

M
5

50
:5

0
10

3.
01

4.
36

-
M

6
40

:6
0

10
3.

73
5.

4
-

M
7

50
:5

0
8

5.
65

7.
66

-
M

8
40

:6
0

8
2.

56
5.

29
-

M
9

50
:5

0
6

4.
19

6.
49

-
M

10
40

:6
0

6
4.

55
6.

45
-

M
11

50
:5

0
4

6.
3

8.
31

-
M

12
40

:6
0

4
5.

16
6.

95
-

M
13

50
:5

0
2

5.
49

6.
82

-
M

14
40

:6
0

2
7.

26
5.

94
-

C
A

SE
2:

A
ir

cu
re

d
at

20
◦ C

,
65

%
R

H
(7

2
h)

C
yD

IA
-0

00
7g

0.
38

82
4

-
14

50
:5

0
10

-
-

9.
43

C
yD

IA
-0

00
8g

40
:6

0
10

-
-

4.
14

C
yD

IA
-0

00
9g

30
:7

0
10

-
-

7.
25

C
yD

IA
-0

01
0g

10
:9

0
10

-
-

4.
46

C
yD

IA
-0

01
1g

0:
10

0
10

-
-

3.
27

C
yD

IA
-0

01
2g

50
:5

0
8

-
-

9.
34

C
yD

IA
-0

01
3g

50
:5

0
6

-
-

4.
22

C
yD

IA
-0

01
4g

50
:5

0
4

-
-

1.
64

C
yD

IA
-0

01
5g

50
:5

0
2

-
-

1.
12

C
A

SE
3:

O
ve

n
cu

re
d

50
◦ C

fo
r

72
h

C
yD

IA
-0

00
4f

0.
38

82
-

-
18

50
:5

0
10

-
-

6.
72

C
yD

IA
-0

00
3f

30
:7

0
10

-
-

7.
53

C
yD

IA
-0

00
2f

20
:8

0
10

-
-

2.
91

C
yD

IA
-0

00
1f

0:
10

0
10

-
-

1.
73

C
yD

IA
-0

00
4h

30
:7

0
8

-
-

5.
89

C
yD

IA
-0

00
3h

30
:7

0
6

-
-

3.
04

C
yD

IA
-0

00
2h

30
:7

0
4

-
-

1.
93

C
yD

IA
-0

00
1h

30
:7

0
2

-
-

1.
32

193



Materials 2022, 15, 3189

The paper aims to present, discuss and evaluate the results obtained from each of the
three Cases under study, and reveal the factors that could enhance the alkali activation of
the three hybrid mixtures. It should be noted that due to the nature and origin of the DM,
as well as due to the lack of any previous knowledge related to the potential of the material
to be valorized through geopolymerisation, a variety of experimental investigations were
necessary to draw conclusions on this aspect. In a subsequent paper, the most promising
mixtures developed based on the information summarised in this paper will be presented,
along with the obtained physical and mechanical properties, durability characteristics, and
optimized curing regimes.

2.6. Proportioning, Mixing, Casting, Curing, and Properties Tested

The inorganic polymers were prepared by carefully mixing the liquids and solids
described in the previous section at the selected proportions shown in Table 3 for a total
mixing duration of 5 min. The paste was then cast in copolymer-based cubic moulds
(50 × 50 × 50 mm3) in accordance to ASTM C109–20, and was vibrated using a vibrat-
ing table for 1 min. The early age uniaxial compressive strengths of the samples were
then determined using a 2000 kN CONTROLS hydraulic compression machine at either
24 and 48 h (for Case 1), or 72 h (for Cases 2 and 3), and at a loading rate of 0.2 MPa/s in
accordance to ASTM C109–20 [20].

3. Results and Discussion

Average compressive strength developments and NaOH concentrations of all investi-
gated formulations are shown in Table 3, along with the relevant mix proportions of solids
and liquids incorporated in the mixtures. Relationships between compressive strengths,
molarity and Na2SiO3:NaOH ratios of 50:50 and 40:60 for mixtures in Case 1 are shown in
Figure 4, whereas the same relationships related to Cases 2 and 3 are shown in Figures 5–7.
The compressive strength values were determined as the averages of three samples for each
value, and the standard deviations are included in the figures.
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Figure 4. Effect of molarity of NaOH on the 24 h and 48 h compressive strength of formulations
investigated in Case 1.
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Figure 5. Effect of NAOH molarity and Na2SiO3: NaOH ratio on the 72 h strength of formulations at
Cases 2 (left) and Case 3 (right).
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Figure 6. Relationship between 72 h compressive strength and NaOH molarity of formulations in
Cases 2 and Case 3 at Na2SiO3:NaOH ratios of 50:50 and 30:70, respectively.

The results obtained from Case 1 showed that the relationship between compressive
strengths and molarities at both Na2SiO3:NaOH tested ratios (i.e., 50:50 and 40:60) and
at both ages (i.e., 24 h and 48 h), was overall inversely proportional, i.e., showcasing
a declining rate, although however, changing the molarities caused fluctuations on the
compressive strengths, especially in the mixtures having a Na2SiO3:NaOH ratio of 50:50. In
these particular mixtures, when the highest molarity NaOH was incorporated in the liquids
(i.e., 12 M), a significant strength loss (66% reduction) was recorded compared to its highest
strength value, which was observed at a molarity of 4 M. Another interesting point obtained
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was that the mixtures with Na2SiO3:NaOH ratios of 50:50 exhibited approximately 10–20%
higher 48 h compressive strengths than those of the 40:60 ratio, however, this occurred only
up to molarity of 8 M; beyond which, the mixtures of 50:50 ratio suffered a drastic 48 h
strength loss of 66% when molarity was increased from 8 M to 10 M, and these eventually
became weaker than the mixtures of 40:60 ratio, with nearly 10% lower 48 h strengths.
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Figure 7. Effect of Na2SiO3: NaOH ratio on the 72 h strength of formulations in Cases 2 (left) and 3
(right), for MNaOH = 10.

The results in Figure 4 suggest that formulations of relatively high L/S ratio (i.e., 0.69)
developed with a Na2SiO3:NaOH ratio of 50:50 and with a molarity of NaOH solution
of 4 M exhibited the highest strengths from all compared formulations. However, the
particular mixtures appeared to be highly sensitive to variations in the molarity, leading
to significant fluctuations in strengths when molarities were progressively increased, and
eventually suffering drastic strength losses beyond 10 M NaOH concentrations. In mixtures
of a ratio of 40:60, the fluctuations in strengths were less significant when molarities were
progressively increasing, although strengths were still declining across the tested molarities.

In Case 1 and according to Figure 4, a general trend of compressive strength decrease
with the increase of the alkalinity was observed with minor differentiations in the strengths
(within a range of 10–15%). This trend is attributed to the fact that the DM cannot be
dissolved in the alkaline solution, according to the results obtained from the dissolution
tests. Therefore, the alkali presence and the increase of molarity did not affect the materials’
geopolymeric formation and the development of strength. In contrast, the increase of
alkalinity seems to decrease the compressive strengths, since no geopolymeric reaction
is taking place. On the other hand, the mix designs for Case 1 contain two pozzolanic
materials (i.e., cement and gypsum) that favour the presence of water for developing high
strengths. In mixtures of lower alkalinity, the cement and gypsum hydration reactions
become dominant (due to a higher amount of unbound water, i.e., water not participating
in the alkaline solution), thus resulting in higher strengths, as recorded.

Results of investigations carried on mixtures of Cases 2 and 3 are shown in Figures 5–7.
It should be noted that, while observations were made and provided within the text, no
correlations could be made between the two Cases (i.e., 2 and 3) due to the variation of
multiple parameters governing each case, such as the curing regime, the mixture design,
the ambient conditions, and also possible different activation mechanisms. As has been
aforementioned, it was not the intention of this research to perform a direct comparison of
the results obtained from the three Cases under study. Instead, the selection of these Cases
and the variation of the parameters were aimed to reveal the factors that would positively
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affect the activation of the DM, and therefore to maximise the effective utilization of the
DM content in mixtures.

Cases 2 and 3 are summarized in Figures 5–7 together due to the common presence of
metakolin in the two different formulations, their identical age of testing (i.e., 72 h), and
also some similar trends observed in the obtained experimental results. It was observed
that the progressive increase in NaOH molarity caused an increase in the 72 h strengths of
both sets of mixtures with an almost identical effect on strength values for 2 M and 4 M,
and then, at higher molarities, reaching up to 9.43 MPa (Case 2) and 7.53 MPa (Case 3),
respectively. When the molarity value increased from 6 M to 8 M, both sets of formulations
experienced their highest increase rate in strengths (121% and 93% increase for Cases 2
and 3, respectively). Beyond 8 M and towards 10 M, Case 3 mixtures still exhibited an
appreciable increase in strengths, which was even higher than that observed from 4 M to
6 M. In the same concentrations, however, the mixtures of Case 2 were not associated with
any significant increase, indicating an optimum concentration between 8–10 M for their
highest achievable strengths. The results in Figures 5 and 7 suggest that the addition n
of small quantities (4%) of CEM I in low L/S ratio DM-MK mixtures (i.e., Case 2), when
conditioned in air ambient temperatures, led to a more significant increase in strengths
at NaOH concentrations between 6 M and 8 M within the 50:50 Na2SiO3:NaOH ratio,
although this effect was ceased at concentrations beyond 8 M and towards 10 M. This
difference can be also observed in Figure 6 when comparing strength values between the
6 M–8 M range. At the same figure, when incorporating NaOH of molarity 2 M and 4 M,
both air-cured and oven-cured mixtures yielded almost identical strengths regardless of
their different Na2SiO3 ratios and regardless of the presence of CEM I in the formulation.
Beyond a concentration of 4 M, and at least until the 8 M, there is a significant increase in
strengths, which appears to be considerably sharper in the Case 2 mixtures. However, such
an increase was less significant beyond 8 M in Case 2, in contrast to Case 3 mixtures. An
additional observation for Case 3 made in Figure 5 (right hand part of the graph) was that
a low L/S ratio DM-MK mixture with a 20:80 alkaline solution and its NaOH molarity at
10 M yields approximately the same strength as that of a mixture at 30:70 alkaline solution
with a NaOH molarity of 6 M.

When both Cases were compared at equivalent molarity of 10 M (Figure 7), the
maximum achievable strengths were found at 30:70 Na2SiO3:NaOH ratio, regardless of
the presence of CEM I and regardless of the ambient conditions. It can be also seen, on the
same figure, that the absence of CEM I in Case 3 appeared to have enhanced the strengths
more significantly when the ratio was tending from 10:90 towards 30:70 when compared to
Case 2 (i.e., when containing CEM I).

Fundamentally, the increase in compressive strengths in both Cases may be attributed
to the increase of the alkalinity, which is mainly attributed to the presence of metakaolin in
the mixtures, which predominantly reacts with the alkaline activator. Moreover, in Cases 2
and 3, the addition of the sodium silicate solution seems to have a positive effect on the
evolution of the compressive strength. The continuous increase of Si content enhanced the
content of dissolved elemental silicon, and the increase of Si(OH)4 monomer promotes the
formation of more -Si-O-Si- bonds, thus forming a more stable bond structure.

Generally, the higher the Si content, the more stable it is, since the chemical bond
strength of -Si-O-Si- is higher than the corresponding of -Si-O-Al- and -Al-O-Al-, and
therefore higher energy is required to break the particular bond.

With Si/Al ratio increasing up to a certain extent (i.e., Case 3), the content of elemental
silicon dissolved in the system is much higher than that of aluminum. Meanwhile, a part of
Si(OH)4 will form a dimer after condensation reaction and then react with Al(OH)4 to form
a stable long chain (-Si-O-Al-O-Si-O-) PSS polymer (Si/Al = 2) or more stable long chain
(-Si-O-Al-O-Si-O-Si-O-) PSDS polymer (Si/Al = 3). This phenomenon is not presented in
Case 2, since the presence of cement creates C-S-H phases in parallel that are not enhanced
with the presence of additional Si, while it in contrast intercepts the geopolymerisation
process, and thus the compressive strength decreases (Figure 7).
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4. Conclusions

The potential for geopolymerization of a diabase mud received from a Cyprus quarry
was investigated in this paper and the following conclusions were drawn, based on
the results:

• Considerably low amounts of Al and Si metals were dissolved following the dis-
solution tests conducted on DM, which essentially suggests that the material alone
did not possess sufficient reactivity potential so as to give chemically stable alkali
activated binders.

• Based on the above, mixtures of high L/S ratio incorporating CEM I, gypsum and
MK at a Na2SiO3:NaOH ratio of 50:50 and with a molarity of NaOH of 4 M enhanced
the geopolymerization of the DM, but appeared to be highly sensitive when M was
increasing, leading to significant fluctuations in strengths and eventually suffering
drastic strength losses beyond a 10 M NaOH molarity.

• The curing conditions, the ratio of Na2SO3:NaOH, and the presence of CEM I in the
DM-based mixtures did not appear to significantly affect the compressive strengths
when the NaOH concentration was between 2 M and 4 M (i.e., Cases 2 and 3); at higher
molarities, however, these enhanced the strengths of the geopolymerized DM.

• Maximum strengths of mixtures at equivalent molarity of 10 were achieved when
the Na2SiO3:NaOH ratio reached 30:70, regardless of the ambient conditions and
regardless of the presence of CEM I.

• A low L/S ratio DM-Metakaolin mixture with a 20:80 alkaline solution with its NaOH
molarity at 10M yields almost identical 72 h strength to that of a mixture at 30:70
alkaline solution with a NaOH molarity of 6 M.
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Abstract: To promote the orderly development of energy-saving renovations of existing rural resi-
dential buildings, it is necessary to coordinate the interests of various stakeholders. This study selects
three key stakeholders—the government, energy-saving service enterprises and rural residents—as
the research subjects and analyzes their interests and rights. In the meantime, a tripartite evolutionary
game model is constructed to analyze the evolutionary rules and evolutionary stable strategies of
tripartite behaviors, on the basis of which the influencing factors are analyzed. The research results
show that: (1) as the supervisor and advocate of energy-saving renovations in existing rural resi-
dential buildings, the government, by adopting subsidies and fines, effectively fosters enthusiasm
about energy-saving service enterprises among rural residents, encouraging them to participate in
energy-saving renovations of existing rural residential buildings; (2) when the income of energy-
saving renovations exceeds their cost, changes in the initial willingness ratio of the stakeholders, the
government subsidies and fines only affect the evolution of the system so that it reaches a balanced
and stable state, without changing the three parties’ behavioral strategy choices in the game; (3) when
the income from energy-saving renovations is lower than the cost, the behavioral strategies of the
three parties in the game are all uncooperative; (4) key factors affecting tripartite cooperation in the
game are as follows: government subsidies and fines, the overall interests of society, government
supervision costs, loss of corporate image, standardization of the skills and services provided by
enterprises, and willingness of rural residents to participate in the transformation.

Keywords: evolutionary game analysis; energy-saving renovation; the existing rural residential
buildings; stakeholders’ perspective

1. Introduction

1.1. The Energy Crisis Is Becoming Severe in China

With the rapid development of the social economy and the acceleration of urbanization,
climate change, the energy crisis and biodiversity loss—caused by resource depletion and
noticeable environmental pollution problems—are seriously threatening the sustainable
development of the social economy and have become the biggest challenge for the progress
of human society. China’s economy has long maintained a good momentum of high-speed
growth, which requires the support of sufficient energy resources. As a country with
relatively scarce oil and gas resources, China requires a large amount of energy, such as
coal and oil, to ensure its normal functioning and future development. Beyond that, it
faces the requirement for an unyielding supply of energy due to the demand caused by
extensive development, and the contradiction between economic development and resource
shortages. According to the statistics released by the International Energy Agency (IEA), the
total energy consumption of oil equivalent worldwide in 2018 was 9,937,702 kilotons, while
the total energy consumption of oil equivalent in China was as high as 2,057,666 kilotons,
accounting for 20.71% of the world’s total, far higher than the 16.04% used by the United
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States, thus making China the largest energy consumer in the world [1]. This low energy
efficiency not only wastes energy, but also causes serious environmental pollution problems.
According to the data from the BP World Energy Statistics Yearbook 2021, China’s total
carbon dioxide emissions in 2020 totaled 9.899 billion tons, accounting for 30.7% of the
world’s total emissions, compared with 20.9% in 2005 [2]. Therefore, considering the need
for energy conservation and pollution control, it is urgent to “decouple” China’s economic
growth from energy consumption and carbon dioxide emissions.

1.2. The Construction Industry Is the Focus of Energy Conservation and Emission Reductions

Energy consumption and greenhouse gas emissions are often closely related to in-
dustrial production and development, to which the construction industry is a great con-
tributor [3]. As one of the main driving forces to promote economic development, the
construction industry plays a key role in economic and social development, but is one of
major factors affecting the sharp increase in energy consumption and carbon emissions
each year. In 2018, the total energy consumption of the global construction industry was
as high as 2,109,205 kilotons of oil equivalent, and produced 2033 MtCO2 [1]. In Britain,
the total energy consumed by buildings accounted for about 40% of the total consumption
and the carbon emissions caused by this account for 50% of the total emissions [4]. In the
European Union, buildings consume about 50% of the total energy and produce about
50% of the carbon emissions during their life cycle [5,6]. In Malaysia, the construction
industry consumed about 7750 GWh of energy and released about 5301 kilotons of carbon
dioxide in 2008 [7,8]. In Canada, the total energy consumption of residential buildings
and commercial buildings accounts for 30% of the national total, forming about 29% of
carbon emissions [9]. For China, in terms of energy consumption, by 2018, the energy con-
sumption of the national construction industry reached 2,109,205 kilotons of oil equivalent
and produced 391MtCO2 [10]. Moreover, the building construction sectors in countries
all over the world, when combined, are responsible for over one-third of the global final
energy consumption, and the carbon emissions share of the building sector will reach 50%
by 2050, as estimated based on the current energy usage and emission intensity [11–13].
Buildings will, therefore, add substantial pressure to the primary energy supply if further
policy actions are not taken at a global level to improve their efficiency [14,15].

1.3. Energy-Saving Renovation of Existing Rural Residential Buildings Is Key to the Sustainable
Development of the Construction Industry in China

The urbanization rate in China grew from 42.99 percent in 2005 to 63.89 percent in 2020,
and is expected to exceed 80 percent by 2050. With the increase in the urbanization rate, the
rural population will gradually decrease, but the energy consumption of rural residential
buildings still accounts for a very high proportion of the total energy consumption of
buildings in China. In 2005, the energy use by rural residential buildings accounted for
around 65% of total building energy use in China (including traditional biomass). Even
with rapid urbanization, this is still expected to take up a quarter of China’s building
energy use in 2050 [16–19]. Due to serious lagging in the technical standards for rural
residential building planning, design and construction, there are a great deal of problems
in the construction of rural residential buildings, such as the over-simplified technical
standards and the delay in the adoption of energy-saving evaluations. Compared with
the 50% standard for building energy-efficiency in urban residential buildings, few strict
energy-saving measures have been taken in the construction of most rural residential
buildings in China. The low heating and cooling efficiency of residential buildings, and
their poor thermal insulation performance, are also notable. At present, there are almost no
accurate statistical data on the energy consumption of rural residential buildings in China.
The evaluation of the energy consumption of rural residential buildings in China remains
weak in all aspects. For instance, there is no effective evaluation system for the energy-
saving performance and grading of rural residential buildings. In addition, the construction
of rural residential buildings mainly utilizes the self-built and decentralized modes. Hence,
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the commercialization rate of residential buildings is extremely low, and the engineering
quality, functional quality and environmental quality of residential buildings are poor.
In terms of residential construction technology, traditional techniques and methods are
frequently adopted, such as manual masonry, a brick–concrete structure, few prefabricated
components, low modular and assembly components, low labor productivity and low
application levels for new technology. Since energy saving techniques have not been
integrated into the design, planning and initial construction [20], these buildings consume
a large amount of energy and emit large amounts of greenhouse gases. Therefore, it is
imperative to carry out energy-saving renovations of existing rural residential buildings.
This is an important part of the new rural construction and urbanization process, and is
widely accepted as the best solution for aging residential buildings. Moreover, this could
have various benefits, such as saving energy, decreasing environmental pollution, and
promoting inhabitants’ health [21,22].

2. Literature Review and Methods

2.1. Literature Review

Compared with new buildings, energy-saving renovations of existing buildings have
greater potential for reductions in carbon emissions. The existing building area exceeds
60 billion square meters in China, and more than 60 percent of buildings are without energy
conservation due to low construction standards and delayed maintenance. The large-scale
demolition and reconstruction of existing buildings will not only cause a great waste of
resources, but also lead to environmental degradation. A previous study has shown that
buildings are responsible for 40% of the primary energy consumption and lead to over
30% of global greenhouse gas emissions [23]. While new energy efficiency regulations
are applied to new buildings, the existing building stock remains energetically inefficient.
Therefore, energy-saving renovations to the existing buildings are considered the most
scientific and effective solution to reduce total energy consumption and global greenhouse
gas emissions. However, the implementation of energy-saving renovations to existing
buildings in China is still relatively slow. There are so many stakeholders involved in the
process of energy-saving renovations to existing buildings. As the main body regulating
energy-saving renovations of existing buildings, the participation intentions of the govern-
ment, energy saving service enterprises and village residents directly affect the promotion
of energy-saving renovations of existing buildings. Only when the government, energy sav-
ing service enterprises and village residents have the subjective willingness to participate
can energy-saving renovations of the existing buildings be effectively promoted. However,
previous studies on energy-saving renovations to existing buildings mainly focused on
evaluation methods [20,24–27], retrofitting influence factors [28,29], cost–benefit analysis
of retrofitting [30–34], evaluations of the effectiveness of retrofitting [35,36], barriers to
retrofitting [37], and technical or scheme retrofittings [38–42]. In addition, some scholars
are committed to reducing existing building energy consumption through energy modern-
ization of buildings. Richarz et al. emphasized that modernizing existing non-residential
buildings can significantly contribute to declared emission reduction targets. And they
presented a mixed-integer linear program that schedules measures for a building energy
system including envelope and supply system [43]. Dorota presented a case study for theo-
retical and real effect of the school’s thermal modernization and found that the real energy
use reduction after the thermal modernization effect was 33% [44]. Moreover, research on
buildings from other regions of Poland has shown similar possibilities of reducing energy
demands by up to 64% [45–47]. Staniūnas et al. made an ecological–economical assessment
of multi-dwelling houses modernization and revealed that a complete replacement of win-
dows would help decline total emissions approximately by 30% and thus greatly fulfilled
initial expectations [48]. Pozo et al. analyzed the tax incentives to modernize the energy
efficiency of the housing in Spain and the analysis showed that tax benefits are insufficient
to promote energy efficiency, especially in those of old construction [49]. Belany et al. dealt
with the possibilities the lighting retrofit and the life cycle cost analysis economic analysis
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in the process of increasing the energy efficiency of buildings [50]. Furthermore, most
prior studies focused on urban existing buildings, commercial buildings [27,31], historical
buildings [32], educational buildings [39], and office buildings [41]. Only some of the
literature discusses energy-saving renovations to existing rural residential buildings, such
as the work of Hu et al. [51], Tahsidoost and Zomorodian [52], Liu et al. [53], Alev et al. [54],
and Rocchi et al. [55]. However, they still focused on technical or scheme retrofitting, a
cost–benefit analysis of retrofitting and evaluation methods, while ignoring the influence
of stakeholders’ willingness to participate in energy-saving renovations to existing rural
residential buildings. In particular, energy-saving renovations of existing rural residential
buildings do not have the complete policies and regulations that are implemented for
urban buildings in China. Moreover, the intention of each stakeholder to participate in
energy conservation transformation may only be to maximize their own interests, but it is
worth investigating the best way in which to make decisions that can increase the intention
of participation.

2.2. Evolutionary Game Theory

Evolutionary game theory is different from the assumption of the completely rational
man in traditional game theory, which holds that man is a bounded rationality. The
research object of game theory is multiple market participants, and it discusses the dynamic
evolution of system groups. In evolutionary game theory, the participating groups have
an active learning ability, can constantly choose and try to make mistakes through mutual
imitation and learning, and can constantly change the basic behavior strategies of the game
players, so as to maximize their own benefits. Smith proposed that the basis of constructing
the evolutionary game model was mutation and choice [56]. Mutation refers to the solution
to diversity stability in evolutionary games. Choice refers to the process of making choices
by learning or imitating in groups and constantly optimizing one’s own choices, that is, the
process of generating higher payments [57]. According to the mutation and choice theory in
evolutionary game theory, replication dynamic equation and evolutionary stability strategy
constitute the core of the evolutionary game model. Copying the dynamic equation is
actually a dynamic strategy adjustment mechanism. It is assumed that the game players
(insiders) are all bounded, rational people, and the individuals in the group with a lower
income than the average will change their strategies and learn from the surrounding
group members whose income is higher than their own. Therefore, the probability of each
strategy choice of the game players in the group will change accordingly. Evolutionary
Stable Strategy (ESS), as another core concept in evolutionary game theory, reflects the
stable state of the equilibrium solution of the system. Evolutionary stability strategy thinks
that the optimal equilibrium of people’s game is a function to be revised, so evolutionary
stability strategy cannot be achieved at the beginning. It can only be achieved through
trial and error and learning, and through the repetition of games by players to modify
and improve individual strategies. Among the current research, Fan et al. developed
an evolutionary game model to analyze the operation mechanism of local governments’
different expenditure preferences regarding the production behavior of industrial polluting
enterprises [58]; Liu et al. applied an evolutionary game model to analyze the necessity and
effect of orderliness–synergy in the sustainable development of China’s power generation
industry during the transition period [59]; Su investigated the evolutionary decision-
making process and stable strategies of three stakeholders involved in the construction
waste recycling industry based on the evolutionary game model [60]. However, no scholar
has thus far employed the evolutionary game model to analyze the behavioral strategies of
stakeholders involved in energy-saving renovations of existing rural residential buildings.
In this work, we construct a tripartite evolutionary game model to analyze the evolutionary
rules and stable strategies of tripartite behaviors regarding energy-saving renovations of
existing rural residential buildings, and analyze the influencing factors accordingly.
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3. Dilemma Analysis of Energy-Saving Renovations of Existing Rural
Residential Buildings

3.1. Positive Externality of Energy-Saving Renovation Market

Positive externality means that the marginal private cost is greater than the marginal
social cost, that is, the marginal private benefit is less than the marginal social benefits,
such as energy conservation, emission reductions, and low-carbon construction. At present,
China has made some achievements in improving energy efficiency, but there is still a long
way to go in terms of energy-saving renovations to existing buildings due to strong positive
externalities and proneness to “market failure”. In the energy-saving renovation of existing
rural residential buildings, participants often only consider the benefits and costs related to
their own interests, ignoring all other unrelated factors. For example, rural residents, as
users of existing buildings, can not only improve their living standards, reduce building
energy consumption, save use and maintenance costs, and benefit their physical and
mental health, but also reduce the total energy consumption of the whole society, reduce
environmental pollution, and improve the surrounding living environment. However, in
the market mechanism, rural residents predominantly care about the maximization of their
own interests, instead of the marginal benefits brought to society, since this “extra income”
will not bring them extra rewards. In addition, the process of energy-saving renovations
will inconvenience residents’ daily life and will increase their economic burden. Rural
residents’ attention is drawn to the renovation costs, ignoring the “positive externalities”
brought about by energy-saving renovations of existing rural residential buildings to the
wider society. As a result, many of them choose to forego energy-saving renovations.

3.2. Market Information Asymmetry

Information asymmetry is a common phenomenon in many economic fields at present.
Many participants are involved in energy-saving renovations of existing rural residential
buildings, with different interests and unequal amounts of renovation information. For
example, when choosing energy-saving renovation technology, rural residents often do not
have the ability to distinguish between good and bad, and cannot obtain reliable quality in-
formation about whether an energy-saving technology is advanced, economical or feasible.
On the other hand, energy-saving service enterprises hold a great deal of relevant informa-
tion on energy-saving technology, meaning that there is serious information asymmetry
regarding the knowledge of energy-saving transformation technology.

In addition, information asymmetry also exists between the government and rural
residents, and between the government and energy-saving service enterprises. In this case,
the information-superior party will make a self-interested market choice, taking advantage
of its information superiority, while the information-inferior party will be unable to make
a correct judgment on the energy-saving effect of the purchased products due to the lack
of information. Therefore, the information-inferior party will assume that all construction
products in the construction market are of low value, and tend to choose construction
products with lower prices. To maximize their own profits, the information-superior
party will cater to the purchasing behavior of the information-inferior party, and produce
building materials of poor quality at a low price, forcing high-quality, energy-saving
building materials to withdraw from the market because their manufacturers cannot find
suitable trading partners. Ultimately, the result of this is that most of the products left
on the market are low-value products, which exemplifies the phenomenon of “inferior
products driving out good products” [61,62].

3.3. The Existing Rural Residential Buildings Have a Large Stock That Is Difficult to Transform

Although the majority of building regulations and standards in China are targeting
new and future buildings, existing buildings still constitute the largest share of the buildings
stock [38]. Energy-saving construction in existing rural residential buildings is the key
to building energy-saving work, and has always been a neglected but urgent problem
that remains to be solved. In recent years, Chinese people’s living standards have been
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greatly improved, accompanied by the rapid increase in building energy consumption.
As one of the most important aspects of the total energy consumption in China, more
attention should be paid to rural residential building energy consumption [63]. According
to the Statistical Bulletin of Urban and Rural Construction in 2016, by 2016, the rural
residential building area in China was about 32.32 billion square meters, accounting for
84.4% of the total area of villages and towns in China [64]. With the increase in per capita
income in rural areas, the living standards of farmers have gradually improved, and the
construction of rural residential buildings has reached an unprecedentedly high level.
In 2019, the per capita housing construction area of rural residential buildings in China
reached 48.9 m2/person, 9.1 m2 more than that of urban residents. The total number of
houses has shown a continuously growing trend. As with the improvement in living quality,
rural residents have also changed their energy consumption. In rural areas, people used to
mainly rely on traditional biomass energy resources, such as firewood and straw [63,65,66],
but these are gradually being replaced by commercial energy resources including coal,
electricity, liquefied petroleum gas (LPG) and refined oil products, due to the low thermal
efficiency and combustion-generated pollution of these biomass resources [63,66,67]. Thus,
with the increase in the total number of rural residential buildings, the buildings’ energy
consumption levels are bound to rise. As a result, this building category is one of the
first places in which action should be taken to reduce energy consumption and pollutant
emissions [68,69].

4. Subject Game Relationship

The energy-saving renovation of the existing rural residential buildings is a com-
plex systematic project, which involves both collective and individual interests, national
interests, enterprise interests and individual interests. Firstly, as the policy maker and
supervisor of energy-saving renovations of existing rural residential buildings, the govern-
ment represents the national interest, and has the highest degree of participation. Secondly,
the energy-saving service enterprises, as participants in contracting the energy-saving
renovations of existing rural residential buildings, possess the energy-saving renovation
technology for the existing rural residential buildings, and are the main representatives
of the interests of all enterprises. Thirdly, the rural residents, as the owners and users of
the existing rural residential buildings, can benefit from the energy-saving renovations
to the existing rural residential buildings, but, at the same time, face an increased cost of
living, which affects their personal interests. All three parties are the main participants in
the energy-saving renovations of existing rural residential buildings, and this study also
focuses on their evolutionary game relationships. As for other auxiliary participants, such
as banks, financial institutions, the environmentalists, etc., they have not directly partici-
pated in energy-saving renovation of existing rural residential buildings. Their suggestions
or financial support can promote energy-saving renovation of existing rural residential
buildings, but compared with the government and rural residents as funders and energy-
saving service enterprises as designers and constructors, their impact is less. For example,
suppose the environmentalists propose that energy-saving renovation of existing rural
residential buildings is beneficial to protecting the ecological environment. However, if
the government and rural residents do not realize or support it, their proposal will not
be effectively solved. On the contrary, if the government and the rural residents are also
aware of the importance of energy-saving renovation of existing rural residential buildings,
and actively respond to the environmentalists’ proposals, but the environmentalists are
not involved in the related issues such as who will supervise, who will renovate, and who
will bear the cost during the promotion process. These auxiliary participants will be a new
field for our research team to further study in the future, but this study will focuses on the
main participants.
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4.1. The Government

In the process of energy-saving renovations of existing rural residential buildings,
the government, as the policy maker, shoulders the task of supervision, management and
publicity, and regulates the behaviors of other participants by implementing economic
incentive policies and administrative supervision, which mainly focuses on the social and
environmental benefits brought by energy-saving renovations of existing rural residential
buildings. Therefore, as a special participant, the government will pursue the long-term
social and environmental benefits of energy-saving renovation, as well as the improvement
in people’s living standards and social stability.

4.2. Energy-Saving Service Enterprises

At present, the energy-saving renovation market for the existing residential buildings
in China takes contract energy management as its main operation mode. The energy-saving
service enterprises provide a package of professional energy-saving technical services,
including energy-saving condition diagnosis, energy-saving project design, financing,
renovation (construction, equipment installation and commissioning) and operation man-
agement, etc., for the energy-saving renovation of existing residential buildings. These
enterprises are the main suppliers of energy-saving service products and they act as an
internal driving force for the development of the energy-saving renovation market of exist-
ing residential buildings in China. The energy-saving service enterprises, as practitioners
of the energy-saving renovation of existing rural residential buildings, have advanced
energy-saving renovation technologies and resources. By signing renovation contracts with
the government or rural residents and adhering to the government’s incentive policies, they
can obtain corresponding benefits according to contract stipulations or by reducing energy-
saving renovation costs. In addition, energy-saving service enterprises have relatively
complete information on the energy-saving renovation market of existing rural residential
buildings, which may lead to more speculation in the process of energy-saving renovation,
thus undermining the benign cooperation among energy-saving service enterprises, the
government and rural residents. Therefore, the main purpose of energy-saving service
enterprises participating in energy-saving renovations of existing rural residential buildings
is to standardize their own behaviors and maximize their own interests while weighing the
advantages and disadvantages.

4.3. Rural Residents

As users and direct beneficiaries of energy-saving renovations of existing rural resi-
dential buildings, residents’ willingness to renovate and awareness of energy conservation
and environmental protection will affect the development of the energy-saving renovation
market and the improvements in the social environment. However, on August 1, 2008, the
State Council of the People’s Republic of China issued Regulations on Energy Conservation
of Civil Buildings, which clearly stipulated that the cost of energy conservation renovations
to existing buildings shall be borne jointly by the government and the building owner, and
suggested that residents pay from 15 to 20 percent of the renovation cost. Therefore, as
individuals, rural residents need to bear part of the cost of energy-saving renovation and
accept the impact of the energy-saving renovation process on their normal work and life.
Accordingly, residents in existing rural residential buildings are more concerned with their
own financial status and the utility brought about by energy-saving transformations than
with the maximization of social utility.

5. Game Model Construction

5.1. Basic Assumptions of the Model

Assumption 1. The government, energy-saving service enterprises and rural residents are all
bounded and rational.
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Assumption 2. All participants have two different selection strategies: government behavior
strategy set S1 = [regulatory incentives, laissez-faire]; service enterprise behavior strategy set S2 =
[providing energy-saving services, not providing energy-saving services]; rural residents’ behavior
strategy set S3 = [fulfill energy-saving transform ation, refuse energy-saving transformation].

Assumption 3. Based on the assumption of bounded rationality, the probability that the government
will supervise and encourage the energy-saving renovation of existing rural residential buildings is
x, and the probability of laissez-faire is 1 − x; the probability of the energy-saving service enterprises
choosing to provide energy-saving services is y, and the probability of them choosing not to provide
energy-saving services is 1 − y; the probability of residents performing energy-saving renovations
is z, and the probability of them refusing energy-saving renovations is 1 − z, in which x, y and
z Є [0,1].

On the basis of on-the-spot investigation and the literature review, comprehensive
analyses of the parameter settings of the cost, benefit and loss variables that affect the
government, energy-saving service enterprises and rural residents’ decisions are shown in
Table 1.

Table 1. Symbols and meanings of parameters.

Participants Parameters Meanings

Government

S1
Subsidies offered by the government to encourage the energy-saving service enterprises

that provide standardized energy-saving services.

S2
Subsidies offered by the government to village and town residents who voluntarily

perform energy-saving transformation

F1
Fines imposed by the government on the energy-saving service enterprises that do not

provide standardized energy-saving services, where F1 > S1

F2
Fines imposed by the government on the residents of the existing rural residential

buildings who refuse to perform energy-saving renovations, in which F2 > S2

R1

Under the supervision and encouragement of the government, the social and
environmental benefits of the cooperative strategies adopted by the energy-saving service

enterprises and the rural residents.

R2

Under the government’s laissez-faire, the social and environmental benefits produced by
the cooperative strategies from the energy-saving service enterprises and the

rural residents.

L1
Loss of social and environmental benefits caused by speculative behavior or failure to

provide energy-saving services by the energy-saving service enterprises.

L2
Loss of social and environmental benefits caused by residents’ refusal to carry out

energy-saving renovations in the existing rural residential buildings.

C1
The supervision costs paid by the government when implementing

supervision incentives.

Energy saving
service enterprise

E1

The income of the energy-saving service enterprises when they choose to provide
standardized energy-saving services and the rural residents perform

energy-saving transformations.

C2
The costs paid by the energy-saving service enterprises when they choose to provide

energy-saving services in a standardized way.

C3
Credit loss caused by the energy-saving service enterprises not providing energy-saving

services or providing non-standard energy-saving services.

C4 Loss caused by residents’ refusal to carry out energy-saving renovations in villages.

Rural resident

E2
The rural residents choose to perform energy-saving transformation and the

energy-saving service enterprises provide standardized energy-saving services.

C5
The costs paid by residents in the existing rural residential buildings when performing

energy-saving renovations.

C6
Loss caused by the energy-saving service enterprises refusing to provide energy-saving

services or providing non-standard energy-saving services.
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5.2. Construction of Evolutionary Game Revenue Matrix

According to the above-mentioned capital construction conditions and profit and loss
parameters, a tripartite game model of the government, energy-saving service enterprises
and rural residents is constructed, and an evolutionary game income matrix is obtained, as
shown in Table 2.

Table 2. Evolutionary game income matrix.

Participants

Rural Resident

Fulfill
Energy-Saving

Transformation (z)

Refuse Energy-Saving
Transformation (1 − z)

Government

Regulatory
incentives (x)

Energy saving
service enterprise

Providing
energy-saving

services (y)

R1 − S1 − S2 − C1,
E1 + S1 − C2,
E2 + S2 − C5

F2 − S1 − L2 − C1,
S1 − C4,
−F2

Not providing
energy-saving
services (1 − y)

F1 − S2 − L1 − C1,
−F1 − C3,
S2 − C6

F1 + F2 − L1 − L2 − C1,
−F1,
−F2

Laissez-faire
(1 − x)

Energy saving
service enterprise

Providing
energy-saving

services (y)

R2,
E1 − C2,
E2 − C5

−L2,
−C4,

0

Not providing
energy-saving
services (1 − y)

−L1,
−C3,
−C6

−L1 − L2,
0,
0

6. Equilibrium Analysis of Tripartite Evolutionary Game

6.1. Expectation Function Construction

(1) The expected return of the government’s choice of regulatory incentives:

P11 = yz(R1 − S1 − S2 − C1) + y(1 − z)(F2 − S1 − L2 − C1) + (1 − y)z(F1 − S2 − L1 − C1)+
(1 − y)(1 − z)(F1 + F2 − L1 − L2 − C1)
= yzR1 + y(L1 − S1 − F1) + z(L2 − S2 − F2) + (F1 + F2 − L1 − L2 − C1)

(1)

The expected return of the government’s laissez-faire:

P12 = yzR2 = y(1 − z)(−L2) + (1 − y)z(−L1) + (1 − y)(1 − z)(−L1 − L2) = yzR2 + yL1 + zL2 − L1 − L2 (2)

Average expected revenue of government:

P1 = xP11 + (1 − x)P12 = xyzR1 − xyzR2 − xyS1 − xyF1 − xzS2 − xzF2 + xF1 + xF2
−xC1 + yzR2 + zL2 + yL1 − L1 − L2

(3)
Replication dynamic equation of government’s choice of regulatory incentives:

F(x) =
dx
dt

= x(P11 − P1) = x(1 − x)[y(zR1 − zR2 − S1 − F1)− z(S2 + F2) + F1 + F2 − C1] (4)

(2) The expected benefits of the energy-saving service enterprises choosing to provide
energy-saving services:

P21 = xz(E1 + S1 − C2) + x(1 − z)(S1 − C4) + (1 − x)z(E1 − C2) + (1 − x)(1 − z)(−C4)
= xS1 + zE1 − zC2 − C4 + zC4

(5)

Expected benefits of the energy-saving service enterprises choosing not to provide
energy-saving services:

P22 = xz(−F1 − C3) + x(1 − z)(−F1) + (1 − x)z(−C3) + (1 − x)(1 − z)× 0 = −xF1 − zC3 (6)
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Average expected income of the energy-saving service enterprises:

P2 = yP21 +(1− y)P22 = xyS1 + yzE1 + yzC4 − yzC2 − yC4 − xF1 − zC3 + xyF1 + yzC3 (7)

Replication dynamic equation of the energy-saving service enterprises choosing to
provide energy-saving services:

F(y) =
dy
dt

= y(P21 − P2) = y(1 − y)[z(E1 + C3 + C4 − C2) + x(S1 + F1)− C4] (8)

(3) The expected income of rural residents who choose to perform energy-
saving transformations:

P31 = xy(E2 + S2 − C5) + x(1 − y)(S2 − C6) + (1 − x)y(E2 − C5) + (1 − x)(1 − y)(−C6)
= xS2 + yE2 + yC6 − yC5 − C6

(9)

The expected benefits of rural residents choosing to refuse energy-saving renovations:

P32 = xy(−F2) + x(1 − y)(−F2) + (1 − x)y × 0 + (1 − x)(1 − y)× 0 = −xF2 (10)

Average expected income of rural residents:

P3 = zP31 + (1 − z)P32 = xz(S2 + F2) + zy(E2 + C6 − C5)− xF2 − zC6 (11)

Replication dynamic equation of rural residents choosing to perform energy-
saving transformations:

F(z) =
dz
dt

= z(P31 − P3) = z(1 − z)[x(S2 + F2) + y(E2 + C6 − C5)− C6] (12)

6.2. Asymptotic Stability Analysis of Evolutionary Game

In the process of energy-saving renovations of existing rural residential buildings,
there is serious information asymmetry between the government, energy-saving service
enterprises and rural residents in terms of energy-saving renovation information. The
three parties in the game will choose the strategies that maximize their own interests in the
process of trial and error. When all three parties reach a stable state, all the participants
in the game achieve Nash equilibrium through the process of trial and error. According
to the stability principle of differential equations, the duplicated dynamic equation of the
tripartite subject strategy is simultaneously established. By setting F(x) = F(y) = F(z) = 0, we
find that there are eight pure strategy equilibrium points in the equation, namely (0,0,0);
(1,0,0); (0,1,0); (0,0,1); (1,1,0); (1,0,1); (0,1,1); (1,1,1).

In view of the asymptotic stability of the equilibrium points, this study uses the
Lyapunov discriminant method (indirect method) to judge, list the Jacobian matrix (as in
Formula (13)), and discuss the stability of the above equilibrium points. Firstly, the Jacobian
matrix is calculated as in Formula (14):⎡

⎢⎢⎣
dx/dt

dx
dx/dt

dy
dx/dt

dz
dy/dt

dx
dy/dt

dy
dy/dt

dz
dz/dt

dx
dz/dt

dy
dz/dt

dz

⎤
⎥⎥⎦ (13)

⎡
⎢⎢⎢⎢⎢⎢⎣

(1 − 2x)[y(zR1 − zR2 − S1 − P1)
−z(S2 + P2) + P1 + P2 − C1]

x(1 − x)(zR1 − zR2 − S1 − P1) x(1 − x)(yR1 − yR2 − S2 − P2)

y(1 − y)(S1 + P1)
(1 − 2y)[z(E1 + C3 + C4 − C2)

+xS1 + xP1 − C4]
y(1 − y)(E1 + C3 + C4 − C2)

z(1 − z)(S2 + P2) z(1 − z)(E3 + C6 − C5)
(1 − 2z)[x(S2 + P2) + y(E3

+C6 − C5)− C6]

⎤
⎥⎥⎥⎥⎥⎥⎦

(14)
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According to Lyapunov’s stability theorem, when the characteristic roots of the Ja-
cobian matrix are all negative, the equilibrium point is a stable node. By substituting
the equilibrium points into the Jacobian matrix, the eigenvalue corresponding to each
equilibrium point can be obtained, as shown in Table 3.

Table 3. Eigenvalues corresponding to pure strategy equilibrium points.

Equilibrium Point Eigenvalue
Positive and

Negative
Stability

Asymptotically Stable
Condition

H1 (0,0,0)

λ1 = P1 + P2 − C1 −
Stable point /λ2 = −C4 −

λ3 = −C6 −

H2 (0,0,1)

λ1 = P1 − C1 − S2 −
Unstable point /λ2 = E1 + C3 − C2 +

λ3 = C6 +

H3 (0,1,0)

λ1 = −S1 + P2 − C1 −
Unstable point /λ2 = C4 +

λ3 = E3 − C5 +

H4 (0,1,1)

λ1 = R1 − R2 − S1 − S2 − C1 Uncertain

Uncertain point R1 < R2 + S1 + S2 + C1λ2 = −E1 − C3 + C2 −
λ3 = −E3 + C5 −

H5 (1,0,0)

λ1 = −P1 − P2 + C1 +

Unstable point /λ2 = S1 + P1 − C4 +

λ3 = S2 + P2 − C6 +

H6 (1,0,1)

λ1 = S2 − P1 + C1 +

Unstable point /λ2 = E1 + C3 − C2 + S1 + P1 +

λ3 = −S2 − P2 + C6 −

H7 (1,1,0)

λ1 = S1 − P2 + C1 +

Unstable point /λ2 = −S1 − P1 + C4 −
λ3 = S2 + P2 + E3 − C5 +

H8 (1,1,1)

λ1 = −R1 + R2 + S1 + S2 + C1 Uncertain

Uncertain point R1 > R2 + S1 + S2 + C1λ2 = −E1 − C3 + C2 − S1 − P1 −
λ3 = −S2 − P2 − E3 + C5 −

It can be seen from Table 3 that there are three situations in which evolutionary stability
can be achieved to meet the eigenvalue requirements of the Lyapunov discriminant method
(indirect method).

Scenario 1: If the external conditions remain unchanged, only equilibrium point H1
(0,0,0) can meet the requirements of Liapunov’s discriminant method (indirect method) for
the eigenvalue, and other equilibrium points cannot form evolutionary stability, that is,
the equilibrium point H1 (0,0,0) (laissez-faire, no energy-saving service, no energy-saving
renovations) is an evolutionary stability strategy. The phase diagram is shown in Figure 1.
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Figure 1. Phase diagram of equalization point H1 (0,0,0).

Scenario 2: if the external conditions change, i.e., R1 < R2 + S1 + S2 + C1, then
equilibrium points H1 (0,0,0) and H4 (0,1,1) can achieve evolutionary stability, that is,
H1 (0,0,0) (laissez-faire, not providing energy-saving services, refusing energy-saving
renovation) and H4 (0,1,1) (laissez-faire, providing energy-saving services, fulfilling energy-
saving renovations) are evolutionary stable strategies. The phase diagram is shown in
Figure 2.

Figure 2. Phase diagram of equilibrium point H4 (0,1,1) when R1 < R2 + S1 + S2 + C1.

Scenario 3: if the external conditions change, i.e., R1 < R2 + S1 + S2 + C1, then
equilibrium points H1 (0,0,0) and H8 (1,1,1) can achieve evolutionary stability, that is,
H1 (0,0,0) (laissez-faire, not providing energy-saving services, refusing energy-saving
renovations) and H8 (1,1,1) (supervision and encouragement, providing energy-saving
services, fulfilling energy-saving renovations) are evolutionary stable strategies. The phase
diagram is shown in Figure 3.

Figure 3. Phase diagram of equalization point H8 (1,1,1) when R1 > R2 + S1 + S2 + C1.
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However, in the case of a laissez-faire approach by the government, the energy-saving
service enterprises choose to provide energy-saving renovation services by themselves,
and this provides an ideal state for rural residents to perform energy-saving renovations
by themselves, without considering the renovation costs and the impact on their daily
lives. According to the evolutionary game hypothesis, the government, energy-saving
service enterprises and the rural residents are all bounded and rational. Therefore, under
the premise of bounded rationality, all players in the three-party game hope to maximize
their interests. Without the support of incentive policies and the guidance of relevant
energy-saving renovation policies, low enthusiasm is displayed by energy-saving service
enterprises and rural residents in the existing rural residential buildings to actively carry
out energy-saving renovations, as is also confirmed in the actual investigation. Therefore,
during the energy-saving renovations of existing rural residential buildings, the equilibrium
points for realizing the tripartite evolutionary and stable strategy among the government,
energy-saving service enterprises and rural residents are mainly H1 (0,0,0) (laissez-faire,
no energy-saving service, no energy-saving renovation] and H8 (1,1,1) [supervision and
encouragement, providing energy-saving service, fulfilling energy-saving renovations).
This study also focuses on these two situations.

7. Numerical Simulation Analysis

To further verify the accuracy of the model and more intuitively show the results
that the government, energy-saving service enterprises and rural residents in the existing
rural residential buildings achieved, as well as the evolutionary stability under different
constraints and strategies, this study uses MATLAB2020A to analyze the evolution of equi-
librium points H1 (0,0,0) and H8 (1,1,1) from the perspective of cost and benefit, subsidies
and penalties, combined with the replication of dynamic equations and assumptions.

7.1. When the Benefits of Energy-Saving Renovations Are Greater than the Cost, the Change in the
Initial Proportion of the Three Parties in the Game Will Affect the Evolution Results

Suppose x0, y0 and z0 represent the initial proportions of the government’s choice to
implement supervision and incentive strategies, energy-saving service enterprises’ choice
to provide energy-saving service strategies and rural residents’ choice to implement energy-
saving transformation strategies, respectively. The initial test time is 0, the evolution end
time is 5, and the initial states are (0.1, 0.2, 0.3), (0.4, 0.5, 0.6), (0.7, 0.8, 0.9). F1 = 40, F2 = 10,
S1 = 30, S2 = 5, R1 = 300, R2 = 180, E1 = 120, E2 = 50, C1 = 60, C2 = 40, C3 = 15, C4 = 8, C5 = 25,
C6 = 5. The stability of the equilibrium point and system evolution results are shown in
Figure 4.

It can be found that when the profits of energy-saving renovations are greater than
the cost of energy-saving renovations, no matter which initial state the three parties chose,
the three parties choose the cooperative strategy H8 (1,1,1) (supervision and encourage-
ment, providing energy-saving services and performing energy-saving renovations), but
the time taken to reach a stable and balanced state differs. Figure 4 shows that when the
government, the energy-saving service enterprises and the rural residents choose supervi-
sion and encouragement, providing energy-saving services and performing energy-saving
transformations with a strategy ratio of 0.1, 0.2 and 0.3, the system reaches an evolutionary
stable equilibrium state at around t = 3.5. When the initial ratio increases by 0.3 or 0.6,
that is, 0.4, 0.5, 0.6 or 0.7, 0.8, 0.9, the system reaches an evolutionary stable equilibrium
state at about t = 2.5 or t = 1.8. This shows that, when the government chooses to imple-
ment supervision and incentive strategies for energy-saving renovations of existing rural
residential buildings, energy-saving service enterprises choose to provide energy-saving
service strategies, and rural residents choose to improve the proportion of energy-saving
renovation, this helps to shorten the system evolution and achieve a stable and balanced
state, which also helps to stimulate participants’ enthusiasm for energy-saving renovations
of existing rural residential buildings, and promote the development of energy-saving
renovations of existing rural residential buildings.
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(a) (b) 

Figure 4. System evolution results under different initial intentions when the benefits of energy-
saving renovations outweigh the costs. (a) The time at which the system evolves to a stable state.
(b) Evolution rate.

7.2. When the Cost of Energy Savings Is Greater than the Income, the Change in the Initial
Proportion of the Three Parties in the Game Will Affect the Evolution Result

It is assumed that the initial test time is 0, the evolution end time is 5, the initial
states are (0.1, 0.2, 0.3), (0.2, 0.3, 0.4), (0.4, 0.6, 0.8), and the parameters are F1 = 20, F2 = 10,
S1 = 15, S2 = 5, R1 = 100, R2 = 60, E1 = 80, E2 = 30, C1 = 160, C2 = 100, C3 = 40, C4 = 10,
C5 = 30, C6 = 8. The stability of the equilibrium point and system evolution results is
shown in Figure 5. Through the simulation results, it can be found that when the cost of
energy-saving renovation is greater than the profits, the choice strategies of the tripartite
government, energy-saving service enterprises and rural residents will not change due
to the change in the initial state ratio; they all choose the behavior strategy H1 (0,0,0), in
which energy-saving service enterprises do not provide energy-saving renovation services,
and rural residents do not perform energy-saving renovations. The reason for this is
that, as the number of rational people is limited, the ultimate goal of the energy-saving
service enterprises and the rural residents participating in the energy-saving renovations
of existing rural residential buildings is to obtain relevant benefits. Therefore, when the
cost of energy-saving renovation is greater than the profits, because the renovations are
unprofitable, energy-saving service enterprises and rural residents naturally choose to
revoke their participation, and the ultimate behavior strategy of the three parties in the
game is uncooperative.

7.3. Influence of Changes in Government Subsidies and Fines on Evolution Results When
Energy-Saving Benefits Outweigh Costs

(1) When the benefits of energy-saving renovations are greater than the cost, the
government subsidies increase. As shown in Figure 6, assuming that the initial state
remains unchanged, the subsidies obtained by energy-saving service enterprises and
rural residents voluntarily participating in the energy-saving renovations of existing rural
residential buildings under the government’s regulatory incentive policy are increased
from S1 = 30, S2 = 5 to S1 = 35, S2 = 8. The ultimate behavior strategy of the three parties
in the game is still H8 (1,1,1) (regulatory incentive, providing energy-saving services and
performing energy-saving renovation). However, when comparing Figure 4 with Figure 6,
due to the improvement in government subsidies, the energy-saving service enterprises
and the rural residents can be fully mobilized to participate in energy-saving renovations of
existing rural houses, and the benefits of both can be increased. Therefore, the rate at which
an evolutionary stable equilibrium state is reached accelerates with the increase in the initial
ratio. However, increasing government subsidies will increase the cost of supervision and
the incentives for the government to participate in energy-saving renovations of existing
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rural residential buildings. Therefore, by comparing Figures 4a and 6a, it can be found that
no matter which initial state is chosen, the ultimate behavior strategy of the government
is to implement supervision and incentive policies. However, in the same initial state,
increasing subsidies will obviously slow down the process and bias the government’s
behavior strategy towards the implementation of supervision and incentive policies. The
time needed for the system to evolve to an equilibrium and stable state is, therefore, also
prolonged. By comparing Figure 4b with Figure 6b, it can be found that, in the same initial
state, the curvatures of the three curves in Figure 4b are larger than the corresponding three
curves in Figure 6b, and the trend rate of (1,1,1) is obviously larger. This conclusion can
be verified again in conjunction with Figure 7. When the initial state is the same as (0.4,
0.5, 0.6), and when the government subsidy increases from S1 = 30, S2 = 5 to S1 = 35, S2 = 8,
although the increase in the subsidy is moderate for energy-saving service enterprises and
rural residents, their behavior strategies with regard to providing energy-saving services
and performing energy-saving renovations are consistent, and the rate of the curve-biased
cooperative strategy is also accelerated. However, raising subsidies has a significant impact
on the government, which leads the three parties in the game taking more time to reach an
evolutionary stable equilibrium state. The reason for this lies in the increase in subsidies,
which increases the cost of government supervision.

  

(a) (b) 

Figure 5. System evolution results under different initial intentions when the cost of energy-saving
renovations is greater than the benefit. (a) The time at which the system evolves to a stable state.
(b) Evolution rate.

(2) When the income of energy-saving renovations is greater than the renovation costs,
the government increases its fines. As shown in Figure 8a, when other conditions are
unchanged, and the initial state is (0.4, 0.5, 0.6), government fines will increase from F1 = 40
and F2 = 10 to F1 = 60 and F2 = 15. The ultimate behavioral strategy of the three parties
in the game is still H8 (1,1,1) (supervision and encouragement, providing energy-saving
services and performing energy-saving transformations). However, it can also be seen from
Figure 8 that when government fines increase, the time needed for the three parties in the
game to reach an evolutionary stable equilibrium state is shortened on the premise that
the income from energy-saving renovation is still greater than the renovation costs. At the
same time, combined with Figure 8b, it can be seen that, when F1 = 60, F2 = 15, and the
initial state increases from (0.2, 0.3, 0.4) to (0.5, 0.6, 0.7), the time needed for the three parties
to reach an evolutionary stable equilibrium state is also shortened. When ensuring that
the income created by energy-saving renovations is greater than the renovation costs, a
moderate increase in government punishment will serve as a warning to energy-saving
service enterprises providing standardized energy-saving services and rural residents
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who refuse to perform energy-saving renovations. On the premise of the rational person,
the energy-saving service enterprises and rural residents will choose to participate in the
energy-saving renovations of existing rural residential buildings to ensure the maximization
of their own interests after weighing the benefits and costs.

  
(a) (b) 

Figure 6. System evolution results under different initial intentions when subsidies are increased.
(a) The time at which the system evolves to a stable state. (b) Evolution rate.

 

Figure 7. Evolution results of subsidy enhancement system under the same initial state.

  
(a) (b) 

Figure 8. System evolution results under different initial intentions when punishment is increased.
(a) The time at which the system evolves to a stable state. (b) Evolution rate.

216



Sustainability 2022, 14, 5723

8. Conclusions

Energy-saving renovations of existing rural residential buildings is an important part
of national energy-saving and emission-reduction work, which is of great significance
for saving energy, improving the indoor thermal environment, reducing greenhouse gas
emissions, and promoting the transformation of development mode in the field of housing,
urban–rural construction, and sustainable economic and social development. In this paper,
the evolutionary game theory of bounded rationality is used to analyze the evolution law
of the behavior strategies of the main bodies involved in energy-saving renovations of
existing rural residential buildings, and an evolutionary game model and dynamic decision
equations of the three-party behavior bodies of the government, energy-saving service
enterprises and rural residents are constructed. By solving the stability points of these
dynamic equations, the stability strategies and influencing factors of tripartite actors in
different situations are analyzed.

(1) In energy-saving renovations of existing rural residential buildings, as the decision-
maker and supervisor, the government’s behavior strategies are mainly influenced by super-
vision cost and incentive policies. When the government does not supervise energy-saving
service enterprises and rural residents, they have relatively low willingness to participate
in existing rural buildings on the premise of limited rationality, and choose uncooper-
ative behavioral strategies, that is, H1 (0,0,0) (laissez-faire, providing no energy-saving
services, rejecting energy-saving renovations). However, in order to promote energy-saving
renovations of existing rural residential buildings, and achieve energy conservation and
emission reductions, the government tends to supervise the choice of behavior strategies.
Therefore, in the process of supervision, the appropriate fines and subsidies provided
by the government to energy-saving service enterprises and rural residents will help to
mobilize their enthusiasm to participate in energy-saving transformations, and the behavior
strategies of the three parties will tend towards H8 (1,1,1) (supervision incentives, providing
energy-saving services and performing energy-saving transformations).

(2) The energy-saving service enterprises are the information-superior party, and they
have complete information on energy-saving technologies. When participating in energy-
saving renovations of existing rural residential buildings, their behavior strategies are
mainly affected by the benefits and costs of providing standardized energy-saving services,
and the loss caused by providing unstandardized energy-saving services. Therefore,
when the benefits of participating in energy-saving transformation outweigh the costs, the
behavior strategy of the energy-saving service enterprises is to provide standardized energy-
saving services, regardless of whether the government subsidies or penalties are increased.

(3) As the inferior-information party, rural residents participate in energy-saving
renovations of existing rural residential buildings in the hope of not only improving their
living conditions, but also of obtaining certain government subsidies. The main influencing
factors are the government subsidies, the loss caused by the unqualified energy-saving
services provided by the energy-saving service enterprises and the extra economic expenses
incurred during the energy-saving renovations. Hence, when the subsidies provided by the
government are greater than the loss caused by unqualified energy-saving services provided
by energy-saving service enterprises and the extra economic expenditure generated during
the energy-saving transformation, the behavior strategy of rural residents is to carry out
energy-saving transformations.

(4) The limitation of the research. The main limitation in this study is the research
on the behavior strategy of market participants in energy-saving renovation of existing
rural residential buildings only starts with three core participants, and the related auxiliary
participants in energy-saving renovation of existing rural residential buildings have not
been analyzed. That is because in the process of energy-saving renovation of existing rural
residential buildings, the behaviors and strategies of the government, energy-saving service
enterprises and rural residents have a relatively large mutual restriction and influence,
while other related auxiliary participants may have an influence on a certain participant,
but not all of them. For example, the bank’s behavior strategy may have a greater impact
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on the government and energy-saving service enterprises, but it has a less impact on rural
residents. Therefore, the impact on the research results is not great, but it can be a direction
for further research in the future.

Therefore, in the process of energy-saving renovations of existing rural residential
buildings, the government, energy-saving service enterprises and rural residents, as the
three main participants, will choose the most favorable behavior strategies, weighing the
government subsidies and fines and the cost of their own participation to maximize their
own interests under limited rationality. Therefore, in order to realize the energy-saving
renovations of existing rural residential buildings, participants’ cooperation is needed. In
future research, we will further discuss the impact of increased stakeholder participation
in energy-saving renovations of existing rural residential buildings, and analyze their
development path, as influenced by various factors.
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Abstract: The search for new alternative materials for employment in the construction industry is
necessary for more sustainable development. The construction demolition waste (CDW), as well as
by-products generated by initiatives, such as slag, fly ash (FA), palm oil fuel ash (POFA), metakaolin
(MK), silica fume (SF), and rice husk ash (RHA), are objects of studies in several segments of the
civil construction sector. The addition of these wastes to the materials currently used to produce
concrete and mortar can be one of the significant efforts to achieve more sustainable construction.
The use of these wastes in the construction sector can bring considerable benefits in terms of costs,
energy efficiency, and environmental and ecological benefits. Over the years, many types of research
have been developed aiming at the possibility of a practical use of CDW as an aggregate and
industrial by-product (FA, POFA, MK, SF, RHA) as pozzolans. Based on recent studies, this paper
reviews the current state of knowledge about the production of concrete with partial replacement
of natural aggregates by recycled aggregates from CDW and the use of fly ash (FA) as pozzolan in
partial replacement with Portland cement. This work discussed the following concrete properties:
compressive strength, water absorption, chloride penetration, carbonation, and modulus of elasticity.

Keywords: concrete; construction and demolition waste; fly ash; mechanical properties; carbonation

1. Introduction

The increased rate of industrialization and urbanization due to economic and popula-
tion growth has made the construction industry one of the segments that most consumes
natural resources and generates solid waste that negatively impacts the environment. Ac-
cording to Mehta and Monteiro [1], during the most recent 100 years, the total populace
has developed from 1.5 to 6 billion people, with almost 3 billion living around cities. It is
estimated that the global world population will reach around 10 billion by 2060, which can
be attributed to the technological, medical, and logistical advances that have improved
living and health standards since the Industrial Revolution [2,3].

Concrete employed in the construction of cities plays a crucial role in socio-economic
development. Still, it also has a rather significant adverse effect on the environment and
the depletion of natural resources. Over the years, infrastructures have been basically
built with concrete, steel, and wood, as well as glass, which are considered the primary
materials used in contemporary construction [4]. However, in volume, the most significant
manufactured product in the world today is concrete [1], and it is also considered to be the
second most consumed material on Earth after water [4].

The construction industry is responsible for significant environmental impacts due
to the extraction of raw materials and a considerable portion of the waste generation
that negatively influences the environment [5,6]. It is also responsible for generating
large amounts of carbon dioxide (CO2) generated by the cement industries and by the
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burning of fossil fuels used in the equipment employed in the extraction and processing of
raw materials.

The extraction of raw materials, the processing of materials for civil construction, the
construction of buildings, as well as renovations and demolitions, generate solid waste
that, when disposed of improperly, can cause various problems, such as the proliferation of
disease-carrying agents, the degradation of springs and permanent protection areas, the
obstruction of drainage systems, silting up of rivers and streams, and the occupation of
roads that degrade the urban landscape [6]. Aiming to use natural resources in a more
sustainable way, several researchers have been seeking alternative uses for the solid waste
from construction and demolition as a by-product for reuse in the construction industry as
brick waste [7,8], ceramic [9,10], glass [11,12], from rubber [13,14], from concrete [15,16],
and mixed waste [17,18].

Studies verifying the feasibility of using construction and demolition waste (CDW) as
a partial replacement for natural aggregate for concrete production have presented relevant
results. The different compositions of CDW directly influence the mechanical properties
and durability of concrete [19]. Limbachiya, Meddah, and Ouchagour [20], Lotfy and Al-
Fayez [21], and Poon, Kou, and Lam [22] observed that the replacement of coarse aggregate
with recycled coarse aggregate at levels lower than 30% does not have a significant adverse
effect on concrete performance when compared to natural concrete. According to the
authors, CDW, as a more porous aggregate, has a high-water absorption capacity. This
water adhered to the recycled aggregate can be used as an internal curing agent, especially
for concretes with fly ash that requires longer wet curing for the pozzolanic reaction.

However, the significant variability of existing waste, with different compositions,
and physical and mechanical properties, can present negative results due to increased
porosity, roughness, and water absorption, which leads to higher a/c ratios, making the
cement paste weaker and more porous [19,23–25]. Other studies evaluate the mechanical
bonding in the Interfacial Transition Zone between the mortar and the substrate [19,26],
which ultimately decreases the compressive strength of the material [10], which limits the
use of recycled aggregate with a percentage higher than 30% in structural concrete [27].

The construction sector is also responsible for the generation and release into the
atmosphere of large amounts of carbon dioxide (CO2). Asia alone produces more than
80% of cement in the world and, as a consequence, releases approximately 80% of the CO2
generated by Portland cement production [4]. According to Meyer [28] and Aprianti [29],
the reduction of Portland cement production would be one of the alternatives to reduce
the environmental impact. Another way would be the use of by-products generated
by industrial processes, agricultural waste, and recycled materials. Among the various
types of products that can be used, there is fly ash, which is a by-product generated by
thermoelectric plants powered by mineral coal. According to Acar and Atalay [30], many
thermoelectric plants were built in the world in a period of 80 years due to the growing
demand for electricity generation. It is estimated that the annual global production of fly
ash varies between 0.75 and 1 billion tons. Other works have already been performed,
employing the fly ash and recycled aggregate in concretes simultaneously [5,17,31–37].

Limbachiya, Meddah, and Ouchagour [20] and Lima et al. [31], observed that the
use of fly ash as a partial replacement for Portland cement in the production of concrete
improves its durability as well as contributes to the reduction of CO2 emissions. For a
deeper understanding of the influence of fly ash in concrete, Payá et al. [38], Sakai et al. [39],
Moon et al. [40], and Shaikh [33] investigated the role of this by-product in cement hydra-
tion, as well as the pozzolanic reaction process.

Dabhade, Chaudari, and Gajbhaye [5] verified a slight increase in axial compressive
strength in concretes with recycled aggregate and with 10% of fly ash compared to concrete
with recycled aggregate only. Lima et al. [31] concluded that the addition of fly ash in
concretes with recycled aggregate, in general, improves workability as well as mechanical
and durability properties, reducing the harmful effects of recycled aggregate.
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The scope of this investigation was to gather and analyze the published information
about the effects on the mechanical properties and durability of concretes with construction
and demolition waste (CDW) and fly ash (fly ash). Based on this study, it was sought
to identify the most suitable composition of concrete mixtures with construction and
demolition waste and fly ash to reach a consensus on the most appropriate contents of these
wastes to achieve results of mechanical properties and durability closer to the reference
concretes. To seek a deeper understanding of the effect of fly ash in concretes with a
recycled aggregate, a microstructural analysis was performed in the transition zone of the
interface between the aggregate and the paste.

2. Importance of the Study

Considering the search for a solution for the appropriate disposal of waste generated
by the construction industry segment, many studies have been developed with the objective
of reusing this waste as by-products in order to reduce the consumption of natural resources
and, consequently, reduce the negative impacts that this waste can cause to the environment.

In concrete, Portland cement is responsible for 74–81% of total CO2 emissions, while
coarse aggregate is responsible for 13–20% of CO2 emissions. Fine aggregates generate less
equivalent CO2 as they are not crushed. The mixing of the conventional concrete process
with Portland cement ranged only between 0.29 and 0.32 t CO2-e/m3. It was found that
the addition of fly ash is able to reduce between 13 and 15% of CO2 emissions in concrete
mixes [41]. Large amounts of waste from construction and demolition are generated every
day by the construction industry, which, inappropriately deposited, can bring great harm
to biodiversity. The use of these recycled aggregates in partial replacement of natural
aggregates can be essential for the concrete eco-efficiency, as well as producing significant
economic advantages [42].

There are already many studies focusing on the reuse of waste from construction and
demolition (CDW), as well as waste generated by cement industries, such as fly ash (FA),
for the production of mortar and concrete. However, there are few studies employing
combined wastes, such as CDW and FA for new concrete production.

Analysis of publications focusing on the production of concrete with a combined use
of CDW and FA was performed, initially in English, between January 2007 and December
2021. The databases investigated were ANTE (Abstract in New Technologies and Engineer-
ing), ASTM International, Aluminium Industry Abstract, and ACS Journals Search. The
keywords used for the search were “concrete” + “fly ash” + “construction and demolition
waste” or “concrete” + “fly ash” + “waste concrete aggregate” or “concrete” + “fly ash” +
“recycled aggregate”. A total of 259 published articles were found, and their distribution
by year is shown in Figure 1.

 

Figure 1. Number of articles published on the use of construction and demolition waste (CDW) with
fly ash in concrete production.
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Considering the different types of waste generated in the construction and demolition
process, as well as the significant variability of these wastes, it is imperative that studies be
conducted for a better understanding of the behavior of concretes with combined wastes.
In this regard, this literature review is essential to have a more profound knowledge of the
use of these wastes in the production of new cement concretes.

The main objective of this work is to establish an innovative concept in order to mini-
mize the effects caused to the environment, which are: reduction of CO2 emissions caused
by cement industries and reduction of natural aggregates extraction from the environment.

3. Factors That Influence the Properties of Concrete with Recycled Aggregate and
Fly Ash

3.1. Properties of Construction and Demolition Waste That Influence New Concretes

According to Meddah [4], recycled concrete aggregate is the most abundant waste
due to the availability of its origin, which comes from the continuous demolition of old
buildings and sidewalks. According to Morales-Martíns et al. [43], recycled concrete coarse
aggregates that are composed of original aggregate and adhered mortar contain impurities,
such as clay bricks and crushed ceramic materials, and gypsum, which contribute to the
existence of contaminants. These adhered products negatively influence the physical and
mechanical properties of concrete produced with the recycled coarse aggregate [44,45].
Many studies have announced the contrasts between the characteristics of recycled con-
crete aggregates compared to natural aggregates [46–49], since the physicochemical and
mechanical properties of recycled aggregates influence the properties of concrete [50,51],
which are presented in the following.

3.1.1. Bulk Density and Water Absorption

Verian et al. [52] observed in their studies that there is a correlation between the water
absorption of coarse aggregates and their density because the higher the absorption, the
lower the density. The results observed by the authors Verian et al. [52] for recycled coarse
aggregates were 14.50%, 12.50%, 12.44%, and 12.10% for water absorption, while for the
bulk density, it was 2.05 kg/dm3, 2.18 kg/dm3, 2.21 kg/dm3 and 2.28 kg/dm3, respectively.
For natural coarse aggregates, the water absorption was 2.30%, 1.98%, and 1.70%, while
the bulk density was 2.69 kg/dm3, 2.74 kg/dm3, and 2.78 kg/dm3, respectively. The same
behavior was verified in recycled and natural sands. In natural sand, the absorption was
approximately 3.0% and 2.11%, while the specific mass was approximately 2.63 kg/dm3

and 2.68 kg/dm3. Agrela et al. [53] observed the correlation between the concrete content
and the dry density of the saturated surface. The results obtained by the authors were:
concrete with absorption of 2.48%, 5.1%, 7.49%, 10.2%, and 12.5% have a saturated surface
dry density of 2.59 kg/dm3, 2.35 kg/dm3, 2.15 kg/dm3, and 2.08 kg/dm3, respectively.

Kisku et al. [51] also observed, based on their studies, that the presence of the old
mortar contained in the recycled aggregate increases the absorption capacity and decreases
the specific mass of recycled aggregates compared to natural aggregates. According to da
Silva and Andrade [17], the evaluation of water absorption is an essential point that should
be considered because the durability performance of concrete is a property of the pervasion
qualities of materials, considering the trustworthiness of concrete against aggressive agents.

There are many studies that use different types of waste as aggregate for the production
of concretes whose water absorption and bulk density are quite varied. Table 1 presents
some comparisons of bulk density and water absorption.

Table 1. Bulk density and water absorption of different types of construction and demolition waste.

Recycled Aggregate Bulk Density (kg/m3) Water Absorption (%) Authors

Brick 974–2548 5.96–8.6 Sharba et al. [54], Zachariah et al. [55],
Dang et al. [56]
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Table 1. Cont.

Recycled Aggregate Bulk Density (kg/m3) Water Absorption (%) Authors

RCA 1 2265–2560 4.0–6.92 Yang et al. [57], Jian and Wu [58], Sahoo
and Singh [59]

MRA 2 1250–2340 5.0–8.79 Martínez et al. [60], Cantero et al. [61],
Silva et al. [17], Robalo et al. [42]

Rubber 539–1050 0.9–1.7 Kasmi et al. [62], Yang et al. [57],
Feng et al. [63]

Glass 800–880 0.002–0.4 Omoding et al. [64], Balan et al. [65],
Yang et al. [66]

1 RCA—recycled aggregate concrete, 2 MRA—mixed recycled aggregate.

The glass waste had the lowest percentages of water absorption, which ranged between
0.002 and 0.04% when compared to bricks, rubber, and glass. These percentages were also
observed in the studies of Penacho, Brito, and Veigas [67]. However, the recycled concrete
and mixed aggregates absorbed the most water, ranging from 4.0 to 8.79%. Cantero
et al. [61] observed in their studies that the percentages of absorption of these materials
varied between 4.49 and 10%. The bricks presented the most significant variation in
bulk density (974 to 2548 kg/m3), and this is due to the characteristics of the clays as
well as the preparation and burning temperature. The rubbers also present bulk density
varying between 539 and 1050 kg/m3. Agrela et al. [53] recommend a classification into
three groups for recycled aggregates from construction and demolition, based on the
following proportions:

1. Recycled concrete aggregate for mixtures containing less than 10% ceramic and more
than 90% concrete;

2. Mixed recycled aggregate for mixtures containing less than 30% ceramic and between
70 and 90% concrete;

3. Ceramic recycled aggregate for mixtures containing more than 30% ceramic and less
than 70% concrete.

Based on their studies, the authors concluded that recycled aggregate with many
ceramic particles causes an increase in water absorption and a decrease in the density
of recycled aggregate. However, Robalo et al. [42] suggest the classification of recycled
aggregates by their dry density, resulting in four classes:

(a) Class A—dry density between 2400 and 2600 kg/m3;
(b) Class B—dry density between 2100 and 2300 kg/m3;
(c) Class C—dry density between 1800 and 2000 kg/m3;
(d) Class D—dry density lower than 1800 kg/m3.

The classification was generated from a relative decrease in compressive strength of
concrete with recycled aggregate obtained through the study of Robalo et al. [42], and some
researchers. According to Robalo et al. [42], this classification allows for the estimation of
the minimum compressive strength of the concretes based on the substitution content of
recycled aggregate.

All wastes present variations in bulk density and water absorption. This variation
is closely linked to the feasibility of the compositions of materials contained in the waste
(RCA, RMA), the type and combination of materials for production (glass, rubber), as well
as the selection, handling, and firing processes of ceramic materials.

3.1.2. Interfacial Transition Zones (ITZ)

Recycled aggregate is formed of two Interfacial Transition Zones (ITZ), one between
the natural aggregate and the old cement matrix and the other between the old cement
matrix and the new cement matrix [68–70]. A schematic diagram of the Interfacial Transition
Zones (ITZ) in recycled concrete aggregate is presented in Figure 2.
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Figure 2. Schematic diagram of the old and new ITZ.

The old ITZ makes the microstructure of the concrete more brittle due to higher
porosity and cracking; thus acting as the weakest link [49]. The method of crushing the
source concrete has been observed in order to reduce the density of cracking in the old
Interfacial Transition Zone (ITZ) [49]. According to Xiao et al. [69], the thickness of the old
and new ITZ are in the same order of magnitude, with the new ITZ being thicker. It has
been found that the increased ratio of mechanical properties, with respect to the modulus
of elasticity and strength, of the old ITZ to the cement matrix, results in higher strength
but lower ductility [71]. Zhao et al. [26] and Zhang et al. [72] suggest a third ITZ in the
recycled aggregate.

The first ITZ is between the new aggregate and the new mortar, the second ITZ is
located between the old mortar and the new mortar, and the third ITZ is between the
old mortar and the new aggregate. According to the authors, the third ITZ presents
stability in its mechanical properties; however, the addition of recycled aggregate in partial
replacement of natural aggregate in concrete, Zhao observed in his studies, not only
decreases the mechanical properties, such as mechanical strength and modulus of elasticity,
but also decreases its durability, including chloride resistance. According to Zhang [72],
the ITZ is characterized by its high porosity, high water permeability, and high diffusion
coefficient. Consequently, the ITZ allows the ingress of harmful substances from the
external environment, and the reaction between SO4

2−and C-S-H tends to form first in
the transition zone between the paste and the substrate, providing an earlier expansion in
this zone than in other phases of the material. This expansion over time may be the key to
understanding the macroscopic deterioration of concrete under external sulfate attack.

One of the methods employed to improve the microstructure of recycled concrete
aggregate is the coating of aggregates with pozzolanic materials [73], and the Pozzolanic
material that will be discussed next is fly ash.

3.1.3. Effect of the Recycled Aggregate Size on Strength and Elastic Modulus Properties

Kang and Weibin [74] developed a study to assess the impact of the recycled aggregate
diameter on the mechanical properties of concrete (compressive strength and modulus of
elasticity). The authors use three different diameters (5–15 mm, 15–20 mm, and 20–30 mm)
of recycled aggregate. In this study, two types of recycled aggregate were used, one being
crushed in the laboratory and the second crushed in a large crushing plant. It was observed
that the larger the diameter of recycled aggregates, the greater the compressive strength.
According to the authors, strength gain is related to the lower mortar content adhered
to larger diameter aggregates when compared to smaller diameter aggregates. It was
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observed that the control concrete elastic modulus was higher than the concrete elastic
modulus with a recycled aggregate. However, the authors noted that concretes’ modulus
of elasticity with different diameters of recycled aggregate is closely linked to a variation in
compressive strength performance. Musa and Saim [75] analyzed the compressive strength
of concrete with natural coarse aggregate of different sizes (10 mm and 20 mm). The same
behavior was observed by the authors, that the larger the particle size, the greater the
compressive strength.

3.2. Fly Ash

The size and shape of the fly ash particles have a relevant effect on the binder properties
(cement-waste ash). The pozzolanic reactivity is directly related to the fineness of the fly
ash because the more significant the surface area, the higher the Pozzolanic Index [76,77].
Studies show that the smaller the fly ash particles, the higher the mechanical strength [77,78].
Furthermore, according to Blissett and Rowson [79], the chemical composition of fly ash
has traditionally been the basis for evaluating its suitability for use as a cement replacement
material. Another inherent factor in the properties of fly ash is, besides the physical and
chemical characteristics, the crystalline structure in the hydration process [80].

There is a classification established by Ramachandran [81] for fly ash based on the
amount of CaO. Fly ash with CaO contents below 10% is classified as pozzolanic material.
Fly ash that has contents equal to or greater than 10% is classified as cementing materials.
According to the author, fly ash consists predominantly of silicon oxide (SiO2), calcium
oxide (CaO), in addition to aluminum oxide (Al2O3), and iron oxide (Fe2O3). The amount
of SiO2 and CaO in the system influences the composition of the hydrate, as the greater the
amount of SiO2, the smaller CaO/SiO2 ratio of the hydrates, that is, the lower the alkali–
silica reaction due to the lower alkalinity of the pore solution [82]. According to Garzia
et al. [83], an alkali–aggregate reaction, more precisely an alkali–silica reaction, can cause
damage, such as the appearance of micro-cracks in concrete as well as loss of mechanical
integrity properties and durability, which may even compromise the functionality of a
structural part.

According to Mehta [84], the pozzolanic fly ash reaction compared to Portland cement
is slower. Fly ash Oxides, when reacting with water and Ca(OH)2, result in a layer of
C-S-H around the particle, making it difficult to access the innermost oxides. As a result,
the hydration pozzolanic reaction forms more slowly; thus slowing down the resistance
development. Concretes with fly ash addition, in partial replacement to Portland cement,
may have lower mechanical strength compared to conventional ones at younger ages.
However, the fly ash addition in partial replacement to Portland cement tends to reduce the
effect of the alkali–aggregate reaction, which occurs between cement alkalis and reactive
aggregates in the presence of moisture.

3.2.1. Effect of Fly Ash on the Compression, Tensile and Flexural in Concretes

When fly ash, cement, and water are mixed, silica (SiO2) and alumina (Al2O3) progres-
sively react with calcium hydroxide (Ca(OH)2), which is formed by the cement hydration
process; thus producing the calcium silicate hydrate, known as secondary C-S-H. This
reaction reduces the calcium hydroxide content and consequently reduces the concrete
compressive strength. However, the cement hydration process allows the SiO2 and Al2O3
reaction from the fly ash. The fly ash pozzolanic reaction depends on the CaOH2 concentra-
tion, so it can be stated that the higher the Ca(OH)2 concentration, the higher the pozzolanic
reaction rate [85]. The production of secondary C-S-H at older ages will depend on the
Ca(OH)2 concentration, as the higher the concentration, the longer the pozzolanic reaction
time [86]. The flexural strength exhibits similar behavior to the compressive strength.
Tensile strength, on the other hand, depends on the shear zone of the interfaces between
the paste and the substrate, which, in turn, improves with curing time. This improvement
is closely linked to the fly ash pozzolanic reaction [85].
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3.2.2. Bulk Density and Water Absorption

The Brazilian Standard NBR 12653/2014 classifies fly ash as class “C”, which is pro-
duced by burning mineral coal in thermoelectric power plants. However, the international
standard ASTM C618:2012 classifies fly ash in “C” and “F”. Class “F” is produced by
burning anthracite or bituminous coal and presents the exact limits of chemical compounds
as the Brazilian standard (Table 2). Class “C” is produced by burning lignite or sub-
bituminous coal that contains a combination of chemicals (SiO2 + Al2O3 + Fe2O3) between
50% and 70%.

Table 2. Chemical characteristics required by ABNT NBR 12653: 2014 class “C” and by international
standard ASTM C618:2012 class “F”.

Properties (%) ABNT NBR
12653:2014

ASTM C 618:2012

Class C Class F

SiO2 + Al2O3 + Fe2O3 ≥70.0 ≥50.0 ≥70.0
SO3 ≤5.0 ≤5.0 ≤5.0
Humidity (%) ≤3.0 ≤3.0 ≤3.0
Loss to fire ≤10.0 ≤10.0 ≤10.0
Alkalis available in Na2O ≤1.5 ≤1.5 ≤1.5
Retained in the sieve 45 μm ≤20% ≤34% ≤34%

Studies show that there is a significant variation in the number of oxides within the
same class of fly ash. This variation is associated with its origin (characteristic of the coal)
as well as the different forms of the process (calcination). Table 3 presents the variations of
the oxides present in fly ash according to the literature.

Table 3. Range of oxides present in fly ash, as presented in the literature.

Oxides Class C (%) Class F (%) Authors

CaO 16.28–29.21 0.87–13.52 [25,76,87–94]
SiO2 27.05–37.67 49.2–70.70 [25,76,87–94]
Al2O3 13.44–21.07 16.36–33.7 [25,76,87–94]
Fe2O3 4.42–6.58 2.87–14.72 [25,76,87–94]
MgO 1.48–6.22 0.08–4.57 [25,76,87–94]
K2O 0.35–1.25 0.58–2.16 [25,76,88,89,91–94]
Na2O 0.33–1.91 0.0–2.82 [25,76,88,91–94]
Na2Oeq 0.50–1.43 1.16–4.24 [76,87–89,93,94]
SO3 1.43–7.65 0.25–1.47 [25,76,87–89,91–94]
LOI 0.12–15.73 0.49–4.01 [25,76,87–90,92,94]

Based on the Texas Department of Transportation database, the oxide content vari-
ations of approximately 5500 fly ash samples from 36 plants in and outside Texas were
analyzed, and authors Du and Lukefahr [95] observed that the oxide contents of ASTM
class F fly ash were more variable than those of class C fly ash. The authors observed that
the main differences between class C and class F fly ash are CaO and SiO2, and class C
fly ash has high CaO content, being mainly compounded with more than 25%. The CaO
concentration in class C fly ash is higher than in class F fly ash, which was also observed
by Oey et al. [96]. Already, according to the authors, Al2O3 and Fe2O3 showed very close
results. According to Aboustait et al. [97], most of the particles of Class C fly ash have the
highest contents of CaO + MgO + Na2O + K2O than those of Class F fly ash. On the other
hand, most of the particles of Class F fly ash have higher contents of SiO2 + Al2O3, which
is mainly due to the higher SiO2 content in the particles of Class F fly ash.

Oey et al. [96] performed an alkali–silica reaction durability index analysis to verify
the performance of fly ash in concretes, SiO2, Fe2O3, Al2O3, CaO, and equivalent alkali
contents were used for calculation purposes. The alkali–silica reaction is an internal reaction
between alkalis, such as Na+ and K+, and hydroxyl ions (OH-) of the cementitious material
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and reactive silica in some aggregates, and the product of the reaction is an alkaline silica
gel that has a high capacity to absorb water molecules from pore solution as well as from
external sources [98]. The durability index of class C fly ash showed an average of 24.6,
while that of class F fly ash was 51.3 [95]. According to Du, Lukefahr, and Naranjo [95],
the use of fly ash in concrete can be more viable and productive if its durability index
is considered.

According to Wright, Shafaatiann, and Rajabipour [93], for a reduction of the alkali–
silica reaction expansion to occur, for class C fly ash with 27.3% CaO, it was necessary to
replace 31% Portland cement, while for class F fly ash with 13.5% CaO, 18% replacement
content was required. The reduction of the alkali–silica reaction occurs due to the decrease
in alkalinity ([OH-]) of the pore solution, significantly decreasing the ionic diffusion coeffi-
cient of mortars, which is due, in part, to the reduction of porosity when Portland cement is
replaced by fly ash of a lower density, and, in part, due to the pozzolanic reaction promoted
by the high temperature and alkalinity of the system [94].

3.2.3. Physical and Mineralogical Properties of Fly Ash

According to the Brazilian Standard NBR 12653/2014 and the international standard
ASTM C618:2012, the physical properties should be in accordance with the requirements
established according to Table 4.

Table 4. Physical requirements for fly ash established in Brazilian (NBR 12653/2014) and international
standards (ASTM C618:2012).

Properties (%) ABNT NBR
12653:2014

ASTM C 618:2012

Class C Class F

Retained in the sieve 45 μm (% max.) 34 34 34
Pozzolanic activity Index at 28 days (% min.) 75 75 75
Required water (% max.) 110 105 105

A high amount of coarse particles (Ø > 1 μm) causes an irregular distribution of the
material and leads to high macroporosity [99]. However, finer particles tend to reduce
water absorption due to the refinement of the capillary pores of the concretes [17].

Due to the employment of more advanced characterization techniques, such as scan-
ning electron microscopy (SEM) imaging as well as energy-dispersive X-ray spectroscopy
(EDS), it is possible to identify the morphology and the chemical hydration products formed.
These techniques are widely employed for performing visual analysis to observe numbers
and ranges of chemical compositions [17,92,99,100]. Through these applied techniques, it
was observed that the fly ash used in the study of da Silva and Andrade [17] presented
spherical and flat shapes while the Portland cement presented irregular and rough shapes.

For higher levels of fly ash incorporation, the workability of concrete increases due to
the spherical and smooth shape of the particles that influence the rheological properties of
the cement paste, causing a reduction in the water requirement [101]. By scanning electron
microscopy (SEM), Tosun-Celikoglu et al. [92] noted that the particle size of class F fly ash
is finer than that of class C fly ash particles.

The automated scanning electron microscopy (ASEM) technique employed by Abous-
tait et al. [97], allowed us to verify that the fly ash particles larger than 5.0 μm were more
spherical than the smaller particles, and the particles with sizes between 0.1 and 1.0 μm
were the least spherical. The authors also noted that class C fly ash seems to show a wider
range of size distribution than those of class F. Furthermore, the pozzolanic reactivity is
directly proportional to the fineness of the fly ash, as the finer the fly ash, the higher the
Pozzolanic Index [76,102]. Tkaczewska [102] observe in his study that the finer fly ash
(0–16 μm) increases the degree of depolymerization of SiO4, which is responsible for the
increase of pozzolanic reactivity.

229



Sustainability 2022, 14, 6740

The X-ray diffraction (XRD) technique is fundamental for knowing the crystalline
structure and microstructure of a material to understand its properties. Silva and An-
drade [30] used XRD on a fly ash particle for sample analysis. The authors observed a high
concentration of quartz, calcite, and muscovite/illite as crystalline phases and amorphous
phase content throughout the fly ash particles. Ma, Hu, and Ye [103] also used XRD in their
studies, where they observed that the main crystalline phases of fly ash were quartz (SiO2)
and mullite (3Al2O3, 2SiO2).

Durdzinski et al. [104] observed that the fly ash in studies was made of glassy material
of amorphous nature, and because of that, the constituent materials largely include chemical
reactions. According to the authors, fly ash with elevated amorphous substance is more
viable in increasing the pozzolanic reaction.

4. Influence of Fly Ash Replacement in Concretes with Construction and Demolition
Waste (CDW) in Concrete Properties

Feasibility studies of the use of construction and demolition waste (CDW) as a substi-
tute for natural aggregate for the production of concrete in small quantities show promising
results. However, the significant variability of existing waste, with different compositions,
and physical and mechanical properties, can present adverse effects due to increased poros-
ity, roughness, and water absorption that leads to higher w/c ratios, making the cement
paste weaker and more porous [19,23–25]. To minimize the adverse effects regarding
the significant variability of CDW, many studies have been adding fly ash as a partial
replacement for Portland cement and will be presented as follows.

4.1. A General Overview

Many studies have investigated the influence of the use of fly ash and CDW on
the physical–mechanical properties of concretes, showing that the results improve the
mechanical properties and durability in ages longer than 28 days, as presented in Table 5.

Table 5. Some recent studies on the mechanical and durability properties of concrete with fly ash.

Properties RCD Types Replacements Authors

Compressive strength

RCA 1 (RA 4, 0% 50% 100%)
(FA 5, 0% 30% 60%)

Kurad et al. [37]

MRA 2 (RA 4, 0% 25% 50% 75% 100%)
(FA 5, 0% 15% 20% 25% 30%)

da Silva and Andrade [17]

RCA 1 (RA 4, 0% 100%)
(FA 5, 0% 20% 30%)

Sunayana and Barai [34]

RCA 1 (RA 4, 0% 25% 50%)
(FA 5, 0% 10%)

Shaikh [33]

RCA 1 (RA 4, 0% 50% 100%)
(FA 5, 0% 25% 35% 55%)

Kou and Poon [32]

RMA 3 (RA 4, 0% 30% 40% 50%)
(FA 5, 0% 15%)

Zong, Fei, and Zhang [7]

Tensile strength

MRA 2 (RA 4, 0% 25% 50% 75% 100%)
(FA 5, 0% 15% 20% 25% 30%)

da Silva and Andrade [17]

RCA 1 (RA 4, 0% 25% 50%)
(FA 5, 0% 10%)

Shaikh [33]

RCA 1 (RA 4, 0% 50% 100%)
(FA 5, 0% 25% 35% 55%)

Kou and Poon [32]

RCA 1 (RA 4, 0% 100%)
(FA 5, 0% 20% 30%)

Sunayana and Barai [34]

230



Sustainability 2022, 14, 6740

Table 5. Cont.

Properties RCD Types Replacements Authors

Modulus of elasticity

RCA 1 (FA 4, 0% 100%)
(FA 5, 0% 20% 30%)

Sunayana and Barai [34]

RCA 1 (RA 4, 0% 50% 100%)
(FA 5, 0% 25% 35% 55%)

Kou and Poon [32]

Carbonation coefficient (k)

RCA 1 (RA 4, 0% 50% 100%)
(FA 5, 0% 25% 35% 55%)

Kou and Poon [32]

RCA 1 (RA 4, 0% 20% 40% 60% 80%)
(FA 5, 0% 10% 20% 30%)

Geng and Sun [35]

MRA 2 (RA 4, 0% 25% 50% 75% 100%)
(FA 5, 0% 15% 20% 25% 30%)

da Silva and Andrade [17]

Sulfate resistance RMA 3 (RA 4, 0% 30% 40% 50%)
(FA 5, 0% 15%)

Zong, Fei, and Zhang [7]

Permeability to chloride ions
RCA 2 (RA 4, 0% 25% 50%)

(FA 5, 0% 10%)
Shaikh [33]

RCA 2 (RA 4, 0% 30% 60% 100%)
(FA 5, 0% 15% 30%)

Sim and Park [36]

Water absorption

MRA 3 (RA 4, 0% 25% 50% 75% 100%)
(FA 5, 0% 15% 20% 25% 30%)

da Silva and Andrade [17]

RCA 1 (RA 4, 0% 25% 50%)
(FA 5, 0% 10%)

Shaikh [33]

RMA 3 (RA 4, 0% 30% 40% 50%)
(FA 5, 0% 15%)

Zong, Fei, and Zhang [7]

1 RCA = recycled concrete aggregate; 2 MRA = mixed recycled aggregate; 3 RMA = recycled masonry aggregate
4 RA = recycled aggregate; 5 FA = fly ash.

In general, the addition of fly ash in partial replacement of Portland cement presents
a positive influence with respect to mechanical strength and durability in concretes with
recycled aggregate from construction and demolition when compared to concretes with
recycled aggregate and without fly ash at higher ages of healing. Kamal et al. [105] analyzed
sample data where more than a thousand pieces of information was extracted from the
literature, and through the nonlinear model, the effect of fly ash on the resistance proper-
ties of concrete was investigated. The study involved high cement replacement content
by fly ash (up to 70%), different water/binder ratios, and a 90-day curing period. The
authors observed, through mathematical models, that there is a good correlation between
compressive strength and the water/cement ratio in cured concrete up to 90 days without
fly ash, but no correlation was verified between compressive strength and water/binder
ratio in concrete with cured fly ash up to 90 days. A good correlation was also verified
between compressive strength and tensile and bending strength. According to the authors,
compressive strength can be calculated through mathematical models constructed through
the suggested methodology.

According to Limbachiya, Meddah, and Ouchgour [20], whenever recycled aggregate
(RA) is added to concrete with 30% fly ash in partial replacement to natural aggregate,
regardless of the content to be replaced, the tendency of durability and mechanical strength
is to decrease, and shrink drying is increased.

According to Limbachiya, Meddah, and Ouchagour [20], as the content of substitution
of natural coarse aggregate by recycled concrete aggregate increases (ARC), the strengths
(compression and traction), and the modulus of elasticity decrease. On the other hand,
shrinkage by drying increases. It is a consensus among all authors that the use of recycled
aggregate in concrete decreases the mechanical properties and durability, but with replace-
ment levels below 30% of natural aggregate by the recycled aggregate, the adverse effects
are not so significant. The addition of fly ash in small proportions in concretes with recycled
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aggregate tends to minimize the adverse effects, but the impact of fly ash is observed in
concretes with higher ages, where, according Lorca et al. (2014), the fly ash reacts with
calcium hydroxide released by the cement hydration product in older ages.

Some studies have developed mathematical models to estimate the mechanical strength
of concrete with pozzolanic materials as well as with recycled aggregate [105–107]. Shakr
Piro et al. [105] used five different models to estimate the compressive strength of concrete
with carbon nanotubes. Therefore, the artificial neural network model, M5P tree model,
nonlinear regression model, and multilinear model have been used. The variables used in
the model were curing time in days, coarse aggregate content, water/binder ratio, cement
intake in kg/m3, and carbon nanotube. As a methodology, the authors used information
such as the reference concrete compressive strength and concrete with different contents of
carbon nanotube. Based on sample data with 282 records analyzed statistically, the authors
developed a multiscale model to estimate the compressive strength of the concretes. An-
other very relevant study developed by the authors [107] was the analysis of the correlation
between compressive strength and electrical resistivity of concrete slag residue. The models
used for this study were the multi logistic regression model, complete quadratic model,
M5P tree model, and neural network. Barkhordari et al.’s [106] mathematical models
have been used to estimate the compressive strength of concrete with fly ash. The models
used were super apprentice algorithm, simple average, weighted average, and stacking
employed. The database contained information from 270 samples that were collected and
preprocessed. Next, some recent research on the use of fly ash in concretes with recycled
aggregate will be presented.

4.2. Mechanical Properties
4.2.1. Compressive Strength

Thus, concretes with the addition of fly ash in partial replacement to Portland cement
may present lower compressive strength compared to conventional ones in the smallest
ages. Below will be a few studies of the combined effect of different levels of fly ash and
with 50% recycled aggregate in the compressive strength in concrete at 28 days of curing
(Figure 3).

 
Figure 3. Compressive strength of concrete with: recycled aggregate of concrete (RCA), mixed recy-
cled aggregate (RMA), and ceramic bricks (RA). Data from Zong et al. [7], da Silva and Andrade [17],
Kou and Poon [32], Shaikh [33], Sunayana and Barai [34] and Kurad et al. [37].

The addition of fly ash in partial replacement to Portland cement tends to reduce the
compressive strength of concrete in the smallest ages. According to Mehta [84], this is

232



Sustainability 2022, 14, 6740

because the oxides when reacting with water and Ca(OH)2 form a layer of C-S-H around the
particle making it difficult to access the oxides of the inner part. With this, the hydration heat
of the pozzolanic reaction forms more slowly making the development of resistance slower.

According to Kurad et al. [37], the actual decrease in the combined fly ash effect and
recycled aggregate concrete (RCA) on compressive strength is less than the sum of the
individual fly ash effect and RCA, especially after 28 days of cure. According to the authors,
one of the factors that led to this behavior is the pozzolanic reaction between silicon dioxide
(SiO2) of fly ash and calcium hydroxide (Ca(OH)2) of RCA. With the increase of Ca(OH)2
due to the increasing reason for the incorporation of recycled aggregate, fly ash SiO2 will
have more Calcium Oxide (CaO) in the not hydrated particles of the old cement to produce
more C–S–H, which is the main contributor to the development of concrete resistance.

In 2017, Kurad et al. [37] verified the effect of incorporating high volumes of recy-
cled concrete aggregates and fly ash on the mechanical strength of new concretes. The
authors produced concrete with axial compressive strength of 20 MPa at 28 days. At the
same age (28 days) the concretes were crushed, and only after 10 months, the recycled
concrete aggregate (RCA) was used in the mixture as coarse and fine aggregates for the
production of new concretes. The sum of the main oxides of the fly ash used in this study
(SiO2 + Al2O3 + Fe2O3) was 86.1% of the total mass. The axial compressive strength de-
signed for the original concrete was 37 MPa, and the slump of the cone was 80 ± 10 mm in
all mixtures.

In this study, the authors replaced Portland cement with fly ash in the following
proportions: 0%, 30%, and 50% of fly ash, and the binder consumption were 350, 235, and
140 kg/m3, respectively. The authors produced concrete with 0% and 100% replacement
content of natural aggregate by recycled sand. Some of the concrete mixtures were repeated
with the addition of a 1% superplasticizer.

The authors observed that, in general, the replacement of natural aggregate with
recycled aggregate (RCA) is prejudicial to the compressive strength. The incorporation of
RCA as fine aggregate is more detrimental than its incorporation as coarse aggregate. The
authors also observed that when incorporating fly ash in mixtures with recycled aggregate
(RCA), the compressive strength of concretes has the tendency to decrease at early ages.
However, the rate of increase of concrete strength is directly proportional to the rise in
incorporation levels of RCA and FA.

According to Kurad et al. [37], the decrease of the combined effect of the joint employ-
ment of fly ash and RCA is smaller than the individual effect of the components, especially
after 28 days of curing. According to the authors’ study, one of the factors that led to this
behavior is the pozzolanic reaction between the Silicon Dioxide (SiO2) of the fly ash and
Calcium Hydroxide (Ca(OH)2) present in the RCA. With the increase of Ca(OH)2 due to
the increasing ratio of incorporation of recycled aggregate, the SiO2 of the fly ash will have
more Calcium Oxide (CaO) from the extra particles of the old cement to produce more
C-S-H, which is the main reason for the development of concrete strength [37].

According to Corinaldesi and Moriconi [108], concretes with a recycled concrete
aggregate present an improvement in the interfacial transition zone (ITZ) as a result of the
internal curing effect due to water being returned by the recycled aggregate particles, which
have high porosity, and in the C-S-H particles, probably contained in recycled aggregates
coming from the old mortar [108]. According to the authors, recycled aggregates also have
Ca(OH)2 particles that should help improve the pozzolanic activity of fly ash. To analyze
the TZs between natural aggregate and cement paste in conventional concrete and between
recycled concrete aggregate and cement paste in RCA concrete and fly ash, the authors
used the scanning electron microscopy (SEM) technique. The results showed that the ITZs
of the concrete mixes made with fly ash and recycled concrete aggregates were better than
those of the original concrete.

Corinaldesi and Moriconi [108] verified that the high amount of old cement particles
increases the Ca(OH)2 content, and the fly ash also contains large amounts of SiO2. Soon the
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amount of CSH increments and fills the ITZ and works on the interfacial connection among
aggregates and paste. This behavior was also observed by other authors [20,106,109].

In 2017, da Silva and Andrade [17] produced concretes with mixed recycled aggregate
consisting of 8% ceramic, 13% natural aggregate, and 79% concrete. The sum of the main
oxides of the fly ash used in this study (SiO2 + Al2O3 + Fe2O3) was 80.6%. The Portland
cement used in this research was similar to ASTM C 150 III, whose levels of substitution of
natural coarse aggregate by recycled aggregate proportions employed in the experiment
were 25%, 50%, 75%, and 100%, with 15%, 20%, 25%, and 30% of cement substitution by
fly ash. The axial compressive strength of the reference concrete at 28 days was 54.1 MPa,
and the slump of the cone was approximately 80 ± 10 mm in all mixtures. The w/binder
ratios employed were 0.40, 0.45, 0.50, 0.55, and 0.65. Based on a nonlinear regression model,
the authors observed that by replacing natural coarse aggregate with mixed recycled
coarse aggregate, the growth rate of axial compressive strength of the concretes without
fly ash between the ages of 28 and 91 days was low for the w/b ratio of 0.4. However,
as the replacement content of Portland cement by fly ash is increased, the growth rate of
compressive strength increases significantly, and as the w/b ratio is increased, this growth
rate is even higher (Table 6).

Table 6. Influence of the ratio w/b in the growth rate of the concrete compressive strength 25% RCA.

Mix
Relationship fc91/fc28

w/b 0.4 w/b 0.5 w/b 0.6

R0F0 1.09 1.11 1.13
R25F0 1.09 1.11 1.13
R25F15 1.14 1.16 1.18
R25F20 1.17 1.21 1.27
R25F25 1.21 1.26 1.36
R25F30 1.27 1.34 1.46

According to da Silva and Andrade [17], the pozzolanic reaction between fly ash and
Ca(OH)2 in concretes with mixed recycled aggregate showed significant improvements
in mechanical properties, tending to approach the reference concretes at older ages. The
results verified in this study are in agreement with those observed by Kurad et al. [37].

The addition of fly ash in concretes with clay brick waste with a strength of approx-
imately 10 MPa as coarse aggregate replacing natural coarse aggregate was the subject
of a study by Zong, Fei, and Zhang [7]. The sum of the principal oxides in the fly ash
(SiO2 + Al2O3 + Fe2O3) was 86.91% of the total mass. The cement employed in this study
was ordinary Portland cement. The proportions used in this study were 30%, 40%, and 50%
recycled aggregate, and 15% fly ash. A high-performance polycarboxylate admixture was
used for water reduction. The water content in the concrete was the standard amount of
water required for reference concrete plus additional water based on the increased water
absorption of the recycled aggregate. The authors observed a significant reduction in the
density of the concretes with recycled aggregate compared to the reference concrete.. Ac-
cording to the authors, this behavior is related to the low density of the recycled aggregate
of ceramic material. According to the authors, the reference concrete had a density of
2476 kg/m3, while concretes with 30, 40, and 50% of recycled aggregate content presented
2352 kg/m3, 2316 kg/m3, and 2175 kg/m3, respectively. According to the authors, the
reference concrete had a density of 2476 kg/m3, while concretes with 30, 40, and 50% of
recycled aggregate content presented 2352 kg/m3, 2316 kg/m3, and 2175 kg/m3, respec-
tively. According to the authors, the reduction in density of the concretes with recycled
aggregate is related to the low density of the recycled aggregate of ceramic material.

Fei and Zhang [7] observed that the reduction in mechanical strength was more
significant in concretes with 50% recycled aggregate and 15% fly ash compared to the
reference concrete, which was 44% at 28 days of curing. Based on the authors’ results,
the concrete with only 15% fly ash presents compressive strength of 48 MPa and flexural
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strength of 11 MPa. For concretes with 15% fly ash and 30, 40, and 50% recycled aggregate,
the compressive strength was 42 MPa, 35 MPa, and 28 MPa, respectively, while the tensile
strength was 4.8 MPa, 4.6 MPa, and 3.9 MPa, respectively. According to the authors, this
behavior occurred because the recycled aggregate used in this study presents much lower
strength than the natural aggregates.

In a general way, it can be noticed that the reduction in the mechanical strength of
concrete when recycled aggregate is used is closely related to the type of waste. Recycled
concrete aggregates tend to present higher mechanical resistance in comparison to recycled
aggregates from clay bricks, and consequently present a higher strength decrease. The
addition of fly ash in concretes with recycled aggregate has a very significant contribution
because it produces an excellent pozzolanic reaction in the long term and has a pore filling
effect due to the fine particles of the ash. The higher the content of adding fly ash in partial
replacement to Portland cement, the lower the degree of reaction in the initial ages of
cure [110].

4.2.2. Tensile Strength

Tensile strength showed behavior similar to compressive strength, although, according
to a study carried out by Gonzalez-Corominas [111], if the curing process is steam, the
tensile strength tends to improve. This behavior is closely linked to the addition of fly
ash in partial replacement to Portland cement that results in a concrete with lower cement
content, and consequently lower availability of calcium hydroxide in the concrete matrix
(FILHO [112]), as shown in Figure 4.

 

Figure 4. Results of tensile strength of concrete with recycled aggregate of concrete (RCA), mixed
recycled aggregate (RMA), and ceramic bricks (RA) from some researchers. Data from da Silva and
Andrade [17], Kou and Poon [32], Shaikh [33] and Sunayana and Barai [34].

Regarding the tensile strength, the results of several research studies are convergent.
Kou and Poon [32] evaluated such property by employing replacement levels of 50% and
100% of natural aggregate by the coarse recycled concrete aggregate, with the addition of fly
ash at three replacement levels (25%, 35%, and 50%) to the Portland cement ASTM Type I.
The sum of the principal oxides of the fly ash employed in this study (SiO2 + Al2O3 + Fe2O3)
was 90.31%. The w/b ratio was 0.55, the slump was kept constant for all mixtures (120 mm),
and the tensile strengths were estimated at ages of 28 days, 1, 3, 5, and 10 years. It was
observed that the concretes produced with natural aggregate and fly ash in the proportions
0%, 25%, 35%, and 55% (R0F0, R0F25, R0F35, and R0F55) showed an increase in splitting
tensile strength by 38.9%, 43.0%, 44.1%, and 39.8%, respectively, in the period between
28 days and 10 years. The concretes with 100% coarse recycled aggregate and fly ash in
the same proportions showed an increase in strength of 57.8%, 62.5%, 67.2%, and 70.9%,
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respectively, in the period between 28 days and 10 years. After 10 years, the concrete
with 100% coarse recycled aggregate and 25% fly ash (R100F20) presented the highest
tensile strength. However, the concrete with 100% coarse recycled aggregate and 55%
fly ash (R100F55) was the one that showed the highest resistance gain. According to the
authors, this behavior is closely related to the incorporation of fly ash into the recycled
aggregate, which improves the microstructure of the ITZ, which, in turn, increases the
adhesion between the aggregates and the paste. Mehta and Monteiro [1] suggest that
the concentration of calcium hydroxide crystals in the ITZ may be reduced by chemical
reactions when a pozzolanic mixture or a reactive aggregate is present. The authors suggest
that possible chemical interaction between calcium hydroxide and the calcareous aggregate
is probably the reason for the increased tensile strength of concrete.

In another study, Kou et al. [113] produced concretes with different w/c ratios (0.45,
0.50, and 0.55), Portland cement ASTM Type I and fly ash whose sum of the principal
oxides (SiO2 + Al2O3 + Fe2O3) is 90.31%. The absorption of the recycled aggregate varied
between 4.26% and 8.69%. In this study, the authors produced reference concretes with
20, 50, and 100% recycled aggregate content and concretes with 25% addition of fly ash in
partial replacement of Portland cement and 0%, 20%, 50%, and 100% of recycled aggregate
in partial replacement of natural aggregate.

According to the authors, the tensile strength at 91 days of concrete with 100% recycled
aggregate for w/b ratios 0.50, 0.45, and 0.40 were 12%, 10%, 9%, and 10% lower than that of
the reference concrete, respectively. By using the addition of fly ash as a partial replacement
for Portland cement, the strength of concretes with 100% recycled aggregate increment
by 3%, 6%, and 8%, respectively, contrasted with cement without fly ash. Kou et al. [113]
suggest that such an increase in strength in the concretes with fly ash can be credited to
the densification of the concrete because of the possible reduction in porosity and to the
pozzolanic reaction of the fine fly ash particles.

The result of the influence of fly ash in concretes with mixed recycled aggregate in
the tensile strength in concretes was produced by da Silva and Andrade [17], between
the period of 28 days and 91 days. The authors observed that the addition of fly ash in
concretes with recycled aggregate would, in general, constrict the adverse effects that the
recycled aggregate may cause in the tensile strength of concretes.

The authors observed that the negative effect in concretes with 25% of RCA and with
an increasing amount of fly ash was smaller than in concrete with 20% of fly ash when the
content of replacement of RCA increased. This behavior is due to the reduction of concrete
porosity due to the filling of voids by fly ash particles. The addition of fly ash in concretes
with recycled aggregate, by containing very fine materials, has a pore plugging effect in
the recycled aggregates and makes a denser paste, and consequently reduces the harmful
effects of the incorporation of recycled aggregate.

4.2.3. Elastic Modulus

According to Neville [96], the elastic modulus of concrete depends on the elastic
modulus of the aggregate and the volume proportion of the aggregate in concrete. Studies
show that the elastic modulus decrease in concretes with fly ash and recycled aggregate in
the early ages. Sunayana and Barai [34] and Kou and Poon [32] observed similar behavior
of the elastic modulus of concrete produced with different fly ash contents and with 50%
recycled aggregate, as shown in Figure 5.

However, the improvement in elastic modulus was observed in concretes with RCA
in the older ages by some authors. Sunayana and Barai [34] used two groups of recycled
concrete aggregate as coarse aggregate for the production of fly ash concretes. The first
group of recycled concrete aggregate consists of a particle packing method (PPM), which
consists of adopting a continuous particle size range between 4.75 mm and 20 mm because,
according to the authors, the voids between larger particles are filled by the smaller particles
to achieve the lower amount of voids in a concrete mix. The mixing method used for the
production of concrete with recycled aggregate and fly ash was in the following steps:
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(a) Mix for 15 s the natural aggregates and recycled aggregate;
(b) Add fly ash and mix for another 15 s;
(c) Portland cement is added and mixed for another 30 s;
(d) Add water and superplasticizer to the dry material and mix for another 60 s.

 

Figure 5. Elastic Modulus of concrete with recycled aggregate of concrete (RCA). Data from Kou and
Poon [32] and Sunayana and Barai [34].

Cylindrical samples were fitted with a compressometer to measure the displacement
at each load increment, which was subsequently converted to strain. The load was applied
for three load cycles up to 1/3 compressive strength of similar cylinders and converted
to strain. The stress–strain relationship in the linear elastic region was used to find the
modulus of elasticity (E) and to minimize the effect of compressive strength. The parameter
(E/fc0.5) was found to be in the range of 4461–5507. Based on the authors’ results, the
reference concrete presented a compressive strength of approximately 43 MPa, while the
concretes with 20 and 30% fly ash and RCA presented an average of 41 MPa and 42 MPa,
respectively. The modulus of elasticity of the reference concrete was 36,000 MPa, while
concretes with 20 and 30% fly ash and RCA had an average of 34,808 MPa and 31,340 MPa,
respectively. The relationship between the modulus of elasticity and the compressive
strength (E/fc0.5) for the reference concrete was approximately 5505 and for the concretes
with 20 and 30% fly ash and RCA, it was around 5443 and 4764, respectively.

Based on the results, the authors observed a 5 to 10% reduction in elastic modulus in
concretes with NAC compared to natural aggregate for 20% and 30% of fly ash replacement
presented a decrease for RAC + FA20 compared to NAC for the same w/b ratio of 0.45. This
behavior is due to the lower elastic properties of recycled aggregate due to the presence of
adhered mortar compared to natural aggregates.

Kou and Poon [32] produced concretes with coarse recycled concrete aggregate in the
replacement of 50% and 100% of coarse natural aggregate. The PC used in this research
was equivalent to ASTM Type I. The sum of the principal oxides of the fly ash employed
(SiO2 + Al2O3 + Fe2O3) was 90.31%, and the proportions of the addition of fly ash in
replacement of PC were 25%, 35%, and 50%. The w/b ratio was 0.55, and the concrete was
kept constant at 120 mm. The static elastic modulus was determined according to ASTM C
469 (2002) in specimens at 28 days, 1 year, 3 years, 5 years, and 10 years.

Based on the results, the authors observed that in the first year of curing, there was
a gain in the elastic modulus for R100 R100F25, R100F35, and R100F5 mixtures of 7.2%,
7.9%, 11.2%, and 14.8%, respectively. However, at higher ages, the increase in percentages
in the elastic modulus was much higher, corresponding to 31.3%, 33.9%, 40.7%, and 46.1%,
respectively, between 28 days and 10 years. The authors also observed that, compared to
the control mixture, the utilization of a considerable quantity of recycled aggregate in the
concrete diminished the modulus increment following 10 years of curing.

According to Neville [114], the modulus of elasticity increases with concrete strength,
but the growth in the concrete modulus of elasticity is smaller than the growth in compres-
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sive strength. The elastic modulus of concrete is closely linked to the elastic modulus of
the binder matrix and aggregates. As recycled aggregate presents lower stiffness when
compared to natural aggregate due to its composition and highly porous internal structure,
it is expected that the higher the content of recycled aggregate substitution for natural
aggregate, the lower the concrete elasticity modulus will be [42]. In the study by Kou and
Poon [32], a good correlation was observed between compressive strength and modulus of
elasticity for all concrete mixes with recycled concrete aggregate and fly ash. That is, as the
compressive strength increases, the modulus of elasticity increases. For this analysis, the
authors employed an equation based on ACI 318-08 to estimate the modulus of elasticity in
terms of the compressive strength of natural concrete.

Thus, since the elastic modulus of concretes depends on the aggregate characteristics
(considering the same properties for cement paste), it can be challenging to determine an
adequate correlation between the elasticity modulus and concretes produced with recycled
aggregate since the elasticity modulus of aggregates presents a significant variability,
depending mainly on their type and origin.

4.3. Durability Properties
4.3.1. Water Absorption

According to Zhang et al. [115], there are several aggressive agents present in nature
that contribute to the deterioration of the concrete structure, reducing its service life, whose
action is associated with climatic and environmental conditions, such as CO2, Cl−, O2,
and H2O. In addition, Ca(OH)2 gives concrete high alkalinity, maintaining the pH of the
mixture between 12 and 13, but it is a leachable product and in contact with CO2 present in
the environment, and relative humidity of approximately 60–80% initiates the carbonation
process, which reduces the pH to values close to 8–9, leaving the concrete exposed to
chemical attacks. Limbachiya, Meddah, and Ouchagour [20] produced concretes with 0%,
30%, 50%, and 100% ratio of natural coarse aggregate to recycled concrete aggregate and
with 30% fly ash in place of Portland cement CEM I 42.5 N. The mixtures were classified
into three grades according to the 28-day design compressive strength (C20, C30, and C35
considering a 28-day design compressive strength of 20, 30, and 35 MPa, respectively).

The method employed for testing water absorption in concretes by the authors con-
sisted of measuring the rate at which water, through a known surface area, flows into the
capillary network of concrete pores with a fixed scale of 10 min. The estimation of volumet-
ric flow is obtained by measuring the length of flow along a capillary of known size. The
initial surface absorption (ISA) of the various mixtures was determined in 150 mm cubes.

The authors observed that the initial surface absorption (10 min) versus RCA content
for all investigated mixtures showed an increase in the initial surface absorption (ISA)
as the replacement content of the recycled concrete aggregate was increased. However,
the authors observed that concretes with 30% fly ash in partial replacement of Portland
cement showed a reduction in water absorption when compared to concretes without fly
ash. According to Limbachiya, Meddah, and Ouchagour [20], this behavior is linked to
the pozzolanic reaction and the pore structure refinement that reduces the water flux. The
same behavior was verified by da Silva and Andrade [17].

To analyze the water absorption in concretes with recycled aggregate and 10% ul-
trafine fly ash (UFFA), Shaikh [48] used 10% ultrafine fly ash (UFFA) and two levels of
substitution (25% and 50%) of coarse recycled aggregate from construction and demolition
waste (CDW) in partial replacement of natural aggregate. The CDW used was consti-
tuted of approximately 78% concrete, 13% bricks, 2.3% asphalt, and 5.7% other materials.
The water absorption of the recycled aggregate was 4.88%. The sum of the fly ash oxides
(SiO2 + Al2O3 + Fe2O3) was 95.5%, with a surface area of 2.51 m2/g. Concrete water absorp-
tion over a period of 6 h was adjusted by linear regression, and, to describe the absorption,
the slope of the equation was used. The absorption rate (mm) for the investigated concretes
at 7, 28, and 90 days.
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Based on the analysis through linear regression based on R2 values greater than 0.98
for all mixtures, the authors observed that the water absorbed in the concrete increased
as recommended in Fick’s first law equation [33]. The concretes with recycled aggregate
presented higher water absorption than the reference concretes. According to Shaikh [33],
the rate of water absorption through concrete is a function of the permeability of the pore
structure where, due to capillary increase, the rate of water percolation is controlled mainly
in unsaturated concretes. Based on the results obtained the authors noticed that as the
age of cure increases, the rate of water absorption of recycled aggregates decreases. This
behavior is related to the continuous hydration reaction and the formation of calcium
silicate hydrate (C-S-H), which generally fills the micropores in the matrix [33]. It was also
found that the addition of 10% UFFA significantly reduced the water absorption rate of
concretes containing recycled coarse aggregate and natural coarse aggregate at all ages [33].
The high pozzolanic activity, the secondary C-S-H due to the pozzolanic reaction of ultra-
fine fly ash (UFFA) with calcium hydroxide (CH), as well as the fineness of fly ash, may
have significantly contributed to the reduction of water absorption [17,116].

In general, studies have shown that recycled aggregates are, for the most part, more
permeable than natural aggregates. The higher the replacement level of natural aggregate
by the recycled aggregate, the greater the water absorption. The addition of fly ash in
concretes with recycled aggregate reduces the negative effect that the recycled aggregate
causes in the concretes due to the refinement of the porous capillary network that makes
these concretes denser, improving their mechanical resistance and reducing the flow of
water through the concretes.

4.3.2. Chloride Ingress

The chloride ions do not cause significant damage to concrete itself, but they contribute
to corrosion of reinforcement in structural elements and can negatively affect the serviceabil-
ity and safety limit states [31,117]. Sim and Park [36] performed chloride ion penetration
tests on concrete with recycled concrete sand, whose water absorption was 6.45%. The
sum of the principal oxides of the fly ash employed in this study (SiO2 + Al2O3 + Fe2O3)
was 30.3%, with high CaO content (61.2%). The water/binder ratio was equal to 0.485,
and the replacement contents of natural sand with recycled concrete sand were 30%, 60%,
and 100%. The addition of fly ash in replacement of Portland cement CEM I was 15% and
30% by weight. The authors analyzed the depth of chloride ion penetration measured at
different cure times compared to the addition of fly ash at the ages of 21 days and 56 days.

Based on the results, it is observed that the penetration of chloride ions at 21 days
reduces significantly according to by how much the partial replacement of cement by fly
ash is increased. For the concrete, at 56 days, the reduction was not so significant when
compared to the reference concrete. According to the authors [36], the concretes with
recycled aggregate for applications in structural elements obtained sufficient resistance to
chloride ion penetration, and the resistance can be maximized by the addition of fly ash.
Similar behaviors were observed by other authors [31,112].

Shaikh [33] used the method proposed by ASTM C1202 31 for the mitigation of
chlorides in concretes with ultrafine fly ash and coarse aggregate from construction and
demolition waste. The authors analyzed the effects of ultrafine fly ash (UFFA) on the
permeability of chloride ions in concrete containing coarse recycled aggregates. The authors
observed that for reference concretes (OPC), as the age of the concrete increases, the
penetration of chloride ions decreases. By replacing the natural coarse aggregate with
recycled coarse aggregate (RCA), there is a significant increase in chloride ion penetration
compared to reference concretes (OPC). However, when adding 10% ultrafine fly ash
(UFFA) in partial replacement of Portland cement, it is observed that there is a significant
improvement in permeability at all ages. It is also observed that the addition of 10% UFFA
will, in general, expand the chloride ion resistance of recycled aggregate concretes since,
according to Shaikh [33], it serves to promote hydration and block the capillary spaces in
the concrete matrix.
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Thus, the chloride ions will penetrate the concretes with recycled aggregate more
quickly due to a higher permeability rate in function of the capillary pores in the matrix
of the cement and recycled aggregate. The addition of fly ash in concretes with recycled
aggregate fills the capillary pores of the recycled aggregates making a denser concrete, and
consequently improves the resistance of concretes to chloride ion penetration.

4.3.3. Carbonation Depth

Carbonation has a significant influence on concrete durability because this reaction
reduces the pH of the water in the pores of the cement paste from approximately 12.6 to
8.3 [114]. When the low pH reaches the surface of the reinforcement, the thin passivation
layer of oxides that is strongly adhered to the steel in the presence of moisture is destroyed,
causing the beginning of the corrosive process [114]. According Khunthongkeaw et al. [118],
mortars with fly ash contents lower than 30% have carbonation proposals similar to the
reference mortars. Thus, it is crucial to know the resistance to carbonation of concretes with
recycled aggregate and fly ash so that these concretes can be used in structural elements.

Geng and Sun [35] used recycled concrete aggregate as sand with a fineness modulus
equal to 2.7. The fly ash employed in this study presented a sum of 88% in its principal
oxides (SiO2 + Al2O3 + Fe2O3). The w/b ratio was 0.40, and the levels of substitution of
natural sand for recycled sand were 20%, 40%, 60%, and 80% by weight, and the levels of
substitution of ordinary Portland cement for fly ash were 10%, 20%, and 30% by weight.
To perform the carbonation depth tests, the accelerated carbonation test was employed
at a temperature of 20 ± 5 ◦C, with a relative humidity of 70 ± 5 and a carbon dioxide
(CO2) concentration of 3%. The carbonation depth was measured after 7, 14, and 28 days
of exposure to CO2. The authors compared the carbonation depth between the reference
concrete (FC0), concrete with 40% replacement content of natural sand by recycled sand
(FC14), and concrete with 40% replacement of natural sand by recycled sand combined
with 10% (FCF1), 20% (FCF2), and 30% (FCF3) of replacement of Portland cement by fly
ash, respectively.

In the first 7 days of curing, all concretes, with the exception of LC14 (4 cm), have
practically zero carbonation depth. After 14 days of curing, the LC0 concrete remained
with a carbonation depth close to zero. Concretes LCF2, LCF3, LCF1, and LC14 presented
carbonation depths of 0.24 cm, 0.26 cm, 0.49 cm, and 0.78 cm, respectively. At 28 days of
cure, the authors observed that the LC0 and LCF2 concrete had very similar carbonation
depths (0.48 cm). The LCF3 concrete has a carbonation depth greater than the LCF2 concrete,
which was 0.98 cm and 0.75 cm, respectively. The LC14 concrete has a carbonation depth of
1.49 cm.

Carbonation depth of the concretes with recycled sand and fly ash is lower than
the concretes with only recycled sand. According to Geng and Sun [35], the effect of
cement replacement by fly ash on carbonation depth reveals that carbonation initially
decreases and then increases with a replacement rate from 10% to 30%, and then reaches the
minimum at 20%. However, according to the authors, the amount of cement decreases with
increasing fly ash replacement content, which leads to a decrease in the alkalinity of the
pore solution, which is unfavorable for the carbonation resistance capacity of the concrete.
This behavior was also observed by Limbachiya, Meddah, and Ouchagour [20] and Silva
and Andrade [17]. Khunthongkeaw, Tangtermsirikul, and Leelawat [100] and Silva and
Andrade [17] suggest that this behavior may be related, in addition to the reduction of
calcium hydroxide (CH) due to the reduction of cement content, to the pozzolanic reaction
of the fly ash, which predominates in the refinement of the pores, since there is a slowing
of the initial hydration process [35]. Limbachiya, Meddah, and Ouchagour [20] also state
that the reduction of the initial CaO content in the cement matrix leads to a decrease in the
pH of the concrete, which will contribute to accelerating the carbonation rate.

Silva and Andrade [17] evaluated the resistance to CO2 of concretes with fly ash
and mixed recycled coarse aggregate subjected to accelerated carbonation with a CO2
concentration of 3%, moisture content between 65 and 75%, and a total exposure period
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of 23 weeks. The first measurement of carbonation depth was at 15 days of exposure,
and the other measures were taken every 30 days. They observed that the carbonation
coefficient (adjusted according to Fick’s second law) tends to be higher in concretes with
recycled coarse aggregate and fly ash compared to reference concretes. This analysis was
performed with reference concrete (R0F0), concrete with a 25% replacement of natural
coarse aggregate by recycled coarse aggregate (R25F0), concrete with a 25% replacement of
natural coarse aggregate by the recycled coarse aggregate, and 30% addition of fly ash in
partial replacement of Portland cement, for a w/b ratio of 0.50.

The relationship between K (mm/month0.5) and t (months) was analyzed in all con-
cretes and based on the authors’ results. All concretes presented in the carbonation coeffi-
cient with increasing time of exposure to CO2. This behavior was observed in all concretes.
In the first 15 days of exposure to CO2, the reference concrete was a carbonation coeffi-
cient of 4.9, while the R25F0 and R25F30 concretes were a carbonation coefficient of 5.9
and R25F30. At 145 days of exposure to CO2, the reference concrete was a carbonation
coefficient of 3.97, while the concretes R25F0 and R25F30 were a carbonation coefficient of
3.98 and R25F30. According to the authors, the carbonation process is straightforwardly
associated with the exposure time of the specimens to CO2, and the carbonation coefficient
will, in general, balance out after some time. Similar behaviors were observed by Meddah
and Ouchagour [20], Khunthongkeaw, Tangtermsirikul, Leelawat [113], and Atiş [119].

In general, it is found that with a partial replacement of Portland cement with fly ash,
the CH decreases and makes the concrete more vulnerable to CO2 penetration. However,
the pozzolanic reaction of the fly ash in the pore refinement, which occurs in concretes with
higher ages, contributes to the carbonation resistance. Thus, it is possible to observe in
the studies that initially, the carbonation resistance is lower at early ages, and as the age
increases, the carbonation resistance is improved.

4.3.4. Microstructural Analyses

Microstructural analyses are essential to verify the products formed due to the chemical
reactions between the components of the cement matrix and the aggregates, especially on
the ITZ. Li, Xiao, and Zhou [120] observed the ITZ employing scanning electron microscopy
(SEM). The authors investigated the properties of two groups of concretes: in the first (A)
part of the mixing, water was mixed with a pozzolanic powder consisting of fly ash, silica
fume, and blast furnace slag for 60 s in order to produce a paste with a relatively low
water/binder ratio; then recycled concrete aggregate (RAC) was added to the paste and
mixed for another 60 s to coat the surfaces of the recycled aggregate; finally, the remaining
water, sand, and Portland cement were added to the mixture and mixed for another 120 s.
The second group (B) mixtures were performed in a conventional way and without the
pre-mixing of the recycled aggregate.

Microstructural analyses were performed on the concretes RC04A and RC04B to verify
the influence of different types of the mixture on the ITZ of the two concretes that present
the same proportions of materials. For concrete production, recycled aggregate from an old
cement sidewalk was used, whose apparent density was 2.497 g/cm3 and water absorption
of 4.6%. The amount of binder and water was established at 500 kg/m3 and 220 kg/m3,
respectively. A superplasticizer was added in a fixed amount of 0.8% to the binder in
all mixtures. The density (in g/cm3) of the fly ash, silica fume, and blast furnace slag
were 2.38, 2.20, and 2.75, and specific surface area values (in m2/kg) were 410, 20,000, and
240, respectively.

According to the authors, the RC04A concrete has a denser ITZ, and the hydrates are
mainly composed of uniform CSH gel. With the new mixing technique, the pozzolanic
coating layer forms a barrier that prevents water penetration. Workability is improved, and
the ITZ is strengthened. On the other hand, concrete RC04B showed a crack with a length
of 30–40 μm (perpendicular to the ITZ), and a large amount of CH crystals was observed in
the ITZ. According to the authors, the occurrence of the cracks may be due to the water
absorption from the paste by the recycled aggregate. After the water evaporation, it was

241



Sustainability 2022, 14, 6740

verified the occurrence of voids that correspond to the cracks in the ITZ. Thus, it can be
observed that different mixing techniques can contribute to making the material denser
and with fewer cracks. The use of recycled aggregate without pre-mixing, resulting in a
weaker ITZ, was also verified by Poon, Shui, and Lam [68] and Sidorova et al. [121].

To evaluate the ITZ bond, Juan-Valdéz et al. [122] produced concretes with 50% re-
placement of natural aggregate with mixed recycled aggregate whose composition was
44.11% stone, 33.56% bricks, tiles, sanitary ware, 17.51% stone with mortar, 0.44% asphalt,
0.75% glass, 3.48% gypsum, and 0.16% other materials. The authors used a Hitachi S-4800
scanning electron microscope with tungsten as the X-ray source, a Si/Li detector, and a
Brucker XFlash 5030 EDS analyzer to verify the EDX elemental mappings. It was found
that aggregates (natural and recycled) developed ITZ with satisfactory properties [122].
According to the authors, this result was due to the wetting of the recycled aggregate before
its addition to the concrete mixture. Thus, it can be seen that saturation of recycled aggre-
gates results in beneficial effects regarding the improvement of concrete microstructure,
making a denser paste that improves ITZ properties.

5. General Analysis

In general, construction and demolition waste can be used in the production of concrete
components, mortar, paving blocks, subfloor, and masonry in urban infrastructures such
as sidewalks and curbs. These materials can also be used in the regularization and gravel
of unpaved streets, as well as in the base, sub-base, and reinforcement of the pavement
subgrade. The use of waste (recycled aggregates) and fly ash (binder), although there
are many studies, has still been little used in the construction industry, as it requires the
systematization of quality control technology, public policies, standards, and technical
specifications for use on a large scale. Based on what was exposed in this review, it
is possible to estimate the practical application of this waste in some segments of civil
construction, as shown in Table 7.

Table 7. Possible to estimate the practical application.

Usage with 20% of Fly Ash
Replacement Rate

0–25% 25–50% >50%

Structural cement concrete (20–25 MPa) X
Non-structural cement concrete (<20 MPa) X X
Permeable cement concrete X X
Mortars X X
Paving (base, sub-base, and sub-bed reinforcement) X X X

For use in paving, some basic requirements, such as particle size composition, maxi-
mum characteristic dimension, and shape index, are necessary. For cement concretes, the
minimum required control requirements are particle size composition, water absorption,
and control of contaminants, such as chlorides, sulfates, and non-mineral materials.

6. Conclusions

Considering the several works published in the literature, the following considerations
can be drawn:

• There are already several studies exploring the most suitable composition of concrete
mixtures with construction and demolition waste and fly ash to reach a consensus
on the most appropriate contents of these wastes to achieve results of mechanical
properties and durability closer to the reference concretes;

• Although there is an intense debate regarding the use of construction and demolition
waste for the production of new concretes due to the significant variability of this
waste, many researchers agree that small amounts of substitution of natural aggregates
by recycled aggregates are quite feasible;
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• The addition of fly ash as a partial replacement for Portland cement in concretes with
recycled aggregate from construction and demolition waste, besides improving the
adverse effects caused by recycled aggregates in terms of mechanical properties and
durability, can contribute significantly to reducing CO2 generation in the environment;

• The use of this solid waste in the production of concrete and mortar will make a
significant contribution to reducing the consumption of natural resources as well as
reducing production costs.

7. Suggestions for Further In-Depth Studies

In view of the current holes in the past studies, the accompanying suggestions are
proposed for future exploration:

• There is a need for an establishment of methodologies for cost evaluation per m3 of
concretes with recycled aggregate and fly ash;

• A study of the mechanical properties and durability in concretes with recycled aggre-
gate and fly ash under different environmental conditions;

• Further investigations are necessary to determine ranges for an adequate w/b ratio
for concretes with recycled aggregate and fly ash, given the variability of the physical–
chemical characteristics of such materials;

• As the curing temperature directly affects the chemical reactions of fly ash activation,
an evaluation of the mechanical properties and durability of concretes with recycled
aggregate and fly ash is necessary;

• Life cycle analysis (LCA) that includes the recycling or reuse process to incorporate
the product in the construction process is needed in order to give information for the
decision-making process.

• Prediction of compressive strength of concrete modified with fly ash: applications of
neuro-swarm and neuro-imperialism models;

• Systematic multiscale models to predict the compressive strength of fly ash-based
geopolymer concrete at various mixture proportions and curing regimes;

• Soft computing techniques: systematic multiscale models to predict the compressive
strength of HVFA concrete based on mix proportions and curing times;

• ANN, M5P-tree, and nonlinear regression approach with statistical evaluations to
predict the compressive strength of cement-based mortar modified with fly ash;

• Characterizing and modeling the mechanical properties of the cement mortar modified
with fly ash for various water-to-cement ratios and curing times;

• Model technics to predict the impact of the particle size distribution (PSD) of the sand
on the mechanical properties of the cement mortar modified with fly ash;

• Compare the cost and environmental effect of the use of demolition construction waste
for the production of new concrete.
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Abstract: The construction industry is a vital part of every nation’s economy. Construction activities
influence the social, environmental, and economic aspects of sustainability. There are so many barriers
to sustainable construction and demolition waste management (C&DWM). This study aims to identify
barriers for effective sustainable C&DWM in developed and developing countries. To achieve the
objective, 11 barriers have been selected and identified based on an excessive and comprehensive
literature review, and then reviewed by experts. These reviewed barriers were further examined by
various experts within different organizations using a questionnaire survey. Ranking of the barriers
was carried out using the Relative Importance Index (RI), and the results were statistically analyzed
using Statistical Package for Social Sciences (SPSS). Practical solutions were proposed to overcome
the identified barriers. The overall ranking of barriers by RI indicates that insufficient attention paid
to C&DWM, lack of law enforcement, lack of regulation, and financial constraints represent the four
major barriers to sustainable C&DWM in these countries. The findings of this study and the proposed
solutions are enablers for decision-makers to develop effective strategies to tackle construction and
demolition wastes in sustainable manners.

Keywords: barriers; sustainability; construction and demolition waste; waste management; relative
importance index

1. Introduction

The population and economic growth due to urbanization have increased the amount
of municipal waste, notably construction and demolition waste (C&DW) generated from
increased demand for housing and municipal expansion [1]. This massive amount of
C&DW creates environmental burdens, for example by depleting resources, reducing green
space, and increasing air and land pollution and toxic waste discharge [2,3].

Consequently, the rapid increase in global urbanization has increased the demands
placed upon the construction industry [4,5]. The construction industry now not only needs
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to meet this increasing demand for urban spaces but also effectively address all the negative
externalities associated with increased urbanization. This includes the large-scale clearance
of agricultural land, high energy consumption, and rising environmental degradation [6].
The amount of C&DW generated by the industry is also increasing at a rapid rate. Globally,
more than 10 billion tons of C&DW are produced every year [7,8]. The construction indus-
try is seen as a major generator of waste and pollution, as waste from construction activities
significantly pollutes the environment [8,9]. The proper management of this waste is a chal-
lenge in many countries, particularly developing countries. Moreover, construction projects
in most developing countries have been characterized by poor performance in terms of
sustainability [10]. C&DW mainly consists of inert and non-biodegradable materials such
as concrete, plaster, wood, metal, broken tiles, bricks, and masonry [11]. In some parts
of the world, the disposal of C&DW often creates additional hazards as it is disposed of
indiscriminately and illegally on any available space, including on the shoulders of major
roads [12].

Although the construction industry has a vital role in developing cities, its contribution
to environmental degradation is widely acknowledged [13]. Infrastructural development
can lead to significant C&DW generation if it is not designed and constructed sustainably.
The C&DW is considered the largest waste flow worldwide, and has reached 30–40% of
the total solid waste (SW) [14–16], for instance, the European construction sector produces
820 million tons of C&DW every year, which is around 46% of the total amount of SW
generated in Europe [17]. Sustainable construction has become a focal point for countries
worldwide, as the Earth’s resources are under severe pressure due to increasing population
and economic expansion. As a result of this, many countries are striving to implement
sustainable construction practices in their construction industries [10].

Sustainable management of C&DW is therefore of paramount importance to mitigate
and reduce the environmental impacts of C&DW. Thus, it takes into consideration reducing
raw material consumption, reusing materials, appropriate recycling mechanisms, and
minimizing waste generation from construction and demolition tasks [18]. Despite great
previous efforts, the current practice in the construction industry is far from reaching
the goals of sustainability to fully achieve sustainable construction. Recent research has
shown that the construction industry requires significant transformation to fully implement
sustainable practices to contribute to the achievement of sustainable development goals [1].

Understanding the barriers to sustainable development can promote the development
of eco-friendly, socially harmless, and economically viable strategies [1]. Prior studies
have assessed the barriers to sustainable construction and demolition waste management
(C&DWM). Some studies showed that the economic concerns are the most influential in
C&DWM from both governmental and institutional perspectives [18,19]. Negash et al. [1]
found that the eliminating regulatory and social barriers can significantly enhance the
performance of C&DWM. Also, Dong et al. [20] showed that the technical barriers areas
are important due to the complexity of waste management; technical resources such as
appropriate processes, procedures, and people are needed for waste management activities.
Furthermore, Ghaffar et al. [21] emphasized that improvement in the regulatory system,
social awareness, technical practices, and the development of waste infrastructure using
innovation to treat waste are necessary to achieve sustainable C&DWM.

Therefore, this research contributes to provide qualitative information about the
challenges and barriers to sustainable C&DWM and aims to investigate, identify, and rank
the barriers to C&DWM. Effectively, the identifications of these barriers may help decision
makers to develop the strategies required to mitigate them.

This study is organized as follows: Section 1 introduces the research; Section 2 is
focused on literature reviews on the barriers to achieve sustainable C&DWM; Section 3
outlines the methodology used in this study including identification barriers and data
analysis procedures; Section 4 presents and discusses the results including categorization of
the construction industry, evaluation of the barriers to effective and sustainable C&DWM,
suggestion solutions to tackle the barriers to effective sustainable C&DWM, and statistical
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analysis for the obtained results; Section 5 states the main conclusions from the present
study, summarizes limitations, and presents recommendations for future studies.

2. Literature Review

The construction industry encompasses the design, construction, maintenance, and
demolition of assets, buildings, engineering, and infrastructure works. It involves the entire
life cycle of buildings and infrastructure from concept and design, to development, use, and
ultimate demolition [22] and the importance of the construction industry to the economy
of a country cannot be underestimated. It has been argued that a country’s construction
industry is vital to its economic development and national growth [23], yet stakeholders are
increasingly demanding construction companies take responsibility beyond their economic
contribution to include their impact upon the wider environment and society [24]. Unlike
many industries, the construction industry also operates almost wholly in the public eye
and so is subject to a greater level of scrutiny over its practices, specifically around waste
minimization, reuse, and recycling practices. The construction industry involves several
participants and stakeholders, their consciousness and commitment can have a major
impact on the effectiveness of C&DWM.

C&DWM is considered to be one of the most important environmental challenges
faced by policymakers worldwide because of the rate of increase and associated pollu-
tion. Accordingly, many researchers have identified many barriers to effective C&DWM
around the world. Bufoni et al. [25] identified socio-political, technological, regulatory,
financial, and human resources constraints as the barriers to effective C&DWM. This is
supported by Menegaki and Damigos [26], who also identified the lack of regulatory and
financial resources as hindrances to sustainable C&DWM. Similarly, Udawatta et al. [27]
found that the main barriers to effective C&DWM include the rigidity of construction
practices, construction project characteristics, awareness, experience and commitment,
and the rudimentary nature of waste management systems, and human and technical
factors. Aghimien et al. [28] revealed that the major barriers to sustainable construction
practices are fear of higher investment costs, no local green certification available, lack of
government policies or support, and lack of financial incentives. Opoku and Ahmed [29]
recognized the importance of public awareness and proper knowledge and understanding
of sustainability as being essential to the successful promotion of sustainable construction
practices in the various construction organizations. Aghimien et al. [28] noted that sus-
tainability awareness and the knowledge-related factor are crucial barriers to sustainable
construction. Karji et al. [5] found that pre-construction constraints, managerial constraints,
legislative constraints, and financial and planning constraints are the most influential
challenges that the industry faces to foster sustainable construction. Furthermore, the
barriers to effective C&DWM are classified under three dimensions: behavioral, technical,
and legal [30]. Huang et al. [31] also acknowledge that ineffective management systems,
immature recycling technology, under-developed market for recycled C&DW products,
and immature recycling market operations constitute barriers to C&DWM. Also of note is
the findings that barriers to effective C&DWM vary from country to country and regions
of the world. This is hardly surprising given the differences in levels of socio-economic
cultural norms, institutions, energy sources, and climate [32].

Prior studies highlighted that the consideration of economic barriers is essential be-
cause contractors usually seek and give high priority to financial gains [19,33]. Lockrey
et al. [34] underlined that economic viability is a significant barrier and has a substantial
effect on contractors’ performance, practices, and behaviors regarding C&DWM. Chen
et al. [19] identified economic barriers as having the most influence on both government
institutions’ and contractors’ management strategies. Negash et al. [1] revealed that the eco-
nomic barriers are significant and should be investigated to improve the understanding of
the obstacles to managing waste generated from construction works and provide solutions
that address these obstacles. Moreover, technical barriers that involve the absence of the
right expertise, knowledge, and technologies needed to promote sustainability are obstacles
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to implement C&DWM [35,36]. Mahpour [30] argues that technical, legal, and social barri-
ers are fundamental barriers that make it difficult to achieve sustainability. Negash et al. [1]
noted that the technical weaknesses are significant sources of problems related to C&DWM
and need to be considered. Social barriers, such as the lack of contractor awareness and
lack of community involvement, significantly hinder the implementation of sustainability
practices [34]. Abarca-Guerrero et al. [37] argue that social awareness affects the sustain-
ability performance of C&DWM. Insufficient or the lack of management regulations, such
as weak policies and inadequate supervision, create significant challenges for attaining
sustainability in construction works [15,30,38]. Similarly, Negash et al. [1] indicate that it is
necessary to consider the significance of regulatory barriers when assessing C&DWM.

On the other hand, policymakers and industry practitioners must improve their
awareness and efforts to promote and implement effective C&DWM [39]. Albeit, the
emergence of building information modeling technology provides new opportunities to
reduce construction waste generation and project costs by enhancing the quality of design
and construction management with inherent capabilities like material quantity take-off,
spatial conflict analysis, and multidisciplinary data communications. However, few studies
have focused on how to more effectively manage demolition waste generated from existing
buildings with the aid of building information modeling applications [39,40]. Han et al. [39]
identified the main barriers hindering the extensive adoption of building information
modeling in C&DWM as the inefficient building data acquisition and integration process,
moreover, existing waste management software and inherent waste analytic functionalities
are not compatible with building information modeling.

3. Methodology

This study used data from the Science Direct and Web of Science database during the
years 2019–2021 to explore research published in journals, books, chapters, and studies on
the sustainable construction industry. The main keywords to search the database included
construction industry, sustainable waste management, sustainable C&DWM, challenges,
barriers and obstacles to sustainable C&DWM, management of C&DW in developed and
developing countries, Egypt, Ghana, UK, and KSA, statistical analysis, relative importance
(RI), proposed solutions to eliminate and overcome barriers to sustainable construction, etc.
The papers included in this study were published between the years 1998 and 2021. This
was done to identify barriers to sustainable C&DWM in some developed and developing
countries as well as to investigate the possible solutions to tackle the barriers. The initial
search yielded more than 300 publications in the English language. They were analyzed
individually to assess if they focused on sustainable C&DWM in developed and developing
countries. Thus, general and non-relevant articles were excluded from these articles.
At the end, a total of 78 research items has been retained including 77 research articles
and 1 technical report.

The methodology of the study consists of three main steps: In the first step, identify the
barriers based on the literature review. In the second step, the questionnaire was assessed
by experts in construction projects. In the third step, the reviewed questionnaire was sent
to respondents to identify and rank the barriers. Ranking of the barriers was carried out
using the RI, and the results were statistically analyzed using Statistical Package for Social
Sciences (SPSS). Practical solutions were proposed to overcome the identified barriers.
Figure 1 shows the methodology for the current research.

3.1. Identification of Barriers

There are so many barriers that hinder the effective and sustainable implementation
of waste management policies and strategies in construction projects. In the first phase,
82 papers were reviewed and eleven barriers were identified; later, 24 papers were re-
viewed and the selected barriers were the same. This is due to the overlap of suggested
barriers investigated through the reviewed papers, as well as experts’ recommendations,
as indicated in Table 1. All these barriers are widely acknowledged in the literature and are
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highly applicable in the current context of this study. The literature review focused mainly
on two criteria for journal selection: indexed in Science Citation Index and a publication
focusing on waste management.

Table 1. Barriers to effective C&DWM.

Serial Number Barriers to Effective C&DWM References

B1 Institutional Fragmentation [4,27,31,33,41–47]
B2 Lack of Fundamental Data on C&DW [27,30,43,48–52]
B3 Lack of Law Enforcement [2,15,30,31,41,50,53–56]
B4 Insufficient Attention Paid to C&DWM [2,15,27,33]
B5 Socio-political [1,10,21,25,46,52,53,57]
B6 Technological [1,20,25–27,30,33,42–46,48,51,52,57]
B7 Lack of Regulation [1,2,10,15,21,25,26,31,33,43,45,49–51,53–56,58]
B8 Financial [1,10,15,25,26,31,43,44,52,53,57–59]
B9 Human Resources Constraints [2,4,25,27,30,42,52,54,55]

B10 Construction Project Characteristics [27,46,53,60]
B11 Rigidity of Construction Practices [27,52,60–62]

 
Figure 1. Research methodology scheme.

B1: Institutional Fragmentation.

Several institutions are involved in waste management, and as often as it is the case,
many of these institutions reneged on their responsibilities, hoping other institutions
would tackle the problem. This scenario occurs mostly under extensive bureaucracy where
there are no clearly defined lines of responsibilities [2,46,47]. Institutional fragmentation is
particularly a major challenge to effective and sustainable C&DWM, and rather than a weak
and bureaucratic waste management system, requires effective and strong institutional
arrangements for waste management [4,41,63,64].

B2: Lack of Fundamental Data on C&DW.

Sustainable waste management requires reliable data on rates of generation and
composition of the wastes. However, the fundamental data on C&DW that will inform
effective planning for sustainable C&DWM is absent in many developing countries and
woefully inadequate in some developed countries [27,51,52]. Notwithstanding this, C&DW
comprises the largest waste stream in most developed countries and is also increasing at
alarming rates in the developing world, due to an increasing rate of urbanization [65].

B3: Lack of Law Enforcement.
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Many countries have a long history of safeguarding the environment, including
attempts in ensuring proper C&DWM, and have enacted appropriate legislations; nonethe-
less, the enforcement of legislations is a major challenge in many countries, particularly
in developing countries [41]. The non-compliance and non-enforcement of laws and
regulations governing C&DW have significantly contributed to poor C&DWM in many
countries [2,30,41,54].

B4: Insufficient Attention Paid to C&DWM.

Stakeholders in the construction industry usually focus more on completing the project
within budget, at the expected time, and to the desired quality, and much less attention is
paid to the waste emanating from construction activities [15,27,33,66]. This has given a bad
image to the construction industry, as improper disposal of C&DW results in far-reaching
environmental consequences [2].

B5: Socio-political factor.

The construction industry, like other industries, is characterized by cultural and
socio-political differences across firms’ types, age, and size. Consequently, several studies
have linked the construction industry’s culture with its waste intensiveness [1,10,21,52,67].
This means that an effective and sustainable waste management system cannot be es-
tablished unless the cultural and socio-political patterns of construction firms are fully
understood [25,46,53,57].

B6: Technological.

The C&DW technology and management choices in many countries have become very
complicated, especially when reductions in greenhouse gasses, elimination of landfill sites,
and land reclamation are targeted goals [42,44]. The C&DW sector has become a specialized
industry involving huge and indivisible capital requirements, and sophisticated technology,
requiring in-depth experience and expertise in research and engineering [26,30,43–46,51,57].
Technical information and guidance, advanced technologies and methodologies for sus-
tainable construction represent important requirements for effective C&DWM [1,20,52].

B7: Lack of Regulation.

Environment regulation, including C&DWM, is essential for ensuring effective and
sustainable environmental management and governance [1,2,10,21]. However, weak en-
forcement of environmental regulations in many countries allows construction firms to
flout regulations on C&DWM without sanctions [50,51,55].

B8: Financial.

Financial resources are critical for effective waste management; however, these are
generally scarce in many countries [25,44]. Poor economic policies, coupled with ex-
treme poverty and infrastructure deficit, make the financial consideration one of the
obvious constraints to developing appropriate C&DWM systems in most developing
countries [1,10,26,43,52,68].

B9: Human Resources Constraints.

Human resources are essential for effective waste management, especially the daily
operations of C&DWM [2,52]. Nonetheless, many countries do not have the human
resources with the requisite expertise required for the effective and sustainable management
of a C&DW system [25,27,30,42,54,55].

B10: Construction Project Characteristics.

Several construction project characteristics have the potential to influence C&DWM,
which include: the complexity of the project, type of project, size of project, location of the
project, the importance for the project to be completed on time, the form of contract, and
project funding [27,46,53,60].

B11: Rigidity of Construction Practices
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Many stakeholders are involved in the construction industry who play varied and
crosscutting roles. The effectiveness of a C&DWM system in a particular location or
country depends on the performance of these stakeholders in terms of their awareness
of the impact of construction SW on the environment, and flexibility or rigidity in their
practices [27,61,62]. With high public awareness about the problems posed by inadequate
C&DWM, broad consultation and the involvement of all stakeholders are needed for the
sustainable development of C&DWM strategies and policies [52,60].

3.2. Data Collection and Analysis

The questionnaire is a systematic technique of data collection and it is used to obtain
professional opinions. A questionnaire survey was distributed amongst various stakehold-
ers within different organizations to investigate barriers to effective waste management
implementation in the construction industry in the selected countries. In this study, the
construction industry in the studied countries was categorized in terms of ownership
(public or private), type of the organization, size of the organization, role of the respon-
dent in the organization, and experience of the respondent in the construction industry.
A two-step procedure was adopted to assess its appropriateness and rationality. In the
first step, the questionnaire was assessed by 15 persons having expertise in construction
projects, to ensure clarity and technical applicability. In the second step, the reviewed
questionnaire was sent to respondents to identify and rank the frequency (i.e., 1 = Never,
2 = Rarely, 3 = Occasionally, 4 = Sometimes, 5 = Frequently, 6 = Usually, and 7 = Always)
of the eleven barriers.

The distribution was conducted across various countries, mainly the UK, the KSA,
Ghana, and Egypt. Due to the ongoing COVID-19 pandemic, the Google questionnaire
survey form was used. Around 150 experts in the construction field were invited to
participate in the study and 93 responses were collected over the course of two months
in 2020. A convenience sampling approach was adopted to select participants from each
country; 93 valid responses were received and considered for analysis (UK: 18, KSA: 31,
Ghana: 32, and Egypt: 12). All results were reported descriptively with the aid of Statistical
Package for Social Sciences (SPSS), Microsoft Excel, and RI.

The study adopts the RI research method to identify and rank the critical barriers
to the sustainable implementation of construction demolition waste management in the
countries investigated. The RI is widely used in the analysis of construction strategies and
policies. Equation (1) [69,70] depicts the RI measurement.

RI = ∑ (ax) ×100
7

(1)

where: a = constant (weight) 1 to 7, x = n/N, n = Frequency of responses, N = Total responses.
Finally, the questionnaire included the reasons for organizations’ engagement in

effective C&DWM. It was investigated by asking the respondents “Why do you think your
organization should engage in effective C&DWM activities?” This was performed to know
the current trends and needs to achieve sustainable C&DWM in their organizations.

4. Results and Discussion

The results discussed under this section are based on the extensive literature review
that produced the barriers to effective C&DWM and the responses to the questionnaire by
experts from the UK, the KSA, Egypt, and Ghana. Thus, the responses of 93 experts in the
construction industry are discussed.

4.1. Categorization of the Construction Industry

The classifications of respondents in relation to ownership of the organizations are
shown in Figure 2a. It can be seen that 49.5% of the respondents were from the public
sector, whereas 50.5% work in the private sector. Thus, both the public and private sectors
of the economy were equally represented.
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Figure 2. Categorization of the Construction Industry: (a) Ownership of the organization, (b) type of
organization, (c) size of organization, (d) position in organization, and (e) years of experience.

Also, on the type of construction industry, a majority of the respondents (41.9%)
were from consultancy firms and remaining respondents were contractors, clients, and
other built environment professionals, as indicated in Figure 2b. These represent the main
stakeholders in the construction industry of the four countries under study. Furthermore,
Figure 2c indicates percentages of organizational size based on the number of employees.
The organizations were categorized in sizes as: large organization (<249 employees),
medium organization (50 to 249 employees), and small organization (>49 employees). The
large size organization accounted for the highest percentage of respondents at 45.2% of
all respondents.

In addition, the position of respondents in the organizations are classified in Figure 2d.
Project managers recorded 32.8% of respondents, and the significance of this is that they
were well placed to assess the barriers to an effective and sustainable C&DWM system.
The classification of respondents according to the years of experience is shown in Figure 2e.
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The category of respondents with more than 15 years of experience stood at 34.4%, whereas
those with 6 to 10 years’ experience constituted 26.9% of respondents.

It can be observed from the characteristics of respondents that the majority are from
consultancy firms, large organizations, project managers, and have considerable experience
of the workings of the construction industry in their respective countries.

4.2. Organizations’ Engagement in Effective and Sustainable C&DWM

The result on organizations’ engagement in effective and sustainable C&DWM were
obtained and illustrated in Figure 3. The most prominent reasons identified by 70% of
respondents was the desire “to make a positive difference to society”. This clearly shows
that respondents are aware of the adverse environmental effects of construction activities
on the natural environment, and the need for the industry to make a difference to society in
the manners that it conducts its activities. Though not as significant, 15% of respondents
hold the view that the primary objective of their organization’s engagement with sustain-
able C&DWM is to meet the primary objectives of delivering quality projects timely and
within costs.

Figure 3. Reasons for organizations’ engagement in effective C&DWM.

4.3. Evaluation of Barriers to Effective and Sustainable C&DWM

Based on the results obtained from the experts, the estimated RI values range from
0.45 to 0.70, as shown in Figure 4. These values were divided into three levels: strong
barriers (0.60–0.70), moderate barriers (0.50–0.60), and weak barriers (<0.50).

Figure 4. Variation of RI index for UK, Ghana, KSA, and Egypt.
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4.3.1. Critical Barriers in the UK

According to the questionnaire in the UK, B4, B3, B7, B8, and B2 constitute the
five strongest barriers to effective and sustainable C&DWM. Additionally, B1, B5, and
B6 were regarded as moderate barriers to effective and sustainable C&DW. Notwithstand-
ing these, the UK Government has been using a combination of regulations, economic
instruments, and voluntary agreements to meet targets of ethical, social, and environmental
performance in driving the waste management agenda [71,72]. Also, the UK implements
legislative and fiscal measures which lead not only to construction waste reduction, but are
directly related to the rising landfill tax, increasing cost for waste disposal, and compliance
requirements with site waste management regulations from 2008 [73,74].

4.3.2. Critical Barriers in the KSA

The experts in the KSA indicated that the top seven barriers to sustainable C&DWM
are B4, B3, B6, B7, B8, B5, and B1. Despite these barriers, the country has moderate RI
values (0.50–0.60), the plurality of them is a major challenge to adopt feasible approaches
to tackle the barriers. Identification of these barriers can support the efforts of decision
makers in the Kingdom to meet their 2030 Vision. There are no data available on C&DW
characterization [75]. Despite the fact that contractors play an important role in collecting
C&DW from their sites by licensed waste haulers who are subcontracted to perform this
task, the subcontractors usually dispose of these wastes indiscriminately in unapproved
sites or by the roadsides, resulting in environmental and visual pollutions, and blockage to
roads and drainage [2].

4.3.3. Critical Barriers in Egypt

The C&DWM challenges are not different in Egypt compared to the KSA and Ghana,
as C&DWM is a major problem in the construction industry. Consequently, experts who re-
sponded to the study questionnaire identified seven strong barriers to sustainable C&DWM
in Egypt. These barriers are B4, B11, B8, B7, B5, B3, and B6. The remaining barriers were
regarded as moderate level barriers. Recently, Waste Management Law No.202 of 2020
has been adopted for waste management including construction and demolition waste
in Egypt [76]. The main goals of the law are the development of an integrated municipal,
industrial, agricultural wastes, and C&DWM system; to promote reuse; the recycling,
treatment, and final disposal of waste; and to manage waste in a way that reduces damage
to public health and the environment. The implementation of these policies will ensure
effective and sustainable C&DWM in Egypt.

Notwithstanding this, Daoud et al. [77] posit that 5.8 million tons of C&DW is gener-
ated annually, which accounts for 6.4% of the total SW generation in Egypt. This figure may
not reveal the extent of the problem owing to lack of accurate data on SW generation and
characteristics in Egypt [78]. Similar to C&DW disposal in the KSA, C&DW is also usually
dumped on roadsides and in open spaces. In the particular case of C&DW, contractors
usually find it cheaper to transfer C&DW to illegal sites. This problem is continuing despite
the new legislation, and this is due to several reasons including the existence of unregis-
tered construction firms operating without permits, lack of regulatory enforcement, poor
C&DW collection and disposal, limited local government participation, and poor financial
commitments to C&DWM [77].

4.3.4. Critical Barriers in Ghana

The construction industry in Ghana, as with most others in sub-Saharan Africa, is
underdeveloped, relying on imported materials and expertise to function. The relative un-
derdevelopment of the sector is characterized by weak institutions and institution building
capacity, hence the limited absorptive capacity for managerial, technology, technological
innovations, as well as institutional development [10]. The current study indicates B7,
B3, B4, B8, and B6 have the highest range of RI (0.60–0.70) and represent the major bar-
riers to effective and sustainable C&DWM in Ghana. The other barriers are considered
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moderate barriers and only B1 is disregarded based on its factor. In this context, previous
studies showed that the additional financial cost of providing measures to improve the
sustainability of construction works, the government policies, legislation and government
commitment, the management of the construction industry, the technical information on
sustainable construction, the desire of stakeholders in the construction industry to be com-
mitted to change, and congruent goals and objectives represented the main components
for successful implementation of sustainable construction in the Ghanaian construction
industry [10].

4.4. Common Barriers and Proposed Solutions

Opinion data from respondents were integrated and analyzed for all the countries
studied. Table 2 indicates the descriptive information for the results and the overall
ranking of barriers using the Relevance Index method. As can be observed, B4, B3, B7,
and B8 are strong major barriers to sustainable C&DWM. However, the other barriers are
considered as moderate barriers, with only B10 being considered as a weak barrier and can
be disregarded due its low RI value (<0.50). The correlation coefficients of the results have
also been determined to get the relationship between the different barriers. Table 3 shows
the correlation coefficients, where the values between 0.5 and 1 indicate closely related
barriers. The strongest relation has been found between B10 and B11 followed by the
relation between B9 and B10. The lowest one has been detected between B1 and B10. These
barriers can be mitigated and managed by organizations through proper management
and leadership.

Table 2. Descriptive statistics of the received data and RI index for the overall countries.

Barriers to
Effective
C&DWM

N Minimum Maximum Mean
Std.

Deviation
Variance

Confidence
Level

(95.0%)
RI Rank

B1 93 1 7 3.56 2.01 4.05 0.41 0.512 10

B2 93 1 7 3.69 1.79 3.20 0.37 0.536 7

B3 93 1 7 4.36 2.05 4.18 0.42 0.628 2

B4 93 1 7 4.45 1.85 3.41 0.38 0.642 1

B5 93 1 7 3.87 1.89 3.59 0.39 0.558 6

B6 93 1 7 3.99 1.81 3.27 0.37 0.573 5

B7 93 1 7 4.38 1.94 3.75 0.40 0.627 3

B8 93 1 7 4.30 1.95 3.79 0.40 0.611 4

B9 93 1 7 3.55 1.86 3.46 0.38 0.516 9

B10 93 1 7 3.42 1.62 2.61 0.33 0.496 11

B11 93 1 7 3.67 1.76 3.11 0.36 0.525 8

N: Number of valid Respondents, RI: Relative importance index.

Based on the evaluation of the barriers to effective and sustainable C&DWM in the four
studied countries, practical solutions to overcoming barriers to effective and sustainable
C&DWM have been proposed in Table 4. The proposed solutions to tackle the barriers to
effective sustainable C&DWM include cooperation and collaboration among construction
companies, providing complete data about the amount of C&DW and their composition,
the reuse, recycling and reducing of waste and minimizing its negative impact on the
environment, choosing the suitable material that can minimize waste or be reused or recy-
cled, increasing the awareness of the benefits and the procedures used for deconstructing
buildings and selective demolition that uses fewer tools and equipment, reduces pollution
and toxicity in the removal process and increases the longevity of buildings, enforcing
regulations on waste management, stakeholder’s involvement in C&DWM, application of
sustainability policies in C&DWM, and adoption of integrated waste management.
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Table 3. Correlation coefficients and p-values of the barriers for the overall countries.

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11

B1
C. 0.513 ** 0.460 0.219 0.453 0.346 0.374 0.330 0.168 0.143 0.224

p-V. <0.001 <0.001 0.019 * <0.001 0.002 0.012 0.012 0.834 * 0.529 * 0.783 *

B2
C. 0.513 ** 0.739 ** 0.590 ** 0.551 ** 0.508 ** 0.624 ** 0.393 0.169 0.271 0.269

p-V. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.011 0.774 * 0.115 * 0.130 *

B3
C. 0.460 0.739 ** 0.692 ** 0.517 ** 0.509 ** 0.679 ** 0.450 0.220 0.281 0.270

p-V. <0.001 <0.001 <0.001 <0.001 0.020 <0.001 0.011 0.315 * 0.195 * 0.268 *

B4
C. 0.219 0.590 ** 0.692 ** 0.562 ** 0.540 ** 0.643 ** 0.596 ** 0.422 0.458 0.553 **

p-V. 0.019 * <0.001 <0.001 <0.001 0.001 <0.001 <0.001 0.001 <0.001 <0.001

B5
C. 0.453 0.551 ** 0.517 ** 0.562 ** 0.652 ** 0.580 ** 0.485 0.216 0.176 0.282

p-V. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.479 * 0.045 0.189 *

B6
C. 0.346 0.508 ** 0.509 ** 0.540 ** 0.652 ** 0.668 ** 0.654 ** 0.290 0.265 0.260

p-V. 0.002 <0.001 0.020 0.001 <0.001 <0.001 <0.001 0.075 * 0.250 * 0.507 *

B7
C. 0.374 0.624 ** 0.679 ** 0.643 ** 0.580 ** 0.668 ** 0.684 ** 0.255 0.353 0.400

p-V. 0.012 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.285 * 0.169 * 0.024

B8
C. 0.330 0.393 0.450 0.596 ** 0.485 0.654 ** 0.684 ** 0.536 ** 0.483 0.494

p-V. 0.012 0.011 0.011 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001

B9
C. 0.168 0.169 0.220 0.422 0.216 0.290 0.255 0.536 ** 0.771 ** 0.663 **

p-V. 0.834 * 0.774 * 0.315 * 0.001 0.479 * 0.075 * 0.285 * <0.001 <0.001 <0.001

B10
C. 0.143 0.271 0.281 0.458 0.176 0.265 0.353 0.483 0.771 ** 0.775 **

p-V. 0.529 * 0.115 * 0.195 * <0.001 0.045 0.250 * 0.169 * 0.001 <0.001 <0.001

B11
C. 0.224 0.269 0.270 0.553 ** 0.282 0.260 0.400 0.494 0.663 ** 0.775 **

p-V. 0.783 * 0.130 * 0.268 * <0.001 0.189 * 0.507 * 0.024 <0.001 <0.001 <0.001

C: Correlation, p-V.: p-Value, ** Correlation is significant and strong positive, * p-value is not significant.

Table 4. Proposed solutions to barriers to effective and sustainable C&DWM.

Barriers to Effective
C&DWM

Proposed Solution(s) References

B1

The government, organizations, and individuals should establish effective
communication tools to achieve cooperation and collaboration among
construction companies. The government should have an appropriate

framework to encourage and regulate companies’ practices. Construction
companies and their projects should realize the strategic importance of

C&DWM and implement it at organizational and project levels.

[4,41]

B2

Municipalities should provide fundamental data about the approximate
amount of C&DW and their compositions based on the project type. Moreover,
they should provide data about the protocols, procedures and alternatives for
the available management of C&DW (reuse, recycle, reduction, and disposal).

[51,52]

B3 Implementation of waste management rules and regulations by enforcing the
environmental regulations and penalties regarding C&DWM. [2,30,41]

B4

Promote environmental awareness by organizing discussions, seminars,
training, and workshops on sustainable construction and its importance for

contractors, consultants, and stakeholders. Moreover, provide clear
understanding about the benefits and the used procedure of deconstructing

buildings and selective demolition.

[2,15,27,52]

260



Sustainability 2022, 14, 7532

Table 4. Cont.

Barriers to Effective
C&DWM

Proposed Solution(s) References

B5
Social awareness, change in culture and attitude by branding and use of social
media, as well as incentives such as tax reduction and applicable sustainability

policies by government agencies can support sustainable C&DWM.
[10,52]

B6
Technical information in sustainable construction, advanced technologies and
methodologies, production and distribution of technical guidance documents

for best practices should be available.
[46,52]

B7

Governments should review and evaluate existing legislations and suggest
amendments in coordination with responsible regularity authorities. Moreover,

governments with the support of stakeholders should develop legislation,
regulations, codes, and standards relating to sustainable construction practices.

[2,10]

B8

Additional financial cost should be provided for sustainability management.
Reduction in costs by improving quality and reusing materials or recycled
products, determining the best routes and use of waste transportation and

material recycling to achieve economic and environmental gains by reducing
fuel consumption.

[10,52]

B9 Developing appropriate training for all levels of workers in order to develop
their skills and knowledge. [2,4,52]

B10

The construction project characteristics should be provided to organize and
achieve effective and sustainable C&DWM such as type, size, location, and

complexity of the project, as well as the importance for the project to be
completed on time, contract form, and project funding.

[46,60]

B11

Creating and improving awareness and knowledge of sustainable construction
amongst various actors in the construction industry, especially for

stakeholders. Funded projects should include provisions that encourage and
obligate the stakeholders and contractors towards proper C&DWM.

[52,61,62]

5. Conclusions

The large amount of C&DW with poor management has severely affected sustainability.
Sustainable construction efforts in some countries have been unsuccessful due to so many
barriers to its successful implementation. This study identified sustainability barriers to
effective and sustainable C&DWM in four countries (UK, KSA, Egypt, and Ghana). Eleven
barriers (institutional fragmentation, lack of fundamental data on C&DW, lack of law
enforcement, insufficient attention paid to C&DWM, socio-political, technological, lack
of regulation, financial, human resources constraints, construction project characteristics,
and rigidity of construction practices) have been identified and ranked by RI. The overall
ranking of barriers indicated that the insufficient attention paid to C&DWM, lack of law
enforcement, lack of regulation, and financial constraints represent the four major barriers to
effective and sustainable C&DWM. Consequently, practical solutions to tackle the barriers
have been proposed. The proposed solutions include cooperation and collaboration among
construction companies, providing complete data about the amount of C&DW and its
composition, enforcing regulations on waste management, stakeholder’s involvement in
C&DWM, application of sustainability policies in C&DWM, and adoption of integrated
waste management. These findings can support decision makers to achieve effective and
sustainable C&DWM.

Although this study identified and ranked the barriers to sustainable C&DWM and
suggested solutions to tackle these barriers, there are still some limitations to the study. The
barriers and suggested solutions were identified based on the literature review. The number
of respondents was limited. Future studies should consider more barriers hindering the
adoption of building information modeling and increase the number of respondents from
different countries to be more reliable and closer to the real conditions.
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Abstract: The increased concern about climate change is revolutionising the building materials sector,
making sustainability and environmental friendliness increasingly important. This study evaluates
the feasibility of incorporating recycled masonry aggregate (construction and demolition waste) in
porous cement-based materials using carbonated water in mixing followed (or not) by curing in a CO2

atmosphere. The use of carbonated water can be very revolutionary in cement-based materials, as it
allows hydration and carbonation to occur simultaneously. Calcite and portlandite in the recycled
masonry aggregate and act as a buffer for the low-pH carbonated water. Carbonated water produced
better mechanical properties and increased accessible water porosity and dry bulk density. The
same behaviour was observed with natural aggregates. Carbonated water results in an interlaced
shape of carbonate ettringite (needles) and fills the microcracks in the recycled masonry aggregate.
Curing in CO2 together with the use of carbonated water (concomitantly) is not beneficial. This study
provides innovative solutions for a circular economy in the construction sector using carbonated
water in mixing (adsorbing CO2), which is very revolutionary as it allows carbonation to be applied
to in-situ products.

Keywords: carbonated water; CO2 sequestration; accelerated carbonation; circular economy;
construction demolition waste

1. Introduction

Cement and concrete are used in building and construction work worldwide. The
construction industry producing cement and concrete can be regarded as the world’s
largest industry [1–3]. Construction is responsible for a great amount of CO2 release [4,5].
One tonne of cement emits approximately 0.6 to 0.8 tonnes of CO2 [1,6–8]. The CO2
concentration in the atmosphere has increased from 280 to 420 ppm in 2020 [9]. The
incorporation of waste and the proper use of resources are leading global challenges to
control the negative environmental impact of cement and concrete and preserve the planet.

High-emission countries are actively exploring carbon capture and utilisation (CCU)
or storage technologies. CCU is a novel method to reduce CO2 and turn CO2 into a com-
mercially interest product [10–12]. The carbonation and chemical reactions in cement-based
materials (CBMs) (Equations (1) to (5)) [13–18] occurs with CO2, affects cement hydration
products, and increases CaCO3 production [5,19,20]. As early as 1970, the idea of CO2
capture through carbonation with CBM appeared [21]. Carbonation of CBM, as an alternate
to CCU, reduces water absorption and curing time (useful in the precast industry), increases
density, and improves fragmentation resistance and mechanical properties [22–24].

Ca (OH)2 + CO2 → CaCO3 + H2O (1)

C − S − H + CO2 → CaCO3 + SiO2·nH2O (2)
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4Cao·Al2O3·13H2O + 4CO2 → 4CaCO3 + 2Al(OH)3 + 10H2O (3)

3CaO·SiO2 + 3CO2 + nH2O → SiO2·nH2O + 3CaCO3 (4)

2CaO·SiO2 + 2CO2 + nH2O → SiO2·nH2O + 2CaCO3 (5)

The concentration of CO2 in the environment must be increased for accelerated car-
bonation in different ways [14,15,18,23–30]. To increase this level of CO2, a carbonation
chamber is usually necessary [13] with or without pressure [31,32], with different levels
of CO2 or even submerging the samples in mixtures of different gases [33–35]. A review
on the effect of CO2 in cement-based materials on the physico-mechanical properties was
previously described in another study by Suescum-Morales et al. [36]. The carbonation rate
is determined by the diffusion of CO2 gas in the samples [35]. Carbonation products make
samples more dense, preventing the easy entry of CO2. The need for a high amount of CO2
in the curing environment implies the need for an accelerated carbonation chamber. An
attractive alternative is to apply carbonation technology during cement kneading. To avoid
the difficulty of CO2 diffusion and make CBM carbonation apply to in-situ products, the
kneading water is replaced by carbonated water (water with high CO2 content). Thus, it is
possible to start the carbonation simultaneously with the hydration process of the cement
and increase carbonation [20,37]. Furthermore, the hydration reaction of the cement occurs
much faster than that under normal curing conditions [5].

Construction and demolition waste (CDW) is produced during the demolition phases
of several types of construction building or infrastructures (over 30 billion tonnes per year
worldwide) [13,38,39]. CDW is composed of several types of waste, in addition to concrete
and ceramics, such as glass, stone, bituminous material, and others. Recycled aggregates
(RAs) are obtained from CDW with appropriate treatment (recycling plant treatment). A
possible simple classification of RA may be made, in a simple way [25]: (i) if the waste is
ceramic, the aggregate might be called recycled ceramic aggregates; (ii) if is concrete waste,
may be called recycled concrete aggregates (RCA); and (iii) if it is a mixture of the two
above, mixed recycled aggregates (MRA) [36,40].

Mixed recycled aggregate (MRA) is the most widely produced RA in the world. The
non-existence of regulations and different sources is still limited the use of MRA [41].
Recycled masonry aggregate (RMA) differs from natural aggregates (NAs) mainly in terms
water absorption, higher porosity, and lower density [42,43]. MRA has had different uses:
as aggregates for masonry mortar, and as an aggregate for alkaline activated material
or CBM [41–48]. RMA is a type of MRA obtained from screening and crushing walls
waste [36,49–52].

There are two ways to produce accelerated carbonation in RCA [14]: in the aggregate
itself [7,42,53–55] or in the mixture of RCA with Portland cement [24,27,28,56]. However,
these studies do not investigate the effect of CO2 on CBMs made with RMA or RCA using
carbonated water as kneading water. This research would fill this information gap. Nor
has any literature been found that studies the simultaneous use of carbonated water and
CO2 curing.

This study mainly investigates the physico-mechanical properties of a porous CBM
with RMA, and carbonated water as kneading water and for subsequent curing in CO2.
To observe the effect of carbonated water on the microstructure of the hardened samples,
with NA and RMA, and cured under both regimes, scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), and backscattered electron (BSE) were per-
formed. Thermogravimetric analysis and differential thermal analysis (TGA/DTA) was
also performed to determine the amount of CaCO3 in all cases. No studies have been found
that simultaneously use carbonated water as kneading water, under accelerated curing,
and using RMA as aggregate. The production of precast or in-situ non-reinforced CBM
products could be possible with the following approach: incorporation of waste (RMA),
with the added value to CO2, and inclusion of carbonated water as kneading water, which
can be very revolutionary.
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2. Materials and Methods

2.1. Materials

NA was used as a reference. NA and RMA were used in previous research [25,36,49,50].
The components of RMA according to UNE EN 933-11:2009 were: red ceramic bricks
(53.9%), masonry mortar (39.8%), unbound aggregates (5.7%), concrete (0.4%), and gypsum
particles (0.2%). Water absorption and dry bulk density (DBD) were measured according
to UNE-EN 1097-6:2013 [57]. DBD for NA and RMA was 2.63 g·cm−3 and 2.14 g·cm−3,
respectively. The amount of CaCO3 for NA and RMA (197 and 239 kg/m3 respectively)
was calculated using TGA/DTA. Water absorption was 0.79% for NA and 9% for RMA.
CEM II/A-V 42.5 R was used as cement [58] with a DBD of 2.89 g·cm−3 according to the
characteristics provided by the manufacturer.

As kneading water, two types of commercial water were used: normal water (H2O) and
carbonated water (CO2·H2O), both from the manufacturer Fuente Primavera, Spain. For
H2O, the pH value was 7.7 and the initial concentration of CO2 was between 0.2–0.5 mg·L−1.
For CO2·H2O, these values were 4.8 (for pH) and 14.1–14.4 mg CO2·L−1.

2.2. Experimental Design and Curing Conditions

NA and RMA were sieved: 2/4, 1/2, 0.5 /1, 0.25/0.5, 0.125/0.25, and 0/0.125 fractions
to reconstitute the lower limit indicated by ASTM C 144-04 [59]. Two gaps were achieved
by deleting the following fractions: 0.25/0.5 and <0.125 mm. Its mineral skeleton (with two
gaps) can facilitate the input of CO2 and total carbonation of the mix (more porous). Table 1
shows the reconstituted particle size distribution of NA.

Table 1. Spindle-shaped particle size limits.

Size (mm)
ASTM C

144-04 (Limit)
Fraction Size

Original Percentage
Retained

Application of
2 Gaps

Particle Size Distribution
Obtained (Passing)

4 100 >4 0 0 100
2 88 2/4 12 16 84
1 62 1/2 26 35 49

0.5 32 0.5/1 30 40 9
0.25 8 0.25/0.5 24 0 9

0.125 1 0.125/0.25 7 9 0
0.075 0 <0.125 1 0 0
0.063 TOTAL 100 100 -

Equations (6) and (7) calculate the dry mass of each component:

Dry mass o f cement =
V·1·ρrd cement

6
(6)

Dry mass o f NA =
V·5·ρrd natural aggregate

6
(7)

where ρrd cement = 2.89 g/cm3 and ρrd natural aggregate= 2.63 g/cm3, which are the DBD of
cement and NA, respectively. A volume (V) of 1600 cm3 was manufactured in each mix.
According to Equation (7), the mass of NA was 3507 g. The mass of each fraction for NA
(Table 2) were obtained according to the 2 gap realized in Table 1. A total substitution of
NA by RMA in volume fraction by fraction was realized. To replace NA by RMA, the bulk
density was used [60].
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Table 2. Aggregate weights used by different fractions.

Mixes NA RMA 100%

Fraction Size (mm) Weight Used (g) BD * (g/cm3) Volume (cm3) BD * (g/cm3) Weight Used (g)

>4 0 - - - -
2/4 561 1.44 388.38 0.99 386
1/2 1216 1.49 813.53 1.05 855

0.5/1 1403 1.55 900.01 1.17 1053
0.25/0.5 0 - - - -

0.125/0.25 327 1.38 235.80 1.19 279
<0.125 0 - - - -

TOTAL
3507

(Equation (7))
2574

* BD = Bulk density.

The samples were subjected to two curing environments (both with 21 ± 2 ◦C and
65 ± 10% of relative humidity): (i) normal climatic chamber (CC) and (ii) accelerated
carbonation chamber (CO2·C). For the CC, the CO2 concentration was 0.04%, and for the
CO2·C it was 5%. The CO2 used for this condition was provided by Linde (99.99995%
purity). Figure 1 shows the experimental design carried out.

Figure 1. Experimental design carried out.

2.3. Kneading Process

Table 3 shows the composition of the mixes studied. The aggregates were pre-
saturated, according to the water absorption of each one of them (NA or RMA). Therefore
the w/c ratio used can be considered as effective. The kneading process was in accordance
with previous research [25,36].
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Table 3. Weights used for the different mixes (g).

Mortar Type NA RMA Cement Saturation Water Effective Water Total Water w/c
Consistency
Index (mm)

H2O CO2·H2O H2O CO2·H2O

NA-H2O-(*) 3507 - 771 28 - 308 - 336 0.4 80 ±10
RMA-H2O-(*) - 2574 771 232 - 308 - 540 0.4 80 ±10

NA-CO2·H2O-(*) 3507 - 771 - 28 - 308 336 0.4 80 ±10
RMA-CO2·H2O-(*) - 2574 771 - 232 - 308 540 0.4 80 ±10

(*) CC or CO2-C.

Prismatic 40 × 40 × 160 mm casts were used [61]. The samples were keep in the mould
for 3 h. The samples were covered to prevent CO2 input/output during this time. After
this time (3 h), the samples were demoulded because the aim was to demould the samples
very quickly, similar to what happens in a precast plant. According to Pan et al. [35],
this pre-curing time is crucial to avoid water-saturated capillary pores resulting in a low
penetration rate of CO2 for the samples cured in CO2·C. The samples were then cured in
two chambers: CC and CO2·C for 1, 3, and 7 days of curing.

2.4. Test Methods

X-ray fluorescence spectrometry analysis (XRF) was realized with ZSX PRIMUS IV,
Rigaku equipment. A Bruker D8 Discover A 25 diffractometer were used for to obtain
X-ray diffraction (XRD) patterns. A CuKα radiation (λ = 1.54050 Ȧ; 40 Kv; 30 mA) was
used and scan angles between 10◦ to 70◦ (2θ) were programmed. The speed used was of
0.02 2θ min−1. For identifying the diffractograms, the International Database ICDD 2003
was used [62].

TGA/DTA were performed using a Setaram Setys Evolution 16/18 instrument with a
resolution of 0.002–0.02 μg. The heating increase was 5◦ min−1.

The flexural (FS) and compressive strength (CS) were obtained according to the Eu-
ropean Standard EN 1015-11 [61] for 1, 3, and 7 d of curing. The dry bulk density (DBD)
of hardened samples was determined according to European Standard EN 1015-10 [63].
Accessible porosity for water (APW) were measured according to European Standard UNE
83980 [64].

The morphology and composition of the mixes with NA and RMA under the CC
regime were studied using H2O and CO2·H2O. SEM, EDS, and BSE were obtained using
JEOL JSM 7800F at the age of 7 d. The objective was to observe the effect of carbonated
water on the microstructure of the hardened samples, with NA and RMA cured under CC
regime. They were then sputtered with gold to obtain the maximum image quality.

All the above tests were carried out in triplicate.

3. Results and Discussion

3.1. Characterization of Raw Materials

Figure 2 shows the XRD patterns of NA, RMA, and cement. Quartz (SiO2) (05-
0490) [62] was the main phase for NA and RMA. Other minority phases were also found
and were described in greater detail in other research [25,36]. The diffractogram of the
cement was in agreement with the finding of other authors [65–69]. Table 4 shows the XRF
results found for NA, RMA, and cement, which are in agreement with the phases found
in XRD.
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Figure 2. XRD patterns of NA, RMA, and cement.

Table 4. XRF results for NA, RMA, and Cement.

Oxides NA RMA Cement

F2O - 0.74 -
Na2O 0.82 0.71 0.29
MgO 1.06 1.65 1.00
Al2O3 5.82 10.79 6.59
SiO2 49.63 34.44 18.29
P2O5 0.07 0.12 0.13
SO3 0.03 2.52 4.02

Cl2O3 - 0.05 0.07
K2O 1.52 2.18 1.09
CaO 5.60 12.18 45.61
TiO2 0.27 0.54 0.41

Cr2O3 0.04 0.02 -
MnO2 0.04 0.06 0.05
Fe2O3 1.74 3.55 2.85
CuO - - 0.04
ZnO - 0.02 0.02
SrO - 0.03 0.05

Rb2O - - 0.01
BaO 0.03 0.03 0.06

BALANCE CO2 32.32 30.61 19.43
TOTAL 67.68 69.39 80.57

3.2. Compressive and Flexural Strength

Figure 3 shows the CS results for the four mixes and two curing regimes at ages
of 1, 3, and 7 days of curing. When comparing NA-H2O-CC with NA-CO2·H2O-CC at
1 day of age, CS decreased by 8.6%. According to Valdemir dos Santos et al. [20], this
result is related to the reduced AFm formation in the microstructure during the early
hydration period [20]. Similar results were reported by Lippiatt et al. [5] in a cement paste
aged 1 d using carbonated water. In addition, the low pH value of carbonated water
(4.8) can negatively affect the strength [70], delay the setting [71], and produce changes
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in the cement paste structure [72]. It is possible that a low pH leads to the reduction
of hydrated calcium silicate and hydrated calcium aluminate because the reactions of
equations 8–10 occur. Additionally, the amount of Portlandite present decreases. Therefore,
the structure of the cement paste will be weaker. Nevertheless, at 3 and 7 d, an increment
of 18% and 12.5% was obtained, respectively, when using carbonated water for the NA
mixture and CC regime. When kneading cement and water, the pH increases rapidly,
and this solution becomes saturated with Ca(OH)2 after 24 h [73,74]. Furthermore, the
calcite phase found in NA (Figure 2) can act as a buffer when added to carbonated water,
as observed by Lippiatt et al. [5] to achieve simultaneous hydration and carbonation in
cement. This saturated solution of Ca(OH)2, together with CO2 in the carbonated water,
favoured the carbonation reaction and increased CS at 3 and 7 d [22–24]. Equations (8)–(10)
show the chemical reaction with carbonated water [20].

CO2(gaseous) + 2OH−
(gaseous) ↔ CO3

2−
(aqueous) + H2O(liquid) (8)

Ca(OH)2(aqueous) ↔ Ca2+
(aqueous) + 2OH−

(aqueous) (9)

Ca2+
(aqueous) + CO3

2−
(aqueous) + H2O(liquid) ↔ CaCO3(solid) + H2O(liquid) (10)

Figure 3. Compressive strength at different curing ages and hardening environments.

Compared to NA, RMA mixture under CC regime, using carbonated and normal water
(RMA-H2O-CC and RMA-CO2·H2O-CC), had slightly lower CS. This loss of mechanical
properties agreed with other studies when the percentage of substitution of NA for RA was
100% [14,75–79]. However, compared to normal water, the carbonated water was beneficial
in this case for all ages of curing (19.3%, 12.1%, and 4.4% for 1, 3, and 7 d, respectively) due
to the presence of CaCO3 and Ca(OH)2 in RMA (Figure 2). These phases act as a buffer
of carbonated water [5], increase pH, avoid the loss of mechanical resistance, and delay
hydration [70,71] that occur in the mixture with NA with 1 d of curing. Thus, carbonated
water with RMA can improve the mechanical strength under the CC regime.

For NA and RMA mixtures, the increase in CS in samples cured with CO2·C (NA-
H2O-CC vs. NA-H2O-CO2·C and RMA-H2O-CC vs. RMA-H2O-CO2·C) agree with the
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results in [13,14,18,24,27,28,56,80–82]. For NA mixtures, with 1 d and under CO2·C, when
using carbonated water in the kneading, compared with normal water, decreased the CS by
38.77% (NA-H2O-CO2·C vs. NA-CO2·H2O-CO2·C). The low pH value of carbonated water
along with accelerated carbonation (CO2·C) results in a negative effect on strength [70]
and delayed setting [71], which lowers the pH values of the mix [83–85]. For 3 d of curing,
the effect of carbonated water on CS was still negative. For 7 d of curing, an increment of
13.3% was observed. This could indicate the regulation of pH [22–24] and the carbonation
of the sample.

The same behaviour was observed in the samples with RMA (RMA-H2O-CO2·C vs.
RMA-CO2·H2O-CO2·C), although with minor decreases for 1 and 3 d. This is again due
to CaCO3 and Ca(OH)2 in RMA (Figure 2) acting as a buffer of carbonated water [5],
maintaining a pH higher than that with NA. Thus, carbonated water under accelerated
carbonation (with NA and RMA) is beneficial only after 7 d of curing.

The FS results for all the mixes under CC and CO2-C at the ages of 1, 3, and 7 d, in
Figure 4, reveal the same trend as CS.

Figure 4. Flexural strength at different curing ages and hardening environments.

3.3. DBD and APW

DBD and APW are shown in Figure 5 for 7 d of curing under CC and CO2·C. On
the NA mixture, under the CC regime, the use of carbonated water as kneading water,
compared with normal water, incremented the DBD by 3.3%. This result agrees with the
increase in the mechanical properties in Figures 3 and 4. Carbonated water favours the
carbonation reaction at 7 d of curing, increasing the DBD [22–24]. The APW also increased
by 5.28% when using carbonated water during kneading. This result is in accordance with
Valdemir et al. [20], who found that CO2 released by the carbonated water could generate
additional porosity. The same behaviour was observed with RMA (RMA-H2O-CC and
RMA-CO2·H2O-CC), in which DBD increased by 0.8% and APW by 19.06%.
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Figure 5. DBD and APW for 7 d under CC and CO2·C.

For the RMA mixture under the CC regime, when using carbonated and normal water
(RMA-H2O-CC and RMA-CO2·H2O-CC), DBD and APW were higher than those in the
same mixtures with NA. This agrees with the lower particle dry density, and higher water
absorption of RMA reported in [51,79,86].

For the NA and RMA mixtures, using normal water, an increase in DBD and a decrease
in APW were observed for samples cured in CO2·C (NA-H2O-CC vs. NA-H2O-CO2·C and
RMA-H2O-CC vs. RMA-H2O-CO2·C). These mechanical properties could be due to sample
carbonation, as observed in [13,14,18,24,27,28,56,80]. Carbonated water for kneading water
under accelerated carbonation, compared to normal water, increased the DBD and APW
(NA-H2O-CO2·C vs. NA-CO2·H2O-CO2·C and RMA-H2O-CO2·C vs. RMA-CO2·H2O-
CO2·C). These results agree with the mechanical properties observed in Figures 3 and 4.

3.4. XRD

XRD obtained for NA using normal and carbonated water as kneading water under
CC are shown in Figure 6. For normal water at 1 d, the main phases found were quartz
(05-0490) [62], calcite (05-0586) [62], dolomite (11-0078), albite (10-0393) [85], and microline
(19-0926) [84], which agrees with the fundamental composition of NA in Figure 2. Ha-
trurite (86-0402) [62], larnite (33-0302) [62] from the cement used (Figure 2), portlandite
(44-1481) [62], and ettringite (37-1479) [62] from the reaction products of Ordinary Portland
cement (OPC) [87,88] were also observed. Comparing the phases found using normal
or carbonated water as kneading water, a sharp decrease of the phases hatrurite and
larnite were observed (Inset Figure 6 labelled “C3S and C2S”, red colour “1 day normal
water”, purple colour “1 day carbonated water”). Furthermore, the formation of portlandite
Ca(OH)2 was affected by the carbonated water as kneading water (Inset Figure 7 labelled
“Portlandite”, red colour “1 day normal water”, purple colour “1 day carbonated water”)
and is in accordance with Equation (7). The loss of intensity of hatrurite and larnite peaks
and delay in the formation of portlandite were also reported by Hou et al. [71] with acid
water. The observed results can be because of the pH of the carbonated water (4.8) and
decreased mechanical strength at 1 d of curing, as shown in Figures 4 and 5.

Comparing the diffractogram of 1 d with those obtained at the ages of 3 and 7 d for
carbonated water, the same phases were identified but an increase in the intensity was ob-
served in the calcite phase (Inset Figure 6 labelled “CaCO3 (3 days)” and “CaCO3 (7 days)”),
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suggesting that carbonated water as kneading water produced carbonation [22–24]. This
also explains the increased mechanical strength in Figures 3 and 4 and DBD in Figure 5.

Figure 6. XRD for NA with normal and carbonated water under CC.
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Figure 7. XRD for RMA with normal and carbonated water under CC.

XRD obtained for NA using normal and carbonated water as kneading water under
CC are shown in Figure 7. With carbonated water (Figure 7 inset labelled “C3S and C2S”),
we observed a decrease in the peaks of the phases hatrurite and larnite. In addition, the
formation of portlandite Ca(OH)2 was not significantly delayed when using carbonated
water (Figure 8 inset labelled “Portlandite”). Both processes were due to the presence
of CaCO3 and Ca(OH)2 in RMA (Figure 2). These phases acted as a buffer [5]. Hence,
carbonated water can increase the mechanical properties at 1 d of age with RMA than with
NA (Figures 3 and 4). These results highlight that RMA, acting as a buffer for carbonated
water during kneading, avoids a decrease in pH without adding CaCO3 or Ca(OH)2, as
previously proposed in [5,89]. Owing to its mineralogical composition, RMA has a similar
effect as CaCO3 and Ca(OH)2.
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Figure 8. XRD for NA with normal and carbonated water under CO2·C.

At 3 and 7 d with normal water, the same phases were identified as that of 1 d.
Comparing these diffractograms with that obtained for 3 and 7 d using carbonated water, a
higher intensity was observed in the calcite peaks (Figure 7 inset labelled “CaCO3 (3 days)”
and “CaCO3 (7 days)”). This behaviour was already observed in the samples with NA
(Figure 7) and indicates that the carbonated water produced carbonation [22–24]. This
supports the increase in mechanical strength with carbonated water (in Figures 3 and 4)
and DBD (in Figure 5).

XRD obtained for NA using normal and carbonated water as kneading water under
CO2·C are shown in Figure 8. For 1 d, with normal water, the same phases as in CC were
found. For 3 and 7 d, the disappearance of the portlandite phase was observed (Figure 8
inset labelled “Effect CO2”), which shows the consumption portlandite when it comes into
contact with CO2 (Equation (1)). This concurs with an increase in the mechanical strength
in samples cured in CO2·C (Figures 3 and 4). This was due to samples carbonation, as
reported in [13,14,18,24,27,28,56,80]. The same phases were found for 1, 3, and 7 d with
carbonated water. The portlandite also disappeared at the age of 3 and 7 d.
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The effect of carbonated water at 1 d, under the CO2·C regime, is almost the same as
that under CC (Figure 6). However, a decrease in the peaks of the hatrurite and larnite
phases were observed (Figure 8 inset labelled “C3S and C2S”). For 3 d, the effect of carbon-
ated water (Figure 6) is negligible on the calcite formed with respect to the effect produced
by the carbonation chamber (Figure 8), because the amount of CO2 contributed by the
CO2·C regime is greater than that of the carbonated water (Figure 8 inset labelled “CaCO3
(3 days)”, similar intensity found for CaCO3 peaks). These results agree with the delay in
setting [71] and strength development [70] due to the initial decrease in pH produced by
combining carbonated water and CO2-C regimes. At 7 d, a greater intensity was observed
in the calcite phase, more with carbonated water than with normal water (Figure 8 inset
labelled “CaCO3 (7 days)”). This indicates that pH had been regulated [22–24] and that
carbonation of the sample is better than in with normal water and agrees with the results
of the mechanical properties in Figures 4 and 5 and DBD in Figure 6.

XRD obtained for RMA using normal and carbonated water as kneading water under
CO2·C are shown in Figure 9. At 1 d, with normal water, the phases found were the
same as those found in the CC regime (Figure 7). For 3 and 7 d, the disappearance of
the portlandite phase was observed (Figure 9 inset labelled “Effect CO2”), indicating
carbonation (Equation (1)) [13–17].

Figure 9. XRD for RMA with normal and carbonated water under CO2·C.
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With carbonated water, the same phases were observed as that with normal water. For
1 d, a light decrease of hatrurite and larnite were observed (Figure 9 inset labelled “C3S and
C2S”, red colour “1 day normal water”, purple colour “1 day carbonated water”), indicating
that carbonated water has a retarding effect on the development of mechanical properties at
a young age. As with NA (Figure 8), the same behaviour, including calcite peak intensities,
was observed at the age of 3 d (Figure 9 inset labelled “CaCO3 (3)”). The low pH value of
carbonated water along with accelerated carbonation (CO2·C) which also lowers the pH,
negatively affects the strength, although less in the case of NA (Figures 3 and 4). At 7 d of
curing, the calcite peaks were similar with carbonated and normal water (Figure 9 inset
labelled “CaCO3 (7)”) and agree with the mechanical properties in Figures 3 and 4 and
DBD in Figure 5.

3.5. SEM

Figure 10 shows a general SEM and elemental composition mapping of the NA mixture
with normal and carbonated water as kneading water under CC at low magnification (NA-
H2O-CC vs. NA-CO2·H2O-CC). Two main zones were detected: siliceous aggregate and
cement paste. The main element in the aggregates is Si and agrees with the chemical
composition (Table 4), XRD (Figure 2) results. The main elements contained in the cement
paste were Ca, Al, K, and Mg. At low magnification, no differences were observed using
carbonated water.

Figure 10. SEM images and elemental composition mapping of NA with normal and carbonated
water under normal curing regime CC (NA-H2O-CC vs. NA-CO2·H2O-CC) at low magnification.

However, by increasing the magnification over the cement paste zone, significant
differences were found when using carbonated water (Figure 11). First, it seems that the
structure of the cement paste with carbonated water was more porous than that obtained
with normal water. The qualitative analysis by SEM agrees with the highest APW found
with carbonated water (Figure 5). With normal water, it can be seen that the grains with
rounded faces and edges were formed around the cement particles. Nevertheless, with
carbonated water, large amounts of well-developed and intertwined needles particles, with
very high surface areas are observed. Considering the morphological similarities with
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ettringite Ca6[Al(OH)6]2 (SO4)3·26H2O, it can be speculated that the needle-like structure
is a carbonated ettringite with the chemical formula Ca6[Al(OH)6]2 (CO)3·26H2O [37].
Because of the high CO2 content of carbonated water, ion exchange occurs; that is, SO4

2−
is fully or partially replaced by CO3

2−. A similar result was found by Pingping et al. [27]
with water curing with CO2.

Figure 11. SEM images and elemental composition mapping of NA (zone cement paste) with normal
and carbonated water under normal curing regime CC (NA-H2O-CC vs. NA-CO2·H2O-CC) at
medium magnification.

SEM images with higher magnification were taken to confirm the above results
(Figure 12). With normal water, grains with rounded faces and edges were observed.
However, with carbonated water, hexagonal- or orthorhombic-shaped (1) and needle-
shaped particles (2) were observed. EDS analysis of the hexagonal particle revealed the
presence of Ca, C, and O, indicating the possibility of CaCO3 [2,27]. This agrees with the
greater intensity of calcite observed in XRD with carbonated water for NA (Figure 6 vs.
Figure 7). For needle-shaped particles, EDS revealed a high concentration of C and O, indi-
cating that SO4

2− was fully or partially replaced by CO3
2− to form carbonate ettringite [37].

Boumaza et al. [19] formed carbonated crystals having hexagonal or orthorhombic shapes
between the needles of ettringite under a CO2 environment. The interlaced shape of the car-
bonate ettringite and greater presence of calcite (due to the carbonation produced by CO2
in the carbonated water) improved the mechanical properties (Figures 3 and 4) compared
to normal water.
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Figure 12. SEM images and EDS of NA (zone cement paste) with normal and carbonated water under
normal curing regime CC (NA-H2O-CC vs. NA-CO2·H2O-CC) at high magnification. Elemental
composition mapping.

Figure 13 shows a general SEM and elemental composition mapping of the RMA
mixture with normal and carbonated water under CC at low magnification (RMA-H2O-CC
vs. RMA-CO2·H2O-CC). In this case, two zones were observed: a siliceous aggregate or
piece of brick, which is in accordance with the nature of the RMA (Figure 2), and cement
paste containing Ca, Al, K, and Mg as the main elements. Furthermore, microcracks and a
possible interfacial transition zone (ITZ), which is the area between the old and the new
cement paste and is the weakest region in MRA mortar [3,90,91], were observed. These
could explain the decrease in mechanical properties (Figures 3 and 4) with the replacement
of NA by RMA (with normal and carbonated water under CC) and the higher porosity
found with RMA (Figure 5). At this magnification, no differences were found between
carbonated and normal water with RMA. The same areas as with normal water are also
found. This is contrary to what is observed with NA (Figure 10).

With slightly higher magnification, microcracks were more visible (Figure 14). There
were fewer microcracks when using carbonated water as the carbonatation products
(CaCO3 particles) can gradually fill pores and micropores [22–24,35]. This agrees with
the improvement in the mechanical properties observed with carbonated water in RMA
under the CC regime (RMA-H2O-CC vs. RMA-CO2·H2O-CC). Furthermore, this increase
in carbonation products was also observed in the XRD analysis (Figure 7). Notably, when
using RMA and carbonated water, the presence of carbonated ettringite was not observed,
unlike when using NA (Figures 11 and 12) due to the existence of calcite and portlandite in
RMA (Figure 2). Calcite and portlandite act as buffers for carbonated water [5], consuming
CO2 from carbonated water, especially portlandite (Equation (1)), thereby avoiding the full
or partial replacement of SO4

2− by CO3
2−.
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Figure 13. SEM images and elemental composition mapping of RMA with normal and carbonated
water under normal curing regime CC (RMA-H2O-CC vs. RMA-CO2·H2O-CC) at low magnification.

Figure 14. SEM images and elemental composition mapping of RMA with normal and car-
bonated water under normal curing regime CC (RMA-H2O-CC vs. RMA-CO2·H2O-CC) at
medium magnification.

At higher magnification (Figure 15), no microcracks were observed due to the filling of
microcracks by the effect of carbonated water in the RMA. In addition, carbonate ettringite
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(needle-shaped particles) is not observed. The same behaviour was observed at very high
magnification (Figure 16). Therefore, carbonated water on the microstructure of RMA
serves the purpose of filling the microcracks. Studies on the influence of carbonated water
with RMA have not been found in the literature.

Figure 15. SEM images and elemental composition mapping of RMA with normal and carbonated
water under normal curing regime CC (RMA-H2O-CC vs. RMA-CO2·H2O-CC) at high magnification.

Figure 16. SEM images and elemental composition mapping of RMA with normal and carbon-
ated water under normal curing regime CC (RMA-H2O-CC vs. RMA-CO2·H2O-CC) at very
high magnification.
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3.6. TGA-DTA

To determine whether carbonated water produces a greater amount of CaCO3 in the
mixes with NA and RMA in CC regime, TGA/DTA was performed (Figure 17). Five stages
were observed for all the mixes with normal and carbonated water. In the stage from 480
to 1000 ◦C, CaCO3 decomposition occurred [2,56], attributed to the loss of mass resulting
from calcium carbonate decomposition. A high loss of mass in this range indicates high
calcium carbonate in the mix.

Figure 17. TGA (solid lines) and DTA (dotted lines) curves for (A) mix with NA and (B) mix with
RMA. Use of normal and carbonated water.

For the mix with NA (Figure 17A), a mass loss of 3.8% and 9.19% were observed
for normal and carbonated water, respectively, (NA-H2O-CC vs. NA-CO2·H2O-CC) in
the range of 480–1000 ◦C, indicating a greater amount of CaCO3 (product of carbonation)
formation with carbonated water. This is in agreement with the mechanical properties
(Figures 3 and 4), DBD (Figure 6), XRD results (Figure 6), and SEM (Figures 10–12). The
temperature of the decomposition peak of CaCO3 is different between NA-H2O-CC and
NA-CO2·H2O-CC. This was due to the different “nature” of CaCO3. In the case of NA-
H2O-CC, this CaCO3 is the result of the hardening process of the cement [36,92]. In the case
of NA-CO2·H2O-CC, the calcium carbonate is the result of the carbonation produced in the
sample and by them exist a delayed in the decomposition temperature. In contrast, for the
mix with RMA (Figure 17B), the mass loss is 5.5 and 6.01 for normal and carbonated water,
respectively (RMA-H2O-CC vs. RMA-CO2·H2O-CC), between 480 and 1000 ◦C. In this case,
the difference in calcium carbonate formation was not as important as in NA (although it is
still greater with carbonated water than with normal water). This was already described in
the analysis of the intensity for calcite peaks in XRD. The difference between the intensity
of the peaks was greater in the NA mixture than in the RMA mixture, at the age of 7 d (see
Figure 6 inset labelled “CaCO3 (7 days)” vs. Figure 7 inset labelled “CaCO3 (7 days)”).
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4. Conclusions

This study presents an experimental study using carbonated water as kneading water
and its impact on the physical-mechanical properties of a porous CBM made with NA and
RMA. The main objective was to evaluate the influence of carbonated water together with
whether or not subsequent curing in carbonation chamber on the mechanical properties
and explain this behaviour using XRD, SEM, and TGA/DTA. The characterisation of the
mix composition with different aggregates (NA or RMA), normal water or carbonated
water as kneading water, and different hardening environments (different level of CO2)
were performed at 1, 3, and 7 d. The following conclusions were obtained:

• Carbonated water worsened mechanical properties at 1 d of curing with NA under
the CC regime, compared to normal water. The phases of CaCO3 and Ca(OH)2 in the
RMA, acted as a buffer for carbonated water.

• The low pH value of carbonated water and accelerated carbonation (CO2·C) further
lowers the pH, and negatively affects the strength at 1 d of normal curing for all
the mixes. The simultaneous utilization of carbonated water as kneading water and
subsequent curing in CO2 is not recommended.

• In all the mixtures studied, the effect of carbonated water increased the DBD (due
to carbonation) and APW, indicating that carbonated water generated additional
porosity. The carbonation reaction that occurs with carbonated water under CC
explains the increase in mechanical strength at 7 d of curing for NA and RMA. A
greater intensity in the CaCO3 peaks (XRD) and increased weight loss of calcite
decomposition (TGA/DTA) was also observed.

• The presence of interlaced needles of ettringite carbonate observed by SEM and the in-
creased presence of calcite (due to the carbonation produced by CO2 in the carbonated
water) resulted in better mechanical properties than normal water. Carbonated water
on the microstructure of the RMA results in the filling of microcracks (shown in the
SEM images). Ettringite carbonate was not observed in this case because of portlandite
in RMA, which consumed CO2 from carbonated water. Carbonated water as kneading
water using RMA could allow for the production of precast CBM products with good
mechanical properties without the need for CO2 curing chamber.

The utilization of carbonated water as kneading water in CBM with recycled aggre-
gates (circular economy) can be a novel and interesting procedure to obtain a more environ-
mentally friendly building material without the use of a carbonation chamber. At the same
time, it improves mechanical properties and contributes to climate change mitigation.
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Highlights:

• Uniaxial compressive stress–strain curves of recycled aggregate concrete (RAC) with different
carbonation depth were investigated.

• The effect of carbonation depth on peak stress, strain, elastic modulus, and the relative toughness
of RAC was studied.

• Stress–strain models of recycled aggregate concrete with different carbonation depths were
established.

Abstract: The stress–strain relation of recycled aggregate concrete (RAC) after carbonation is very
important to the assessment of the durability of RAC. The objective of this study is to investigate
the uniaxial compressive stress–strain curves of RAC after carbonation. In this study, the specimens
were prepared with 70-mm diameter and 140-mm height cylinders, and the carbonation of the
specimens was accelerated after curing 28 days. Then a uniaxial compressive loading test on the
specimens was performed by using a mechanical testing machine. The results show that the peak
stress (σ0) and elastic modulus (Ec) of all specimens increase with the increase of carbonation depth.
The ratio of ultimate strain to peak strain (εu/ε0) and relative toughness of the specimens decrease
with the increase of carbonation depth. Furthermore, carbonation has a stronger effect on natural
coarse aggregate concrete (NAC) than the 50% replacement rate of RAC with similar compressive
strength. Stress–strain models of recycled aggregate concrete with different carbonation depths were
established according to experimental results.

Keywords: recycled coarse aggregate concrete; carbonation; uniaxial compressive loading; stress–
strain curves; fitting analysis

1. Introduction

With the development of the construction industry has come a myriad of construction
waste and great damage to the environment [1]. In China, 2.36 billion tons of construction
waste was generated annually in the most recent decade [2]. Consequently, it is urgent to
use recycled construction and demolition materials. The use of recycled aggregate (RA)
in concrete opens a whole new range of possibilities for reusing materials in construc-
tion. Reuse of waste concrete as RA in new concrete is beneficial from the viewpoint of
environmental protection and preservation of resources, as it reduces the use of natural
materials used in concrete production [3]. It presents a more environmentally friendly
alternative destination for this waste [4]. Using recycled aggregate could save about 60%
of limestone resources and reduce CO2 emissions by about 15–20% [5]. However, the
strength of RAC decreases with the increase of the replacement percentage of recycled
aggregate due to the presence of micro-cracks and old cement paste that has adhered to
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the original aggregates [6–8]. Azevedo pointed out that the substitution of more than 25%
of construction and demolition waste (CDW) for sand requires relatively larger amounts
of water in the mortar, and the water absorption of the mortar increased with the levels
of incorporated CDW [9]. Because of the high variability in the characteristics of recycled
aggregates, in order to obtain better properties, a deeper classification of the constituents
should be carried out [10]. The premix process can fill up some pores and cracks, resulting
in a denser concrete, an improved interfacial zone around recycled aggregate, and thus a
higher strength when compared with the traditional mixing approach [11].

In addition, many researchers have argued that the carbonation resistance of RAC
was worse than that of natural aggregate concrete (NAC) [12–14], which may lead to the
corrosion of reinforcement, causing safety hazards and great economic losses [15]. There
are many factors affecting the carbonation of RAC, such as the cement matrix, aggregate,
mixing method, external load, and external environment, etc. [14]. Consequently, it is
necessary to strengthen recycled coarse aggregate (RCA) or recycled aggregate concrete
(RAC) itself in order to obtain RAC with better properties.

Some researchers found that the properties of RAC could be improved by adding
pozzolan, silica fume, and rubber particles and fibers into RAC [16–20]. Other researchers
found that the properties of RAC can be improved by carbonation which includes carbon
conditioning and carbon curing. Carbon conditioning is the injection of CO2 into recycled
aggregate, accomplished with the assistance of a sealable carbonation chamber [21]. Zhang
et al. [22] and Zhan et al. [23] found carbonation can improve RCA in physical and me-
chanical properties. The apparent density of RCA was significantly increased, whereas the
water absorption and crushing value of RCA were significantly decreased after carbonation.
Carbon curing relies upon carbonation reaction between CO2 and cement paste, and it
carbonates entire concrete blocks after concrete mixing [18]. Zhan et al. [24] found that
carbon curing improved rapidly the compressive strength of RAC with strength gains
ranging from 108% to 151% higher than conventional moisture curing. Zhan et al. [25] and
Xuan et al. [26] found that carbon-curing conditions will lead to improvements of RAC
strength.

The widespread adoption of RAC requires not only a better understanding of its
mechanical properties and durability but also the availability of guidelines on designing
reliable RAC structures [27]. In order to guide the design of RAC structures, the stress–strain
relationship of RAC has been preliminarily investigated [28–31]. In addition, Luo et al. [32]
investigated stress–strain curves of fully carbonated RAC and found that carbonated RAC
improved the compressive strength and elastic modulus of RAC. However, less information
is available on the effect of carbonation depth on the stress–strain relation of RAC.

The objective of this study is to evaluate the peak stress, elastic modulus, strain,
relative toughness and establish the stress–strain model of RAC with different carbonation
depths according to experimental results.

2. Experimental Method

2.1. Materials and Mixture Proportions

Ordinary Portland cement of grade 42.5 was used in this study. The cement properties
are shown in Table 1, and river sand with particle size less than 4.75 mm was used as
fine aggregates. NCA was from gravel, and RCA was produced from Nanjing Shoujia
Renewable Resources Utilization Company (Nanjing, China). After the concrete residues
were transported to the company, a jaw crusher was employed in order to reduce the size
of the large pieces of concrete residues. After being crushed, the residues were cleaned and
graded ready for the planned tests. The crushing values of NCA and RCA were measured
according to Pebbie and crushed stone for building (GB/T14685-2011) in China. The size
grading of RCA and NCA were similar to ranging from 5 mm to 20 mm, and satisfied
the standard for technical requirements and test method of sand and crushed stone (or
gravel) for ordinary concrete (JGJ52-2006) in China. Figure 1 shows the sieving results of
aggregates, and the properties of NCA and RCA are shown in Table 2.
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Table 1. Properties of cement.

Property Value

Type and class P.O 42.5
Specific surface area (m2 kg−1) 335

Initial and final setting times (min) 215/265
28-day compressive and flexural strength

(MPa) 49.8/8.7

SO3 (%) 2.4
MgO (%) 1.8
CaO (%) 62.6
SiO2 (%) 21.2

Al2O3 (%) 5.6
Fe2O3 (%) 4.6

Figure 1. Grading curve of aggregates.

Table 2. Properties of the NCA and RCA.

Aggregate Type
Coarse Aggregate Grading

(mm)
Apparent Density

(kg/m3)
Water Absorption

(%)
Crushing Value

(%)

NCA 5–20 2773 1.08 3.2
RCA 5–20 2541 5.12 14.2

Due to the high water absorption of RCA, pre-soaking was used to make RCA reach
the saturated surface dry (SSD) condition. The mix design proportions of RAC and NAC
are listed in Table 3. Note that the replacement ratio of specimens is calculated by volume.
The water–cement ratio and sand ratio were adjusted to obtain similar 28-day compressive
strengths of NAC and RAC based on the technical code on the application of recycled
concrete (DG/TJ08-2018) in China.

Table 3. Mix design proportions of NAC and RAC.

Concrete Type
Water

(kg/m3)
Cement
(kg/m3)

Water to
Cement Ratio

NCA
(kg/m3)

RCA
(kg/m3)

Fine Aggregates
(kg/m3)

NAC 195 274.6 0.71 1131.1 0.0 754.1
RAC50 200 333.3 0.60 566.8 519.0 694.2

RAC100 205 410.0 0.50 0.0 1006.6 643.5

The specimens with 70-mm diameter and 140-mm height cylinders were cast in a
PVC mould. After curing for 28 days, the compressive strengths of RAC cubes (100 mm ×
100 mm × 100 mm) with replacement ratios of 0%, 50% and 100% were 37.5 MPa, 36.4 MPa
and 31.1 MPa, respectively.

293



Materials 2022, 15, 5429

2.2. Accelerated Carbonation Procedure

The acceleration of concrete carbonation was performed in a carbonation experiment
chamber. The temperature was 20 ◦C, the humidity was 60% and the CO2 concentration
was 20%. All specimens were wax-sealed at both ends to conduct side-only carbonation.
To achieve different carbonation depths, carbonation periods were set to 0, 14, 28, 42, 56, 70,
and 84 days.

The carbonation depth is a quantity index that characterizes the degree of carbonation.
A 1/3-length cylinder was split when measuring carbonation depth, and the cross-section of
the remaining piece was sealed with wax for further carbonation and measurement. For the
piece after splitting, drop 1% phenolphthalein alcohol solution (alcohol solution contains
20% distilled water) on the cross-section. Then a measurement point was marked every 45◦
on the circular section and the depth of carbonation was measured at each measurement
point. The average value of carbonation depth was taken as the carbonation depth of the
specimens,

dt =
1
n

n

∑
1

di (1)

where dt is the average carbonation depth (mm) after carbonation t (d) of the test, di is the
carbonation depth of measuring point (mm), and n is the total number of measuring points.

2.3. Uniaxial Compressive Loading Test

A uniaxial compressive loading test was performed by using a mechanical testing
machine. Two displacement meters were fixed on the middle part of both sides of the
specimen, and the displacement in the middle part of the specimen (170–180 mm) was
measured in this test as shown in Figure 2. A load sensor was placed under the steel pads.
The dynamic data acquisition system was used to collect the test data.

Figure 2. Test setup of loading and measurement.

The peak strain (ε0) is the strain corresponding to peak stress and the ultimate strain
(εu) is the strain corresponding to the stress which is 50% of peak stress at the descending
part of the stress–strain curve.

The elastic modulus (Ec) was calculated with the following expression [33,34]:

Ec =
σ0.4 − σ0

ε0.4 − ε0
, (2)

where σ0 is peak stress and σ0.4 is the stress corresponding to 40% of the peak stress, ε0 is
the peak strain, and ε0.4 is the corresponding to σ0.4.
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3. Experimental Results and Discussion

3.1. Carbonation Depth

Figure 3 shows carbonated specimens with 0%, 50%, and 100% RCA replacement ratios.
The correlation between carbonation depths and carbonation periods is shown in Figure 4.
It can be seen that the carbonation depth of specimens increased as the replacement ratio of
RCA increased due to the increase of the porosity of RAC. This agreed with the findings
observed by C. Thomas and Miguel Bravo [35,36].

Figure 3. Typical specimens after different carbonation periods. (a) NAC; (b) RAC50; (c) RAC100.

Figure 4. Carbonation depth versus carbonation periods.

Moreover, the RAC100 was fully carbonated at 35.0 mm of carbonation depth, whereas
RAC50 and NAC were carbonated at 31.0 and 19.2 mm, respectively. Notably, the carbona-
tion depth of RAC50 was 12% higher than that of NAC under a similar 28-day compressive
strength. However, the carbonation resistance of RAC can be improved upon by adding
other materials, such as fly ash [14], etc. Consequently, it is possible to apply RAC in field
applications.
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3.2. Failure Pattern

Failure patterns of RAC and NAC specimens with different carbonation depths are
compressive failure modes, as shown in Figure 5. For non-carbonated RAC and NAC
specimens, there were a few cracks that were parallel to the loading direction, and the
surfaces were slightly spalling. There is no significant difference in failure patterns of
uncarbonated RAC and NAC specimens, as shown in Figure 5a–c. In contrast, for highly
carbonated RAC50 and RAC100 specimens, as shown in Figure 5e,f, lots of short cracks
were parallel to the loading direction, but these short cracks formed one or several long
cracks. Finally, there were diagonal cracks that passed through the whole specimens, as
shown in Figure 6. However, carbonated NAC specimens had the same failure pattern with
uncarbonated NAC, and the spalling happened in carbonated NAC, as shown in Figure 5d.
Therefore, the effect of carbonation on the failure pattern of RAC is more obvious than that
of NAC. This is explained as follows: for carbonated RAC, carbonation did not change the
pore and microcrack in RCA, but there were obvious micro-cracks on the interface between
RCA and the new cement matrix, and the structure was looser in the interface transition
zone (ITZ). Yang et al. [37] found the above phenomenon by comparing scanning electron
micro-graphs of carbonated RAC with that of carbonated NAC. Consequently, carbonation
mainly changes the microstructure of the paste and interface transition zone. Short cracks
occurred in RAC with the increase of loading, but the more pore and microcracks in RCA
prevented the development of short cracks. Therefore, lots of short cracks occurred and
formed one or several long diagonal cracks, resulting in the diagonal band failure of
specimens.

Figure 5. The failure pattern of RAC and NAC specimens. (a) NAC-0.0 mm; (b) RAC50-0.0 mm;
(c) RAC100-0.0 mm; (d) NAC-19.8 mm; (e) RAC50-31.0 mm; and (f) RAC100-35.0 mm.

296



Materials 2022, 15, 5429

Figure 6. The development of the failure of carbonated RAC specimens.

In Figure 5f, the failure mode of RAC100-35.0 mm, which was fully carbonated, is
similar to the findings in the literature [38]. Although the interior of the fully carbonated
concrete has a high degree of compactness, a large number of original cracks inside RCA
was responsible for the failure of carbonated RAC.

3.3. Uniaxial Compressive Stress–Strain Curves

The uniaxial compressive stress–strain curves of the specimens with different car-
bonation depths are shown in Figure 7. It is shown that the stress–strain curves of the
specimens exhibit similar features, whereas the replacement rate of RCA and carbonation
depth showed an obvious impact on the stress–strain relation of RAC.

Figure 7. Uniaxial stress–strain curves of the specimens with different carbonation depth. (a) NAC;
(b) RAC50; and (c) RAC100.

The peak stress and slope of the ascending part of the curve declined with the increase
of the replacement rate of RCA, which conformed to findings from other researchers [29,38].
Furthermore, as carbonation depths increased, peak stress increased and both the ascend-
ing and descending part of the stress–strain curves became steeper. During a uniaxial
compressive loading experiment, the highly carbonated specimens were more brittle.
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3.3.1. Peak Stress

Figure 8 shows the relationship between peak stress and carbonation depth. The
results show that the peak stress of NAC, RAC50, and RAC100 specimens increased with
the increase of carbonation depth. This is caused by the reactions between CO2 and
hydration products of cement, such as Ca(OH)2 and C-S-H, which can reduce the porosity
of concrete [33,34,37–39]. The peak stress of the concrete was increased by reducing the
porosity [40–42].

Figure 8. Peak stress versus carbonation depth.

When the carbonation depth reached about 20 mm, the peak stress of NAC, RAC50,
and RAC100 specimens increased by about 30.5%, 17.6%, and 41.6%, respectively, compared
with uncarbonated specimens. The result shows that the peak stress of NAC increased
much more than that of RAC50 with the same carbonation depths. Moreover, the peak
stress of fully carbonated RAC100 increased by about 62.8%; hence carbonation can increase
the strength of RAC, which is consistent with findings by other researchers [24–26]. In
Figure 8, it is found that the standard deviation values of the peak stress of RAC100 is
higher than that of RAC50 and NAC, the peak stress has a clear jump from 16.8 to 21.5 mm
of carbonation of RAC100. The reason may be due to the discreteness of RAC. Further
experiments need to be performed in order to investigate the phenomenon.

3.3.2. Strain

The peak strain and ultimate strain of the specimens with different carbonation depths
are shown in Figure 9. It shows that carbonation depth has no significant effect on the peak
strain of all specimens. However, the ultimate strain of NAC and RAC100 decreased with
the increase of carbonation depth.

Figure 9. Peak strain and ultimate strain versus carbonation depth.

The ratio of the ultimate strain to peak strain (εu/ε0) describes the trend of the de-
scending part of stress–strain curves [43]. Figure 10 shows the relationship between the
ratio of ultimate strain to peak strain and carbonation depth. The results show that the ratio
of ultimate strain to peak strain of RAC50 is roughly larger than that of NAC. This means
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the descending part of the stress–strain curve of RAC50 is flatter than that of NAC, and the
results match with the descending part of stress–strain curves. Additionally, the ratios of
ultimate strain to peak strain of NAC, RAC50, and RAC100 specimens decreased with the
increase of carbonation depth. This means the descending part of the stress–strain curves
of these specimens becomes steeper and steeper due to the carbonation. This is consistent
with the rapid destruction of specimens after carbonation.

Figure 10. Ratio of ultimate strain to peak strain versus carbonation depth.

3.3.3. Elastic Modulus

Figure 11 shows the relationship between the elastic modulus and carbonation depth.
It can be observed that the elastic modulus of RAC50 is significantly lower than that of
NAC. The reasons are as follows. On the one hand, the decrease in the elastic modulus of
RAC50 was attributed to the weak and porous recycled coarse aggregates [5,44]. On the
other hand, the elastic modulus may decrease due to the cracks between old mortar and
aggregates and the micro-cracks which occur in the process of the production of RCA [45].

Figure 11. Elastic modulus versus carbonation depth.

Moreover, the elastic modulus of NAC, RAC50, and RAC100 specimens increased
with the increase of carbonation depth. Oğuzhan Çopuroğlu [46] and Han Jian De [47]
obtained similar results by using nanoindentation technology. Concrete specimens become
denser with the increase of carbonation depth, which is due to the carbonation of concrete.
In the carbonation, the chemical reaction between CO2 entered in the concrete and Ca(OH)2
in the cement produces insoluble CaCO3, which deposits in the pores of concrete.

When the carbonation depth reached about 20 mm, the elastic modulus of NAC,
RAC50, and RAC100 specimens increased by about 15.8%, 10.2%, and 12.6%, respectively,
compared to uncarbonated specimens. The result shows that the elastic modulus of NAC
is higher than that of RAC50 with the same carbonation depth. When the RAC100 is fully
carbonated, its elastic modulus has increased by about 28.3%.
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3.3.4. Relative Toughness

The area under the stress–strain curve can generally be considered as a measure of the
toughness of materials [48]. However, researchers’ definition of toughness is not universal.
Wengui Li [41] and Sufen Dong [49] regarded the area under the stress–strain curve as
toughness directly. Zemei Wu [50] and Jinyang Jiang [51] defined the relative toughness as
the ratio of the area under the curve to that of the ascending portion before the peak stress.

To avoid misjudgment due to much higher peak stress after carbonation, the ratio
of the area under the curve before 50% of peak stress at the descending part to that of
before peak stress was defined as relative toughness in this study. Figure 12 shows the
relationship between relative toughness and carbonation depth. The relative toughness of
uncarbonated NAC is higher than that of RAC50. This may be due to the weak and porous
RCA. The relative toughness of NAC, RAC50, and RAC100 specimens decreased overall
with the increase of carbonation depth. When the carbonation depth reached about 20 mm,
the relative toughness of NAC, RAC50, and RAC100 specimens decreased by about 14.6%,
7.1%, and 16.2%, respectively, compared with non-carbonated specimens. The results show
that the relative toughness of NAC reduced faster than that of RAC50 with the increase of
carbonation depth.

Figure 12. Relative toughness versus carbonation depth.

4. Stress–Strain Relation of Carbonated RAC and NAC

Xiao [29] and Wu [31] found that the analytical equations proposed by Guo [52] and
adopted by the code for design of concrete structures (GB 50010-2002) in China to describe
the complete stress–strain curve of NAC were also applicable to RAC. Hence, in this study,
the equations are adopted to analyze the stress–strain relation of carbonated RAC and NAC
are shown as follows:

y =

{
ax+(3 − 2a)x2 + (a − 2)x3, x ≤ 1

x
b(x−1)2+x

, x ≥ 1

x = ε
εc

, y = σ
σc

(3)

where a and b are parameters affecting the ascending and descending part of the curve,
respectively; ε0 is the peak strain; σ0 is the peak stress.

The First Optimization software developed by 7D-Soft High Technology Inc. was used
to find the optimum parameters of the ascending part and the descending part according to
the test data based on Equation (3). Parameter a, b and corresponding correlation coefficients
are shown in Table 4. The fitting results of the stress–strain relation are shown in Figure 13.
The results show that the test values are in good agreement with the theoretical values
and correlation coefficients are over 0.9. It is proven that Equation (3) is also applicable to
carbonated RAC and NAC.
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Table 4. Fitting results.

Specimens Coefficient a Correlation
Coefficient

Coefficient b Correlation
Coefficient

NAC-0.0 mm 1.057 0.998 3.568 0.993
NAC-4.9 mm 0.871 0.999 1.835 0.960
NAC-9.0 mm 0.624 0.999 3.010 0.950

NAC-12.2 mm 0.653 0.999 3.432 0.947
NAC-14.5 mm 0.674 0.999 3.466 0.944
NAC-17.5 mm 0.473 0.999 3.648 0.999
NAC-19.8 mm 0.214 0.997 4.706 0.988
RAC50-0 mm 1.099 0.990 2.170 0.943

RAC50-9.3mm 1.213 0.997 2.284 0.943
RAC50-15.3 mm 0.540 0.998 2.813 0.950
RAC50-19.4 mm 0.766 0.996 3.065 0.931
RAC50-21.3 mm 0.926 0.996 2.554 0.911
RAC50-29.1mm 0.571 0.997 3.434 0.930
RAC50-31.0 mm 0.613 0.999 3.505 0.959
RAC100-0 mm 1.841 0.986 1.962 0.921

RAC100-11.4 mm 1.482 0.985 2.220 0.926
RAC100-16.8 mm 1.551 0.988 2.445 0.945
RAC100-21.5 mm 0.636 0.986 3.104 0.972
RAC100-25.2 mm 0.636 0.999 3.032 0.957
RAC100-28.9 mm 0.558 0.995 3.193 0.944
RAC100-35.0 mm 0.705 0.999 2.005 0.999

Parameter a represents the relative slope of the ascending part of the curve, and a
smaller value means a flatter ascending part [50]. Parameter a of uncarbonated NAC and
RAC50 are similar, whereas that of RAC100 is nearly 70% higher than them. This potentially
indicates that parameter a depends on the compressive strength more than the replacement
rate of RCA. Besides, parameter a generally shows a downward trend with the increases
in the carbonation depth. This means carbonation increased the relative flatness of the
ascending part of stress–strain curves.

Parameter b presents the relative slope of the descending part of the curve. A bigger
b value means a steeper descending part of the curve and therefore poorer toughness
performance [51]. It can be clearly observed that parameter b increases with the increase
of carbonation depth, meaning that carbonation increased the relative steepness of the
descending part of stress–strain curves.

Figure 13. Cont.
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Figure 13. The fitting results of stress–strain relation. (a) NAC-0.0 mm; (b) NAC-4.9 mm; (c) NAC-
9.0 mm; (d) NAC-12.2 mm; (e) NAC-14.5 mm; (f) NAC-17.5 mm; (g) NAC-19.8 mm; (h) RAC50-
0.0 mm; (i) RAC50-9.3 mm; (j) RAC50-15.3 mm; (k) RAC50-19.4 mm; (l) RAC50-21.3 mm; (m) RAC50-
29.1 mm; (n) RAC50-31.0 mm; (o) RAC100-0.0 mm; (p) RAC100-11.4 mm; (q) RAC100-16.8 mm;
(r) RAC100-21.5 mm; (s) RAC100-25.2 mm; (t) RAC100-28.9 mm; and (u) RAC100-35.0 mm.

In addition, the correlation coefficients of NAC are higher than those of RAC50 and
RAC100, which may be due to the discreteness of RAC [28].

The research results show that low strength of interfacial transition zone is the main
factor of the size effect of concrete. Consequently, the size effect on the strength of recycled
aggregate concrete becomes obvious because the strength of interfacial transition zone of
recycled aggregate concrete is lower than that of ordinary concrete [53]. The compressive
stress–strain model of recycled coarse aggregate concrete in this study is mainly used in
the finite element method (FEM) analysis of concrete structure. The element size in the
concrete structure analysis is small, so the size effect on strength and brittleness will be
small. Therefore, the experimental results in Figure 13 will be directly applied to FEM
analysis of concrete structure in the engineering practice.

5. Summary

In this study, the uniaxial compressive behavior of RAC with different carbonation
depths was experimentally investigated, and the effects of carbonation depths on NAC and
RAC were compared by experimental results. The main results are summarized as follows.

(1) During the accelerated carbonation, the values of the carbonation depth of RAC
increases as the replacement ratio of recycled coarse aggregate increases. At 84 days,
RAC100 was fully carbonated and the carbonation depth was 35.0 mm, whereas that
of RAC50 and NAC were 31.0 and 19.2 mm, respectively.

(2) The peak stress and elastic modulus of RAC and NAC specimens increased with
the increase of carbonation depth, and the peak stress of fully carbonated RAC100
increased by about 62.8% and elastic modulus has increased by about 28.3%. The ratio
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of ultimate strain to peak strain and relative toughness of RAC and NAC specimens
decreased overall with the increase of carbonation depth. When the carbonation
depth reached about 20 mm, the relative toughness of RAC50 and RAC100 specimens
decreased by about 7.1% and 16.2%, respectively, compared with non-carbonated
specimens.

(3) Stress–strain models of recycled aggregate concrete with different carbonation depths
were established, and the experimental values are in good agreement with the theoret-
ical values and correlation coefficients are over 0.9. Carbonation decreased the relative
slope of the ascending part and increased the relative steepness of the descending
part of stress–strain curves of recycled aggregate concrete.
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Abstract: In this paper, the performance of a gas barrier that consisted of polyacrylamide (PAM)-
modified compacted clayey soil was experimentally explored. The moisture content and water loss
characteristics of the tested soils were adopted as indicative indices of water retention capacity (WRC).
The gas permeability (Kp) and gas diffusion coefficient (Dp) of the modified compacted clays were
evaluated via gas permeability and gas diffusion tests. The test results showed that the moisture
content of the modified compacted clay samples subjected to drying tests increased with increasing
polyacrylamide content. Kp and Dp decreased with increasing PAM content. Compared with 0.2%
PAM content, the Kp of the sample with 1.0% PAM was reduced by ten times, and the Dp was reduced
to ~35%. Compared to the unmodified clay, the liquid limit of the PAM-modified clay increased by
45~55%. Comparison of the liquid limit tests between this study and previous studies revealed that
the liquid limit ratio of the zwitterionic polyacrylamide (ZP)-modified soil was much higher than
the other material-modified soils. The results of this study are useful to facilitate the application of
modified compacted clays as gas barrier materials at industrial contaminated sites.

Keywords: compacted clay; polyacrylamide; gas barrier performance; gas permeability; gas diffusion
coefficient

1. Introduction

The compacted clay cover (CCC), as one of the main horizontal barriers, is widely
applied in industrial organics contaminated sites to effectively control upward migration of
volatile organic compound (VOC) and semi-volatile organic compound (SVOC) vapors or
gases [1]. Studies reveal that gas migration through the CCC in landfills is predominated
by diffusion [2]. Diffusion of VOC and SVOC gases through CCC may lead to the emission
of toluene gas in landfills, migrating from pollution sources in deep soil to the air [3].
Upward migration of gas in clay occurs via advection [4] and diffusion [5]. Diffusion is the
primary mechanism of VOC and SVOC gas migration in clayey soils on most occasions [6,7].
Advection can affect the migration of VOC or SVOC gas only when the temperature and
vapor pressure in clays are relatively high, e.g., during the summer season [8,9]. In real
projects, the CCC stays unsaturated on most occasions, except for relatively heavy rainfall
infiltration. There are three indicators that quantify gas advection in clays when air pressure
is high, gas permeability, air-water relative permeability, and moisture content [10]. A
critical step in evaluating a CCC’s performance against VOCs or SVOCs is to measure the
permeation and diffusion of gas while they change with the moisture contents of CCC.

The influence of moisture content in clay is significant for gas migration. In recent
years, a geosynthetic clay liner (GCL) has been extensively used as the VOC/SVOC gas
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barrier in contaminated sites. However, the bentonite in GCL is usually sodium-activated
calcium bentonite in China, and the barrier performance is not as good as sodium bentonite
GCL. This is because the high-quality sodium bentonite resources in China are scarce. Previ-
ous studies [11,12] found that the gas permeability of the sodium bentonite GCL decreased
with increasing moisture content under different pressures. Studies have shown that the
gas permeability changes after hydration from 1.0 × 10−18 to 1.0 × 10−11 m2 [13–15]. After
drying, the gas permeability of the GCL can range between 0.03 and 0.21 m2 [16]. The
VOC/SVOC gas migration from contaminated soil through GCL into the air is mainly
controlled by pressure and concentration gradients. The advection governs gas flow caused
by differential pressures, and the gas advection indicator is reflected by the gas permeabil-
ity [17]. Gas migration due to a concentration gradient is controlled by the gas diffusion
coefficient [18]. Rouf et al. [19] demonstrated that when the apparent degree of saturation
(ADOS) of the sodium bentonite GCL increased greater than approximately 65%, both the
gas diffusion coefficient and gas permeability of the GCL were considerably reduced. The
ADOS is defined as the gravimetric water content (w) of a GCL at a given time, divided by
the maximum gravimetric water content (wref) that the same GCL reaches during hydration
under the same applied stress conditions [19]. It can be anticipated that the gas diffusion
and gas permeability of CCC increase significantly with the decrease in both gravimetric
water content and ADOS [20]. Extremely low moisture content will lead to VOC gas migra-
tion into clay by diffusion and advection more easily, thus impairing the CCC gas barrier
efficacy. Low moisture contents in compacted clay can cause fissures due to water loss [21].
Ultimately, a crack network may develop from the fissures, becoming the preferential
and dominant pathway for the upward advection of VOC or SVOC gas released from the
unsaturated contaminated soils. Through laboratory tests, Drumm et al. [22] found that the
hydraulic conductivity near soil cracks increased sharply as compared to intact soil that is
not intact, confirming the existence of dominant flow paths after the soil cracked.

Adopting modified materials in CCC is one potential approach to suppress cracking
caused by water loss and improve the gas barrier performance. Super absorbent polymers
(SAP) are a type of polymers with strong water-absorbing capability, composed of many
hydrophilic functional groups, such as carbonyls, hydroxyls, and quaternary ammonium
salts. One of the most commonly used SAPs is polyacrylamide (PAM), which is usually
adopted as a water retention agent in agriculture, due to its long-term water retention
capabilities [23,24]. Studies [25–27] have shown that polymers are adsorbed on the surface
of soil particles through physicochemical reactions. A polymer is one of the promising
materials recently applied to soil stabilization. It has a long chain of monomers connected
to each other by sufficiently strong and flexible Van der Waals forces. The polymer can
encapsulate the soil particles and connect them through polymer chain expansion, thereby
improving the soil’s water retention capacity (WRC). As a result, the hydraulic proper-
ties, erosion resistance, and gas impermeability of the modified soils can be improved.
Qi et al. [28] researched the dried cracking of clay modified by PAM through a constant
temperature evaporation test and image processing technology. They found that PAM
is effective in mitigating soil cracking and even inhibiting crack formation. In addition,
Yu et al. [29] conducted column tests to compare the cracking of the GCL before and after
PAM modification at different temperatures. They demonstrated that the number of GCL
cracks decreased after PAM modification at 40 ◦C. Therefore, using PAM to modify the
CCC is promising, as it may improve the WRC and enhance the gas barrier performance.
Nevertheless, previous studies mainly focused on polymer-modified clay’s WRC and
hydraulic properties. The barrier performance of GCLs/CCCs containing VOC/SVOC
gases should be evaluated not only by gas permeability and WRC, but also by the gas
diffusion coefficient.

The primary purpose of this study was to investigate the gas barrier performance
of PAM-modified CCCs. A series of laboratory tests were conducted, which included
liquid limit, water retention, gas permeability, and gas diffusion tests. The results are
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useful in facilitating CCC design and its application as gas barriers in VOC and SVOC
contaminated sites.

2. Materials and Methods

2.1. In-Site Clay

Sampling the in situ CCCs was based on ASTM D3441 [30], The Geotechnical Engineer-
ing Investigation Handbook [31] and other references [32,33]. The specific sampling procedure
was displayed in the authors’ previous study [18]. A total of 40 sampling points were set
up. Sampling depth was one-half of the CCC thickness. The GXY-1 engineering driller
was adopted for rotary drilling sampling. The methods of the drilling operation were
employed as per the Geotechnical Engineering Investigation Handbook [34], Standard practice
for Classification of Soils for Engineering Purposes [35], and Geotechnical design, Part 2:
Ground investigation and testing [36]. Samples should be wrapped in an impermeable
material (plastic sealing bag) and stored in a shockproof box (filled with foam buffer) to
prevent transport disturbance. The soil’s fundamental physical properties were tested
based on the standards of GB/T 50145–2007 [37] and ASTM D2487 [38]. Test results were
shown in Table 1. Figure 1 is the plasticity chart to identify the soil classification. As the
organic content of the CCC sample is only 4.2%, the soil of the contaminated site can be
classified as clay with low LL, based on Figure 1 and ASTM D2487.

Table 1. Basic physical indicators of the clay used in the test.

Parameters Number of Samples Mean Test Method

Natural moisture content (%) 40 22.5 ASTM D2216 [31,39]
Specific gravity, Gs 40 2.72 ASTM D854 [40]
Liquid limit, LL (%) 40 38.14

ASTM D4318 [41]Plastic limit, PI (%) 40 14.90
Optimal moisture content (%) 6 25.6 ASTM D7382 [42]

Maximum dry density (g/cm3) 6 1.78 ASTM D4253 [43]
Organic content, Coc (%) 6 4.2 ASTM D2974 [44]

 

Figure 1. Plasticity chart for classification of fine-grained soils.

2.2. Polyacrylamide

There are four kinds of PAM in the market, cationic PAM (CP), anionic PAM (AP),
nonionic PAM (NP), and zwitterion PAM (ZP). According to the authors’ preliminary test
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results (see Supplementary Materials), the zwitterionic PAM worked best in inhibiting the
cracking of CCCs. The modified clay had a much lower gas permeability (Kp) and gas
diffusion coefficient (Dp) with good gas barrier performance than that modified by cationic,
anionic, and nonionic polyacrylamide. Hence, zwitterionic polyacrylamide was selected
as the tested modifier in this research, which was provided by Henan Zhengzhou Lvjie
Environmental Protection Material Co., Ltd. (Zhengzhou, China), with a molecular weight
of 12 million and solid content no less than 90%. The parameters of PAM were shown
in Table 2.

Table 2. Testing program and parameters of this study.

Testing Parameters Values

Polymer type Zwitterionic polyacrylamide (ZP)
Molecular weight 12 million

Admixture amount (%) 0, 0.2, 0.4, 0.6, 0.8, 1.0
Drying time (h) 0, 3.5, 7, 10.5, 14, 17.5

Testing program Moisture content, water loss, gas permeability, gas diffusion,
liquid limit

2.3. CCC Sample Preparation

The compacted clay samples were prepared according to the wopt and ρdmax of the
clay materials. The soil can reach the maximum degree of compaction only when it satisfies
the wopt and ρdmax. This is because Ralph R. Proctor proposed a compaction test, where
a soil sample is compacted by means of a set of blows of a hammer per lift, which prove
that the maximum dry density (ρdmax) of soil is related to certain moisture, called the
optimum moisture content (wopt) [45]. The soil samples with the size of 61.8 × 20 mm were
prepared by the static compression method. The dry density and moisture content of all
the compacted clay samples were 1.78 and 25.6%, respectively. The moisture content was
in accordance with the optimum water content (wopt).

The degree of compaction was designed based on the authors’ previous study [46],
which proved that compacted clays with 90% degree of compaction had superior gas barrier
performance than those with lower degrees of compaction. The specific ZP-modified
compacted samples were prepared as follows: (1) thoroughly mix the air-dried in-situ
soils with a certain amount of ZP powder. The ZP dosage is shown in Table 2 (2) distilled
water was added until the moisture content reached 25.6%, and the soil–water mixture was
thoroughly stirred using a glass rod until uniform; (3) the above soil–water mixture was
added into a rigid mold with a size of 61.8 × 20 mm, and it was statically compacted using
a hydraulic jack to the designed degree of compaction of 90%; (4) CCC samples were sealed
with plastic bags and cured in the curing room for 14 days until the samples reached the
moisture balance.

The CCC samples used in the gas permeability and gas diffusion tests were prepared
with the same method with that used in the WRC tests samples. It is noted that the
samples were subjected to drying at various times of 0 h, 3.5 h, 7 h, 10.5 h, 14 h, and 17.5 h,
respectively, and the drying temperature was 100 ◦C (see Table 2).

2.4. Test Methods
2.4.1. WRC Tests

After soil sample preparation, the compacted clay samples were placed in aluminum
boxes. The opening percentage of the aluminum box was greater than 85%. The opening
percentage is the ratio of hole area to the total lid area. Studies [47] show that PAM solutions
can maintain at least half their original viscosity for more than 8 years at 100 ◦C and for
approximately 2 years at 120 ◦C. Its backbone can remain stable at high temperatures. So,
the soil samples were dried in an oven with a temperature of 100 ◦C in order to save time.
The quality changes in the samples were recorded every 3.5 h, and Equations (1) and (2)
were used to calculate the moisture content and water loss rates after drying.
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The water loss rates of the clay samples after drying were calculated as follows:

Ws =
m0−m

ms × 25.6%
×100% (1)

where w is the moisture content; ms is the sum of the mass of the clay and polyacrylamide
(g); m0 is the mass of a compacted clay sample before being baked (g); mt is the mass of a
compacted clay sample after drying for time t (g), and WS is the water loss rate (%).

2.4.2. Clay Gas Permeability Tests

The CCC samples used in the gas permeability tests were prepared with the same
method as those used in the WRC samples. It is noted that the samples were subjected
to drying at various times of 0 h, 3.5 h, 7 h, 10.5 h, 14 h, and 17.5 h, respectively, and
the drying temperature was 100 ◦C. Gas permeability is defined according to Darcy’s
equation as the factor of proportionality between the ratio of gas flow and the pressure
gradient along the flow distance. The gas permeability of the CCC samples was measured
immediately after drying for 10.5 h at 100 ◦C. The air permeability of soil was measured
using the Eijkelkamp-type air permeability apparatus (model 08.07, Eijkelkamp Agrisearch
Equipment, The Netherlands) with the following procedures: firstly, the instrument should
be tested for tightness before the test. The preliminary test results revealed that it had
good airtightness and no air leakage. Secondly, a thick rubber sealing ring (inside diameter:
50 mm, outside diameter: 70 mm, thickness: 10 mm), a perforated plate (diameter: 53 mm,
thickness: 1 mm, the diameter of the hole: 1 mm), and a compacted soil sample were placed
into a sample holder (inside diameter: 105 mm, outside diameter: 150 mm, height: 50 mm,
material: stainless steel) in turn and fixed with a clamp for subsequent sealing. Finally, the
flow meter (range: 0.1~10 L/min, accuracy: 1.25%) was switched on by turning the button
counterclockwise to a vertical position to control the air pressure within an acceptable
range for measurement. Each measurement was repeated for 5 replications within a max.
of 10 min and enabled the quantification of pneumatic soil properties.

The testing time should be kept as short as possible during the experiments. This is
because gas will dry out the soil sample. Three identical samples were prepared for testing.
The air pressure was set as 10 kPa. It is noted that the gravimetric moisture content change
in the samples before and after the tests was found to be insignificant, i.e., within 3%. This
is attributed to the relatively low gas flow rate (0.5 L/min) and short testing time (10 min).
Rouf et al. have proven that a maximum variation in gravimetric moisture content of ±5%
was deemed acceptable during the gas permeability tests [48].

The gas permeability (Kp) of the compacted clay samples in the tests was derived in
accordance with the published studies [49,50].

Kp =
k·ρ1·g

μ
(2)

Q =
k·A·P
μ·L (3)

Q = v·A =
v

t·A ·A =
v
t

(4)

Kp= ρ1·g·
V·L

t·P·A (5)

where Kp is the gas permeability of a clay sample (m2); k is the permeability coefficient
(m/s); ρl is the air density (kg/m3); t is the test time (s); V is the amount of air passing
through the sample within time t (m3); L is the thickness of the compacted clay sample
to be tested (m); p is the actual pressure value (MPa), and A is the bottom area of the
sample (m2).
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2.4.3. Gas Diffusion Tests

The CCC samples used in the gas permeability tests were prepared with the same
method as that used in the WRC tests samples. It is noted that the samples were subjected
to drying at various times of 0 h, 3.5 h, 7 h, 10.5 h, 14 h, and 17.5 h, respectively, and the
drying temperature was 100 ◦C. The testing apparatus used for this study is schematically
shown in Figure 2. The apparatus consisted of a 3D printing gas diffusion chamber, an
oxygen sensor (KE-25, Figaro Inc., Tokyo, Japan) with the accuracy of ±1%, and a data-
logger (CR1000, Campbell Scientific, Inc., Logan, UT, USA), and a computer. The oxygen
sensor was used to measure the concentration of oxygen with a unit of % (the concentration
defined based on the content of oxygen in the atmosphere, 21%). The location of this
oxygen sensor is in the bottom of the diffusion chamber. The size of the diffusion chamber
is shown in Figure 2. The soil sample is placed at the top of the diffusion chamber; thus,
the oxygen gas can only migrate into the chamber through the soil sample. A soil sample
can be rapidly inserted into the apparatus and sealed to prevent the loss of gases and water
and can be removed without further soil disturbance. The steps of gas tightness self-tests
were conducted as follows: (1) an air-tight PVC lib was covered on the top of the chamber,
and (2) the nitrogen gaseous were released to fill the chamber. The oxygen concentration
should be decreased to the threshold of 0.3~0.6%. (3) It can be considered that the chamber
has good air tightness when the variation range of oxygen concentration is less than 0.3%.
The specific practical steps were listed as follows: (1) the samples were placed at the top of
the diffusion chamber; (2) the silicon grease was evenly applied to the contact part between
the samples and the inner wall of the diffusion chamber. Applying the silicon grease was
found to be effective in preventing gas migration through the gap in the contact part; (3) the
air inlet and outlet valves were opened, and the nitrogen gas container was opened to
introduce nitrogen into the diffusion chamber through the inlet. Furthermore, we adjusted
the flow control valve to make nitrogen enter the diffusion chamber evenly and steadily
through the inlet. The oxygen sensor was installed to monitor the oxygen concentration
change in the diffusion chamber until all the oxygen was discharged, and (4) the oxygen
was released when the oxygen concentration decreased to the threshold of 0.3–0.6%. The
inlet was closed after injecting nitrogen for 5~15 s.

 

Figure 2. The 3D printing gas diffusion chamber.

In this research, a data acquisition instrument was applied to record the oxygen
concentration in the diffusion chamber (Ct) every 5 min until the concentration was equal
to the oxygen in the atmosphere (C0), i.e., a steady state was reached.
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The gas diffusion coefficients Dp of the compacted clay samples were calculated based
on the previous studies [51,52] and combined with Fick’s first law.

D′
p = hs·hc·k (6)

ln
(

ΔCt

ΔC0

)
= k·t (7)

Kj =
Dp

D′
p
=

ε

α2
1
· 1
hs·hc

(8)

ε = 1 − ρb
ρs

− θV (9)

where Dp is the correction gas diffusion coefficient (m2/s); Dp’ is the gas diffusion coeffi-
cient before calibration (m2/s); hs is the height of the compacted clay sample (m); hC is
the height of the diffusion chamber (m); k is the slope of the straight line in the scatter
diagram of ln(ΔCt/ΔC0) (dimensionless); ΔCt is the difference between OC at both ends
of the clay sample at time t (g/cm3); ΔC0 is the difference between OC at both ends of
the clay sample at time t0 (t0 means initial stage); Kj is the corrected coefficient intro-
duced with changes in the storage capacity of OC; α1 is the first solution of the equation
(α × hS)tan(α × hS) = (hS × ε)/hC greater than 0; ε is the gas-filled porosity [53]; ρb is the
bulk density of the soil sample (g/cm3); ρs is the particle density of the clay (g/cm3); and
θv is the volumetric moisture content of the clay sample.

2.4.4. Liquid Limit Test

The liquid limit test was conducted according to ASTM D4318 [39]. The liquid limit
and plastic limit data were obtained from a liquid–plastic combined tester according to the
standard test method SL237-007-1999 [54].

3. Results and Discussion

3.1. Liquid Limit

Figure 3 shows the relationship between the liquid limit of the modified compacted
clay and the content of ZP. The liquid limit increases with the increasing ZP, which is
higher than the unmodified clay (in Table 1). The liquid limits of the compacted clay were
45%, 49%, 52%, 54%, and 55%, when the corresponding ZP content ranged from 0.2 to 1%.
Previous studies have demonstrated [55–57] that the WRC of clay increases with LL values.
This is because clay with high LL can retain more content of water in the soil pore, which
in turn can reduce gas permeability.

To compare the effects of different modification materials on LL, a dimensionless
parameter, LLd, is proposed, which was defined as the ratio of LL to LLck, where LLck is
the liquid limit of un-treated clay. The comparison results of LLd are shown in Figure 3b.
The results show that the ZP-modified soil has higher LLd values when compared with
other modifiers.

3.2. WRC

The evolution of the moisture content with various ZP contents is shown in Figure 4.
For the untreated samples, the initial moisture content was 25.6%. It decreased significantly
with the increase in drying time from 0 h to 7 h; the moisture significantly decreased from 9%
to 13%. After 17.5 h of drying, the moisture content of the compacted clay mixed with ZP of
0.2%, 0.4%, 0.6%, 0.8%, and 1.0% were 4%, 7%, 8%, 9%, and 12%, respectively. The moisture
of the soil treated with 1.0% ZP content was 193% higher as compared to the soil with 0.2%
ZP. Studies have proven [37] that ZP has a large specific surface area with many hydrophilic
groups. Due to the electrostatic attraction between the anions and the penetration disparity
induced by the differing concentrations of cations inside and outside, PAM expands linearly
to form a three-dimensional network structure [25,26]. Thus, the polymer network of ZP
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has a strong physical adsorption effect on water molecules. Accordingly, ZP can effectively
improve the WRC of compacted clay and inhibit the evaporation of clay moisture during
the drying process. After drying, the moisture content of the clay increased with increasing
ZP content, and the modification was the most prominent when the ZP content was 1%.

 

 

Figure 3. Liquid limit of CCC mixed with ZP. (a) Influence of PAM content on the LL of the compacted
clay; (b) effect of different materials mixed with clay on LL/LLck of the compacted clay [58,59].

 

Figure 4. The moisture content of the compacted clay mixed with different PAM contents.
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Figure 5 reflects the influence of ZP content on the water loss of the compacted clay
after drying. After 17.5 h of drying at 100 ◦C, the water loss rates of the compacted clay
mixed with different contents of ZP were 84%, 71%, 66%, 64%, and 54%, as the ZP content
ranged from 0.2% to 1.0%. Therefore, increasing the content of modifier ZP can effectively
reduce the water loss rate of clay and improve its WRC. Studies have indicated that the
water loss of the clay mixed with various ordinary agricultural and forestry water-retaining
agents varies from 55% to 63%, after they are dried for 360 min with a temperature of
60 ◦C [53]. However, when our research used 0.8% and 1.0% ZP for modification, the water
loss rates of the clay after drying at 100 ◦C for 17.5 h were 64% and 54%. Furthermore,
field monitoring results in the Changzhou contaminated site showed that [18] the highest
atmospheric temperature was 45 ◦C, which was much lower than the test temperature of
100 ◦C in this paper. As a result, ZP plays a more prominent role in enhancing the WRC of
CCC under low temperatures of 45 ◦C rather than 100 ◦C.

 

Figure 5. Water loss percentage of the compacted clay mixed with different contents of ZP.

Based on the preliminary test results, when the ZP content was than 1%, the clay with
the same initial moisture content was too viscous to be blended homogeneously. Therefore,
we did not test the soils with ZP content higher than 1.0%.

3.3. Gas Permeability

Figure 6 shows the relationship between the gas permeability and moisture content.
It is noted that the gas permeability of the soils was measured immediately after drying
for various times. It is observed the gas permeability of compacted clay increased with
the rise in moisture. The relationship of GCL Kp and moisture content can be reflected in
three stages in Figure 6. The first trend in stage I represents Kp decreasing sharply with
increasing moisture content ranging from 4% to 30%. The second trend in stage II shows Kp
very slightly decreasing with the increasing moisture content of 30~50%. The third trend in
stage III represents Kp decreasing sharply with the increasing moisture content of 50~100%.
According to the comparison between this study and geosynthetic clay liners in previous
studies, as shown in Figure 6, the gas permeability of both CCC and GCL decreases with
the rise in moisture content. In addition, the test results of Rouf et al. [11] showed that when
the moisture content of the GCL was 5~100%, the gas permeability at 20 kPa overburden
pressure varied from 10−13 m2 to 10−16 m2, much lower than that of compacted clay. Only
when the ZP content reached 1.0% was the gas permeability of ZP-modified compacted
clay lower than that of the GCL, with moisture content in the range of 20% to 28%.
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Figure 6. Relationship between the gas permeability and moisture content of compacted clay after
ZP modification [11,13,60].

The CCC sample total drying time is 17.5 h. The CCC’s final state after drying can
be compared to unveil the barrier performance under different ZP contents. Figure 7
shows the influence of ZP content on the gas permeability of the compacted clay after
17.5 h of drying. It can be observed that the moisture content of the clay enhanced as the
content of ZP increased, while the gas permeability Kp gradually decreased. The moisture
content and gas permeability showed an apparent negative correlation, meaning that gas
permeability decreased with the rise in moisture content [11–13]. When the ZP content
was 1.0%, the gas permeability of the clay after drying was 1.12 × 10−11 m2, which was
97% lower than that of the ZP admixture content of 0.2%. As proved, ZP can increase the
moisture content of clay after drying, thereby reducing its gas permeability. When the PAM
content is 1%, the gas barrier performance of clay can be effectively improved by about one
order of magnitude.

 

Figure 7. Influence of ZP content on gas permeability of the compacted clay.
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3.4. Gas Diffusion Coefficient

Figure 8 displays the relationship between the gas diffusion coefficient and moisture
content (after different times of drying with the initial moisture content of 25.6%) of the
compacted clay after ZP modification. The relationship of GCL Dp and moisture content
can be divided into two stages in Figure 8. The first trend in stage I represents Dp, which
has no changes with the increasing moisture content, ranging from 8% to 42%. The second
trend in stage II shows Dp, which decreases sharply with the increasing moisture content
of 58~100%. The relationship between CCC Dp and moisture content follows the linear
decreasing law; Dp decreases sharply with the increasing moisture content of 0~25.6%.

 

Figure 8. Relationship between the gas diffusion coefficient and moisture content of the compacted
clay after PAM modification [11,57].

As the content of ZP ranged from 0.2% to 1.0%, the gas diffusion coefficient decreased
with the rise in moisture. According to the analyses of the gas diffusion test results of
Rouf and Bouazza [19,56] on the GCL, when the moisture content of the GCL was 8~100%,
the gas diffusion coefficient was between 10−6 and 10−9 m2/s, much smaller than that of
compacted clay with the same moisture content.

As shown in Figure 8, when the moisture content was 25.6%, the gas diffusion co-
efficients of clay mixed with ZP at the contents of 0.2%, 0.4%, 0.6%, 0.8%, and 1.0% re-
mained in the same order of magnitude, which was 4.56 × 10−6 m2/s, 5.05 × 10−6 m2/s,
4.72 × 10−6 m2/s, 4.56 × 10−6 m2/s, and 4.51 × 10−6 m2/s, respectively. When the drying
starts, the CCC samples present different gas barrier properties. The Dp of the CCC sample
with 0.2% ZP content after 17.5 h drying is 1.37 × 10−4 m2/s, while the Dp of the 1.0% ZP
content sample is 3.06 × 10−5 m2/s. This is because the CCC samples mixed with high
content ZP have high WRC, which can reduce the microstructure of clay particles and
enhance the barrier property of CCC.

The CCC sample’s total drying time is 17.5 h. After drying, the CCC’s final state
can be compared to unveil the barrier performance under different ZP contents. Figure 9
presents the relationship between the gas diffusion coefficient and moisture content of the
compacted clay after drying for 17.5 h with the change in ZP content. It can be observed
that the Dp decreased with increasing moisture content. When the ZP content was 1%, the
gas diffusion coefficient of the clay was 3.06 × 10−5 m2/s, which was only 35% of that at
the ZP content of 0.2%. Hence, ZP can effectively improve compacted clay’s gas-barrier
and anti-diffusion performance, and its modification effect increases with the rise in ZP
admixture content.
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Figure 9. Influence of ZP content on the gas diffusion coefficient of the compacted clay.

4. Conclusions

This study investigated the gas barrier performance of CCC of an industrial con-
taminated site that was modified by zwitterion polyacrylamide (ZP). The water retention
capacity (WRC) test, liquid limit (LL) test, gas permeability test, and gas diffusion test were
conducted to unveil the barrier mechanism. Based on the results, the following conclusions
can be drawn:

(1) ZP could increase the moisture content of the compacted clay. The WRC is related
to the linear expansion of polymer molecules after water adsorption. The moisture
content of the clay after drying increases with the rise in the ZP admixture content.
The modification had a prominent effect at a ZP content of 1%, and the moisture
content after drying increased by 193% more than at the ZP content of 0.2%.

(2) The WRC of compacted clay significantly improves after adding ZP. When the admix-
ture content is 0.8% and 1.0%, the water loss rate after the clay is dried for 17.5 h at
100 ◦C is 64% and 54%. Its WRC is better than ordinary water-retention agents for
agriculture and forestry.

(3) The effects of ZP, i.e., reducing the clay gas permeability Kp and gas diffusion coef-
ficient Dp, are not obvious. When the content is 1.0%, the Kp of CCC is about one
order of magnitude lower than that at the ZP content of 0.2%. Its Dp is only 35% at
the admixture content of 0.2%. For CCC with the same moisture content, the Kp and
Dp decrease with the rise in ZP content.

(4) The reasons for the slight improvement in the gas barrier performance of modified
clay are as follows. ZP modification enhances the WRC of CCC after drying, thereby
reducing the Kp and Dp.

(5) ZP can increase the LL of compacted clay. When the admixture content varies from
0.2 to 1.0%, LL increases by 45~55% more than unmodified clay.

Further studies are warranted to explore the economic efficiency and long-term stabil-
ity of ZP-modified CCCs. The data in this study offer modified materials as gas barriers in
applying geotechnical engineering.
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Nomenclature

WRC Water retention capacity
LL Liquid limit
LLd The dimensionless results of LL
LLck The LL of soil without any additive
CCC Compacted clay cover
ADOS Apparent degree of saturation
Ip Plasticity index
CL Clay with low LL
CH Clay with high LL
ML Silt with low LL
MH Silt with high LL
OL Low liquid limit organic clay or silt
OH High liquid limit organic clay or silt
VOC Volatile organic compound
PAM Polyacrylamide
ZP Zwitterion polyacrylamide
GCL Geosynthetic clay liner
CK Control blank
COV Covariance (it is a measure of the joint variability of two random variables)
OC Oxygen concentration
ms Sum of the mass of the clay and polyacrylamide (g)
m0 The mass of a compacted clay sample before drying (g)
mt The mass of a compacted clay sample after drying for time t (g)
WS The water loss rate (%)
Kp The gas permeability of a clay sample
k The permeability coefficient (m2)
ρl The air density (kg/m3)
t The test time (s)
V The amount of air passing through the sample within time t (m3)
L The thickness of the compacted clay sample to be tested (m)
p The actual pressure value (hPa)
A The bottom area of the sample (m2)
Dp The correction gas diffusion coefficient (m2/s)
Dp’ The gas diffusion coefficient before calibration (m2/s)
hs The height of the compacted clay sample
hC The height of the diffusion chamber (cm)
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k The slope of the straight line in the scatter diagram of ln(�Ct/�C0) (t)
ΔCt The difference between OC at both ends of the clay sample at time t
ΔC0 The difference between OC at both ends of the clay sample at time t0
FP Filter paper
SSSM Saturated salt solution method
RH Relative humidity
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Abstract: Within the construction sector, the use of gypsum-based pastes features in the majority
of monuments, giving this material significant relevance in conservation and restoration projects
affecting the world’s cultural heritage. In this research, we evaluated special gypsum-based colored
pastes mixed with air lime, hydraulic lime and sodium silicate, and eight different pigments for
their use as replacement materials in architectural restoration and construction. We analyzed the
suitability of their physical and chemical properties and their hydric characteristics, mechanics and
colorimetric implications in two different studies after 28 days and 120 days. The characterization of
the products has mainly confirmed the suitability of the pastes containing pigments for use in the most
common applications for these kinds of mixes, highlighting that their specific capacities are worth
leveraging. The crystallization of gypsum minerals, observed in all of the mixes, helps to consolidate
the shrinkage cracks which appear inside the pastes, improving their mechanical strength values.
Another observation of the pastes is related to the amorphous silica precipitates in the mixes which
contained sodium silicate: the latter provided to them good mechanical behavior. The improvement
observed in the pastes containing the green earth pigment is substantial, due to the inclusion of
aluminum silicates and Mg, which is partly responsible for the increased compressive strength of the
pastes. Finally, the colorimetric analysis is of vital importance in determining the loss of intensity of the
colors of the pastes used, since subjective observation leads to serious errors of interpretation.

Keywords: replacement pastes; water glass; pigments; chromatic evaluation; construction; cultural heritage

1. Introduction

Plaster is a commonly-used material due both to its abundance and the fact that it is easy
to extract, transform and distribute [1]. In addition, there are other features, such as its easy
preparation, durability and versatility [2], along with its quick setting and hardening when
exposed to air. It is a material that is often used in the construction sector due to its low cost,
its excellent thermal insulation and soundproofing properties, its high flame resistance and its
low energy consumption during the production process [3,4]. It is also easy to recycle using
suitable preparation processes based on the theory of hydration and dehydration [5].

In building construction, plaster is used for decorative trimmings and coatings of
walls and ceilings; for stucco work and rendering; in interiors and exteriors; as a binder
in ceramic and stone materials; and even for building products such as bricks and blocks,
laminated plasterboards, plasterboard sandwich panels, etc. [6,7].

Despite its aforementioned advantages, its extreme fragility and limited mechanical strength
and resistance to water mean that this material is unsuitable when its use requires it to withstand
certain specific stresses, to bear shock loads or to be located in external environments [8].
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For some time, research has been being carried out into how to improve the mechanical
properties of pastes so as to broaden the scope of their use. This fact has led to new mixes
being studied in which natural and artificial fibers are added [9–16]. Usually, in the case
of plasters or gypsum-based pastes, the way that this is achieved is by reinforcing them
using fiberglass [17–19].

The search for materials which have lower environmental impacts and greater effi-
ciency has led to artificial fiber-based additives being replaced by others containing natural
fibers [3]. However, the high cost of natural fiber in comparison with that of plaster, along
with the limited interaction of these additives with the plaster matrix, mean that these
compounds are not as competitive as artificial ones.

Within the construction sector, the use of gypsum-based pastes is necessary for the
majority of monuments, giving this material significant relevance in conservation and
restoration projects affecting the world’s cultural heritage. Its origin dates back to the
sixth millennium BC in Greece, and it was widely used and developed by the Romans [20].
Consequently, knowledge of this type of compound, and its application, is fundamental
for mitigating the state of degradation and loss of built heritage [21–24]. Despite its
importance, there has been little interest in studying it or defining new strategies for its use
in conservation for a number of years.

Fortunately, in recent decades, the features of mortars and pastes have become a
priority in material characterization studies, particularly those which have compositional
or microstructural issues [25–34], excluding aesthetic matters [21,35–38]. In this regard,
incorporating polymers in traditional building materials, such as mortars, adds great value
when compared to conventional building materials. The addition of polymers makes it
possible to obtain good levels of mechanical strength, good adhesion properties, abrasion
and weathering resistance, waterproofing and excellent insulating properties [39].

New research projects seek to increase the durability of plaster pastes exposed to
atmospheric influences. Recent studies have analyzed the improvements brought about by
introducing modifying additives to the plaster binder, such as: polymeric compositions,
fine minerals and nano-disperse components. Zhukov et al. have analyzed the addition
of hardening resins to plaster through polycondensation and the application of nano-
aggregates [40]. The addition of a polymer to the plaster mix produces a framework of
dehydrated crystalline aggregates during the hydration of the plaster, whilst the resin,
when it hardens, forms a continuous polymeric matrix. This causes the polymeric plaster
to increase its strength over time due to the continuous polymerization of the resin.

Other research projects seek to analyze the influence of micro-aggregates (micro-
spheres, hydroxyethyl methyl cellulose polymer and/or aerogel) on the thermal conductiv-
ity coefficient and thermal diffusivity. Using these additives makes it possible to reduce
thermal conductivity by up to 23%, compared to the unmodified plaster samples [41].
The authors conclude that the polymer provoked a change in the structure of the plaster
compound, giving it a lower density and greater porosity.

On the other hand, the porosity increasing can also have some disadvantages, since a
key element to take into account in the conservation of gypsum-based pastes is the perme-
ability of the compound [42]. As such, it is necessary to study the porosity, sphericity and
pore size distribution, assessing the changes depending on the mortar composition [43].
Recent studies have made progress by using mercury intrusion porosimetry (MIP) and
micro-computerized tomography (μCT). Thanks to these techniques, it is possible to visual-
ize pores, air voids, aggregates and binder distributions within a sample [25].

However, when it comes to heritage, the maintenance and preservation of buildings
require broader interventions also addressing issues of aesthetic nature. In this respect, the
colorimetry rules and studies can be key in the field of conservation and restoration [44–46].
Knowledge of the chromatic possibilities of pigments and their techniques is fundamental
when the objective is to carry out an intervention for recovery of built heritage [47,48].

In this kind of intervention, where it is not possible to modify the aesthetic characteristics
of the element, colorimetry has become a highly useful tool. In an intervention of this type, a
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correct choice of materials must be made after evaluating the effectiveness of the procedures to
be used and the chromatic modifications that can happen. In this way, it is necessary to develop
a colorimetric study at least, before and during the preparation of the restorative pastes.

There are recent studies which have already applied the study of colorimetry in the
field of monumental heritage, analyzing the performances of treated pigments [49–56].
For this reason, the use of pigments in different applications within the field of materials
engineering and interventions in architectural heritage is necessary in order to achieve
matching visual and aesthetic characteristics [57,58].

Generally, the colorimetry studies have focused on the characteristics of the pigments,
mainly on production processes and their formulation, the saving of resources, the product
finish and the most suitable application methods for protecting the environment. However,
it is important to underline the conditions that the materials will be expose for establishing
their performance and effectiveness.

The present article focuses upon the application of different pigments in plaster-
based pastes for use in construction, be it to new builds or to the restoration of cultural
heritage sites. It analyzes the intended use of the pigments studied, the suitability of their
physical and chemical properties and the characteristics of the materials. Their colorimetric
implications were analyzed in two different studies after 28 days and 120 days.

2. Materials and Methods

The research carried out involved designing four gypsum-based pastes containing
added pigments. Different binders and pigments were used to produce them, making it
possible to add significant color to the pastes, and increase their final mechanical strengths
without unduly reducing their insulation or water vapor permeability values.

Both the limes and plaster used were provided by CTS Spain. The plaster used
contained a minimum of 90% of hemihydrate, giving it the highest quality, as can be seen
in the XRD (Figure 1). According to the distributor, a microfiltration process is applied to
the air lime after it has been slaked in tanks used specifically for that purpose, and it is
then aged for a period of no less than six months. According to [59], air lime is a type CL90
calcium lime (CL), the CaO + MgO content of which is ≥90%. The MgO content is ≤5%,
the CO2 content is ≤4%, the SO3 content is ≤2% and the usable lime (Ca(OH)2) content
is ≥80%. Where hydraulic lime (NHL5) is concerned, this was genuinely natural pure
lime obtained from the calcination of loamy limestone, without additives, at production
temperatures of 1200 ◦C, which according to [59], has a usable lime (Ca(OH)2) content
of ≥15%, a SO3 content of ≤2% and compressive strengths ranging from 5 to 15 MPa.
The sodium metasilicate (water glass) was acquired from Alquera Ciencia SL (Spain),
with a SiO2 content of 26.40 ± 1.50%, Na2O content of 8.00 ± 0.60% and water content of
65.60 ± 2.00%. The true density is 38 ± 1.00 Be, and the pH is 12.50 ± 1.00. The mixture
has a viscosity of 80 MPa·s.
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Figure 1. X-ray diffractograms for the plaster, hydrated air lime, hydraulic lime and water glass [60].
Abbreviations for names of rock-forming minerals.

In relation to the different pigments used (eight), these were supplied by Kremer
Pigmente. The color range selected enables the use of a broad spectrum of red, blue,
green, ochre and yellow colors, specifically for use in the preparation of pastes, putties and
mortars for applications in architectural heritage work. The compositional parameters, by
manufacturer, color code [61] and name, are set out in Tables 1 and 2.
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Table 1. List of pigments along with an indication of the identification used in the study carried out,
trade name, color index, composition and acronym.

Name
Commercial

Pigment/Binders
[62,63]

Colour Index Name Manufacturer’s Composition Acronym

CY Chromium yellow pigment 77600 Lead chromate PY34
MO Molybdenum orange pigment 77629 Lead chromate, sulfate and molybdate PR104
O Ochre pigment 77492 Iron hydroxide PY43

GE Green earth pigment 77009 Iron (II) silicoaluminate, Mg and K PG23
CG Chromium green pigment 77288 Chromium oxide PG15
NS Natural sienna pigment 77491-2 Calcined natural iron oxide PBr7
ZY Zinc yellow pigment 77956 Zinc chromate PY36
UB Ultramarine blue pigment 77007 Sodium polysulfide-aluminosilicate PB29

Table 2. List of raw materials used for binders along with an indication of the identification used in
the study carried out, trade name, color index, composition and acronym.

Name
Commercial

Pigment/Binders
[62,63]

Colour Index Name Manufacturer’s Composition Acronym

P Plaster of paris 77231 Hemihydrite PW25
LW Lime White 77220 Calcium hydroxide-Portlandite PW18

NHL Natural hydraulic lime 77230 Silica calcium aluminates and calcium hydroxide PW28
WG Water glass 77007 Sodium metasilicate PB29

2.1. Binder Characterization

In order to study the mineralogical, chemical and colorimetric properties of the binders
used in the present research, X-ray fluorescence (XRF), X-ray diffraction (XRD) and standard
colorimetric observation methods were used, in line with the CIELab 1976 system.

A compact, high-performance wavelength dispersive X-ray fluorescence spectrome-
ter, the Zetium model (Malvern Panalytical Company, Worcestershire, UK) by the brand
PANalytical, was used to perform the X-ray fluorescence test (XRF) at the Scientific Instru-
mentation Centre of the University of Granada (CIC).

A Bruker D8 DISCOVER diffractometer (Dectris, Baden-Daettwil, Switzerland) with a
DECTRIS PILATUS3R 100K-A detector (Dectris, Baden-Daettwil, Switzerland), from the Scien-
tific Instrumentation Centre of the University of Granada (CIC), was used for the XRD test. The
Xpowder [64] program (v. 8, Daniel, Granada, Spain) was used to determine the composition.

Figure 1 and Table 3 show the results obtained from the XRD and XRF tests.

Table 3. Chemical composition by XRF analysis (wt %) of each raw material. Data normalized to
100% (LOI-free), loss on ignition.

SAMPLE (wt %) SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SO3 Cl LOI

Plaster 0.508 0.402 0.212 0.108 0.602 32.205 0.047 0.196 0.021 45.450 20.106
Aerial lime 0.202 0.076 0.516 76.292 0.128 0.068 0.630 0.196 0.412 21.430

Hidraulic lime 12.908 4.052 1.902 0.028 0.944 58.653 0.098 0.925 0.247 0.052 0.093 19.918
Sodium silicate 48.09 0.18 0.03 0.03 19.57 0.08 0.01 0.01 0.05 31.78

The preparation of the samples involved grinding the raw materials in an agate pestle
and paste and subsequently sieving them (mesh sieve ASTM N◦ 45, diameter <0.354mm).

A Konica Minolta CM-2500c Spectrophotometer (I.T.A. Aquateknica, S.A. Valencia,
Spain) from the University of Granada was used in order to be able to carry out the
colorimetric characterization and calculate the CIELab-1976 chromaticity coordinates [65]
of the binders, pure pigments and their mixes after 28 and 120 days. The measurements
obtained for diffuse spectral reflectance were in the visible range of 360–740 nm, at 5 nm
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intervals, with a D65 illuminant at 10◦. The specular reflection component was excluded
from all of the measurements, following CIE recommendations [66].

2.2. Sample Design and Preparation

The research was carried out using four different pastes: the first composed entirely
of pure plaster; the second made of plaster and air lime; the third made of plaster and
hydraulic lime; and the fourth made of plaster and sodium silicate. In all four cases, the
pastes were mixed with the pigments described above.

For the compression and flexural tests, several samples with dimensions of
160 × 40 × 40 mm were prepared in a plastic mold. For the permeability test, the samples
dimensions were 40 × 40 × 20 mm, being prepared in a plastic mold.

A dosage was specified in terms of the volumes of the mixture components, the final
compositions being those shown in Table 4. In order to prepare the samples, the differ-
ent components (plaster, lime/plaster + pigment) were dry-mixed, before finally adding
potable water in order to facilitate the mixing. For the samples containing plaster and water
glass, the plaster binder and pigment were dry-mixed before adding the sodium silicate
(liquid). This binder (sodium metasilicate) was purchased commercially in proportions of
25% active material, sodium silicate (Na2SiO3), and 75% water. The compaction times in
the demountable molds and subsequent demolding were 24 h for all samples.

Table 4. Specification and dosage of each gypsum-based paste mix (by volume %).

Name Plaster Aerial Lime Hidraulic Lime Sodium Silicate Solution (25–75%) Pigment Water Added

% % % % % parts

PPS 80 0 0 20 0.5
PALS 65 15 0 20 0.5
PHLS 65 0 15 20 0.5
PWGS 65 15 20

All of the samples were placed in a Weiss Technik climatic chamber, ClimeEvent model
(Xian LIB Environmental Simulation Industry, Shaanxi Province, China), with the following
characteristics: temperature range −42 ◦C to 180 ◦C and relative humidity of 10–98%.

The environmental setting and hardening conditions for the PPS, PALS and PHLS
mixtures were 22 ◦C and RH 70% inside of a climatic chamber for 120 days. The samples
of the PWGS paste had particular conditions of 60 ◦C for 24 h in an oven, causing the
concretion of the binder, and were subsequently kept in the same environmental conditions
(in a climatic chamber) as the rest of the samples.

The average time used for sample setting was 28 days, except in the case of the PWGS
mixes, which set after 24 h. All samples were considered to have fully hardened after 120
days.

Figure 2 shows both the pigments and the binders used in the research.
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Figure 2. Samples of pigments and binders used in the research.

2.3. Methods
2.3.1. Scanning Electron Microscopy (SEM)

Using a GEMINI (FESEM) CARL ZEISS scanning electron microscope (SEM) (LEICA,
Madrid, Spain), with a Röntec M Series EDX Detector (LEICA, Madrid, Spain), belonging to
the Scientific Instrumentation Centre of the University of Granada (CIC) the mineralogical,
microstructural and textural characterization of the mixes was performed. The results of
the EDX analysis were collected by matrix spotting of the indicated samples.

2.3.2. Water Vapor Permeability

According to [67], sixty-four test pieces were analyzed for each paste type (two for each
pigment) and two for each mix without added pigments (eight test pieces), after 120 days,
in laboratory conditions (temperature: 20 ± 2 ◦C; RH: 65 ± 5%). Their dimensions were
40 × 40 × 20 mm. The edges of the samples were sealed using liquid paraffin; then they
were placed in plastic recipients with covers, such that one part of the test piece was inside
the recipient and the other was outside of it. The join between the test piece and the plastic
recipient was sealed using liquid paraffin.

Granular calcium chloride was placed inside the plastic recipients as a drying agent,
in sufficient volume in order to obtain a relative humidity of 0%. An air gap measuring
approximately 10 mm was left between the drying agent and the base of each test piece.

After preparing the samples, the recipients were weighed in order to determine their
initial mass.

The specimens were brought out from the climatic chamber to measure the weights.
The same specimens were used to perform the water vapor permeability tests at both
28 and 120 days.

The test conditions were 50 ± 1% RH and 25 ± 0.5 ◦C, the samples being weighed every
twenty-four hours until the weight difference every twenty-four hours did not exceed 5%.

2.3.3. Mechanical Tests

The flexural strength and compressive strength tests were carried out on each type
of test piece, following a hardening time of 120 days. The total of samples used were 216.
In order to calculate the strength, regulation [68] was used, for prismatic test pieces with
dimensions of 160 × 40 × 40 mm.
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The press machine used to perform the break test was IBERTESTEUR TEST MD2 uni-
versal testing apparatus (Ibertest, Madrid, Spain). For a sampling interval of 64 mm, the test
speed was 1 mm/min. The sample was broken by using a concentrated load on the central
part, with the load cell set to 5 kN. In the compression testing, the speed used was 5 mm/min.

Using the average of the results for the three test pieces for each dosage and pigment
used, the average mechanical strength value was obtained.

2.3.4. Color Tests

After preparing the samples, their diffuse spectral reflectance curves were measured.
Five colorimetric determinations were performed for each one. Using Bessel’s correction,
the standard deviation was obtained for the values acquired, without this ever exceeding
3% of the associated average value [69].

Finally, SpectraMagic NX Color Data Software (I.T.A. Aquateknica, S.A., Valencia,
Spain) was used to present the simulations of the color variations for the samples studied.

3. Results

3.1. Scanning Electron Microscopy (SEM)

Figure 3 shows both the morphological analysis and EDX analysis of the samples.

Figure 3. Scanning electron microscopy images corresponding to different pastes with the pigment,
GE (Green Earth). The presence of gypsum lumps (A), several recrystallizations that are filling cracks
(B,D) and other characteristic mineralization of the paste’s matrix (B–D) are highlighted. The plot of
the EDX analysis corresponds to the elemental composition of the matrix.

In the SEM study carried out 120 days after they were prepared, plaster crystallization
was detected in specific areas of all of the samples, specifically in cavities with sizes of
≈20–35 μm, along with needle morphology in the case of the PPS + GE sample, where lumps
of such crystallization were detected, and in PALS + GE and PHLS + GE samples. It may be
speculated that this type of neoformed crystal generates a certain mechanical improvement in
the pastes due to the filling and consolidation produced in cracks and micro-fractures.

Meanwhile, calcium carbonate crystallization was found in cavities in some samples,
such as those of PALS + GE; belite crystallization (Ca2Si, calcium silicate hydrate) was
found in the PHLS + GE samples; and neoformed sodium hydroxide (NaOH) in the plaster
and sodium metasilicate matrix of the PWGS + GE samples.

The EDX analyses of the matrixes of all of the samples provided results which are
consistent with the quality of the samples. Elements associated with the Green Earth (GE)
pigment stood out in all of them. This artificial pigment is obtained by combining two
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types of hydrous phyllosilicate: celadonite (KMgFe3 + Si4O10(OH)2) and glauconite (Fe3 +,
Al, Mg2Si, Al4O10(OH)2). Apart from this, the elements associated with the matrix are
those which are characteristic of each mix. S-Ca associations stand out, as they are typical
in plaster and air lime (PPS and PALS), along with increases in Si, which is characteristic in
samples containing hydraulic lime and water glass.

3.2. Water Vapor Permeability Test

The results of the water vapor permeability tests for both test periods, after 28 and 120 days,
are shown in Table 5 and Figure 4.

Table 5. Results of the water vapor permeability test and standard deviation for the different white
pastes tested.

WVP (kg/(m·Pa·s))·10−12

28 Days 120 Days

PIGMENT PPS PALS PWGS PHLS PPS PALS PWGS PHLS

Binder 33.4 ± 1.50 27.2 ± 1.70 25.30 ± 0.40 22.8 ± 0.45 28.95 ± 1.35 25.89 ± 0.95 22.91 ± 0.83 20.96 ± 1.33
CY 33.1 ± 0.80 26.9 ± 1.10 24.90 ± 1.25 20.9 ± 1.17 31.4 ± 0.90 25.5 ± 0.95 23.6 ± 0.83 19.8 ± 1.33
MO 32.9 ± 1.10 26.5 ± 1.30 24.50 ± 1.10 20.5 ± 1.07 31.2 ± 1.30 25.1 ± 1.18 23.2 ± 1.13 19.4 ± 1.25
O 33.8 ± 1.70 26.9 ± 1.50 24.90 ± 1.33 21.1 ± 1.25 30.9 ± 0.80 25.5 ± 0.95 23.6 ± 1.06 20.5 ± 1.10

GE 32.3 ± 1.3 26.1 ± 1.20 24.10 ± 1.11 20.0 ± 1.50 30.5 ± 1.80 24.8 ± 0.91 22.9 ± 1.12 19.0 ± 1.30
CG 33.2 ± 0.70 27.4 ± 1.33 25.43 ± 1.20 21.5 ± 0.94 31.5 ± 1.20 26.3 ± 1.46 24.1 ± 1.38 20.4 ± 0.98
NS 32.3 ± 1.50 27.2 ± 0.95 25.72 ± 1.80 20.5 ± 1.37 32.1 ± 1.50 25.8 ± 1.13 23.9 ± 0.95 19.48 ± 1.80
ZY 33.3 ± 1.12 27.1 ± 1.17 25.47 ± 1.40 21.4 ± 1.22 31.6 ± 1.10 25.7 ± 1.20 23.8 ± 1.05 20.3 ± 1.10
UB 32.9 ± 1.13 26.5 ± 1.08 24.39 ± 1.18 20.5 ± 1.30 31.2 ± 1.10 25.1 ± 1.32 23.2 ± 0.88 19.8 ± 1.18

 

Figure 4. Water vapor permeability of the binders and their corresponding pigmented pastes (PPS,
PALS, PHLS and PWGS). The green circles and the orange circles correspond to the permeability at
28 and 120 days respectively. The dotted line and the green letter B correspond to the specific binder
at 28 days. The dotted line and the orange letter B correspond to the specific binder at 120 days.

After 28 days, the average permeability for the PPS + PIGMENT samples was
33kg/(m·Pa·s))·10−2. The maximum value was 33.3 ± 1.12kg/(m·Pa·s))·10−12 for the sam-
ple containing the ZY pigment, and the minimum value was 32.3 ± 1.3kg/(m·Pa·s))·10−12

for the sample containing the GE pigment.
In the case of the PALS + pigment samples, the average representative value for the

group is 26.83kg/(m·Pa·s))·10−12. The maximum value was 27.4 ± 1.33kg/(m·Pa·s))·10−12

for the sample containing the CG pigment, and the minimum value was
26.1 ± 1.20kg/(m·Pa·s))·10−12 for the sample containing the GE pigment.
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The average value of the PWGS + PIGMENT sample group was 24.8kg/(m·Pa·s)) ·10−12.
There was a maximum value of 25.72 ± 1.8kg/(m·Pa·s)) ·10−12 for the NS samples and a
minimum value of 24.1 ± 1.11kg/(m·Pa·s)) ·10−12 for the GE samples.

Finally, the lowest values were noticed in the plaster and hydraulic lime pastes
(PHLS + PIGMENT), the average value being 20.8kg/(m·Pa·s)) ·10−12. The maximum
value was 21.5 ± 0.94kg/(m·Pa·s)) ·10−12 for the CG samples, and the minimum value was
20.0 ± 1.50kg/(m·Pa·s)) ·10−12 for the GE samples.

It is deduced from the overall analysis that the substitution of the plaster (−15%)
in the different pastes by air lime, sodium silicate and hydraulic lime resulted in lower
permeability of the compound. In the different mixes, over time (120 days), it was observed
that the values decreased in all cases, confirming compaction of the samples. We recorded
reductions in the values of between 8.50% for the PPS + O samples and 0.60% for the
PPS + NS samples, for the 28 and 120 days. For the remaining pastes, the values varied
between 4% and 5% for each period of study.

3.3. Mechanical Tests

The results obtained in the mechanical tests display differences for the different mixes,
in terms of both compressive and flexural strength, during the test period (120 days). The
results obtained from the mechanical tests are set out in Table 6 (samples without added
pigments) and Table 7 and Figure 5 (binders and samples after 120 days).

Table 6. Results of the mechanical tests (120 days) and standard deviation for the different pastes tested.

Samples Compressive Strength (MPa) Flexural Strength (MPa)

σ σ

PP 5.40 0.02 2.25 0.03
PAL 5.62 0.04 2.93 0.06
PHL 9.79 0.03 3.90 0.05
PWG 8.65 0.01 3.51 0.04

Table 7. Results for mechanical tests and standard deviation for the different pastes containing added
pigments tested after 120 days.

Samples Compressive Strength (MPa) Flexural Strength (MPa)

PPS σ σ

PPS + CY 5.40 0.03 2.24 0.02
PPS + MO 5.42 0.05 2.25 0.04
PPS + O 5.43 0.04 2.24 0.03

PPS + GE 5.52 0.02 2.32 0.03
PPS + CG 5.42 0.03 2.26 0.02
PPS + NS 5.45 0.04 2.21 0.05
PPS + ZY 5.30 0.05 2.22 0.04
PPS + UB 5.36 0.03 2.23 0.03

PALS σ σ

PALS + CY 5.61 0.02 2.91 0.04
PALS + MO 5.64 0.05 2.92 0.05
PALS + O 5.63 0.04 2.93 0.06

PALS + GE 5.74 0.05 2.94 0.03
PALS + CG 5.56 0.03 2.91 0.06
PALS + NS 5.60 0.02 2.93 0.05
PALS + ZY 5.58 0.05 2.94 0.04
PALS + UB 5.62 0.03 2.92 0.02

334



Materials 2022, 15, 5877

Table 7. Cont.

Samples Compressive Strength (MPa) Flexural Strength (MPa)

PPS σ σ

PWGS σ σ

PWGS + CY 8.66 0.03 3.50 0.02
PWGS + MO 8.68 0.01 3.51 0.01
PWGS + O 8.67 0.02 3.50 0.06

PWGS + GE 8.72 0.01 3.52 0.04
PWGS + CG 8.68 0.04 3.52 0.05
PWGS + NS 8.71 0.05 3.48 0.03
PWGS + ZY 8.65 0.06 3.48 0.06
PWGS + UB 8.62 0.01 3.49 0.02

PHLS σ σ

PHLS + CY 9.80 0.02 3.92 0.05
PHLS + MO 9.76 0.04 3.91 0.06
PHLS + O 9.73 0.01 3.93 0.04

PHLS + GE 9.91 0.02 3.92 0.03
PHLS + CG 9.80 0.05 3.94 0.03
PHLS + NS 9.82 0.03 3.91 0.05
PHLS + ZY 9.84 0.03 3.92 0.02
PHLS + UB 9.85 0.03 3.90 0.07

 

Figure 5. Mechanical strength values (MPa) of binders at 120 days and their corresponding pigment-
colored pastes (PPS, PALS, PHLS and PWGS). Blue bar plot corresponds to compressive strength.
Line plot with red circles corresponds to flexural strength.

335



Materials 2022, 15, 5877

3.3.1. Compressive Strength
PPS + Pigment Samples

In the plaster paste samples containing added pigment (PPS + PIGMENT), the maxi-
mum compressive strength after 120 days was 5.52 MPa ± 0.02 for the PPS + PGE (Green
Earth pigment) sample. The minimum value was 5.3 MPa ± 0.05 for the PPS + PZY (Zinc
yellow pigment) pigment sample.

In percentage terms, the variation among the pastes containing added pigment was
3.98%, and the difference among the pastes without added pigment was 2.17%. This shows
full compatibility between the pastes and the pigments used.

PALS + Pigment Samples

The compressive strength of the plaster + lime pastes exhibits a slight increase in
the results, compared to the previous group. In this case, the values range between
5.74 MPa ± 0.05 for the PALS + PGE (Green Earth pigment) samples and 5.56 MPa ± 0.03
for the PALS + PCG (chromium green pigment) samples. This represents an average
increase of 3.74% compared to the pure plaster samples.

PWGS + Pigment Samples

The compressive strength levels of the plaster + sodium silicate pastes were higher
compared to the previous groups. In this case, the values range between 8.72 MPa ± 0.01 for
the PWGS + PGE (Green Earth pigment) samples and 8.62 MPa ± 0.01 for the PWGS + PUB
(Ultramarine Blue pigment) samples. This represents average increases of 37.6% compared to
the pure plaster samples and 35.2% compared to the plaster and air lime samples.

PHLS + Pigment Samples

The results for this group of samples are the highest of all those tested, reaching maxi-
mum values of 9.91 MPa ± 0.02 for the samples containing added pigment (PHLS + PGE
(Green Earth pigment) and 9.79 MPa ± 0.03 for the samples without added pigment;
percentage differences are less than 1% between them. In relation to the other groups, a
significant increase was also confirmed, these being 45% compared to the pure plaster
samples (PPS), 42.7% compared to the plaster and air lime (PALS) samples and 11.6%
compared to the pastes containing geopolymers (PWGS).

Overall, it was observed that the compressive strength results for the samples containing
pigments experienced improvements in resistance capacity, the least resistant being the PPS
pastes, followed by the PALS and the PWGS, and the most resistant being the PHLS pastes.

The literature consulted [70,71] confirms that, in general, an increase in compressive
strength for this type of paste is the consequence of a variation in the microstructure of the
hardened matrix.

Furthermore, [72,73] established that an increase may also be the result of chemical
reactions between the components (plaster + hydraulic lime) in the presence of water.
The presence of plaster as a replacement for the lime results in faster hydration, and
consequently, accelerated setting.

Meanwhile, it was observed that the addition of water glass to the mixes studied
resulted in the formation of amorphous silica, which acted as a siliceous aggregate in the
resulting paste, thereby increasing the mechanical strength.

Finally, in the samples containing hydraulic lime, an increase in the hydration rate was
confirmed due to the presence of calcium silicates, whose role is that of an active additive
(catalyst) in these pastes.

The analysis of the samples containing pigments for the four pastes concluded that
in all cases, the maximum value was associated with the samples containing the PGE
(Green Earth pigment). Previous studies [73–75] confirmed that MgO in both the pigment
itself and in the binding material acts as a fraction of aggregate material, increasing the
compressive strength of the mixes containing added pigments.
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3.3.2. Flexural Strength

Where flexural strength is concerned, the results show a very similar tendency to those
observed in the compressive strength testing (Tables 6 and 7). In this case, it is observed
that strength increased when part of the plaster was replaced by other binders, such as air
lime, sodium silicate or hydraulic lime.

During the period of study, the maximum values were obtained for the plaster + hydraulic
lime samples (PHLS samples). Those maximum values were up to 3.94 MPa ± 0.03 (average
value of 3.92 MPa). Next were the plaster + water glass samples (PWGS samples), which
reached an average value of 3.50 MPa, representing a percentage decrease of 10.7%. In third
place were the plaster + air lime samples (PALS samples), which obtained average flexural
strength of 2.93 MPa. Finally, the minimum values were achieved by the pure plaster samples
(PPS samples), their average value being 2.25 MPa.

In percentage terms, the differences between the groups are significant. The
plaster + hydraulic lime samples were 10.7% stronger than the plaster + water glass sam-
ples, 25.2% stronger than the plaster + air lime samples and 42.6% stronger than the pure
plaster samples.

After comparing the results of the samples containing added pigments, no real dif-
ference was observed among them. On comparing the samples without added pigments
with the colored samples in each group, it was observed that in the plaster + hydraulic
lime samples (PHLS samples) the flexural strength results were very similar to those for
the sample without added pigment, there being a difference of <1% in all cases. The sam-
ples containing plaster + water glass (GWS sample) obtained similar differences, slightly
greater than for the previous group, although still less than <1%. The samples containing
plaster + air lime (PALS samples) displayed differences of 2%. Lastly, for the pure plaster
samples (PPS samples) the differences were also minor, slightly above 2% (2.17%).

3.4. Color Tests

Figure 6 shows the color coordinates L*, a* and b* for the mixes studied in the different
media tested, in the test phases after 28 and 120 days. Each pigment displays the luminosity
values L* on the left and the chromaticity diagram a*-b* on the right. In all cases, the black
circles represent the coordinates of the pure pigment, the blue circles the binders, the white
circles the pastes after 28 days and the grey circles the pastes after 120 days.

With regard to the binders, they all feature very small tonal amounts (a*-b*) of red
and blue, except the water glass, whose tones are blue and green. The luminosities (L*) are
extremely high in all cases, with values which are very close to 100%, generating a visual
impression that is very similar to white. Meanwhile, the pigments used in all of the mixes
in proportions of 20% feature shades which are characteristic of the color palette designed,
and they are obviously affected by their interactions with the different binders on forming
the pastes.

In terms of shade, the CY pigment is composed of a significant proportion of yellow
and also features a considerable amount of green (a*-b*). The luminosity of this chromium
pigment is very close to 100%. The luminosity of the pastes hardened for 28 or 120 days
tended to differ, darkening in some way by approximately 5%; the color saturation de-
creased more markedly—by up to 40%.

The MO pigment is largely composed of yellow and red tones (a*-b*), and the luminos-
ity is low: slightly higher than 50%. The changes induced by the different binders increased
the luminosity in all cases, this being greater after 120 days, with values of close to 13%. In
the chromaticity diagram the saturation of the pastes drastically reduces to levels which
are very close to those of the binders (≈80%). Equally noteworthy is the reduction induced
by the binders in relation to the yellow shades, at the expense of the associated red shade.
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Figure 6. CIELab1976 colour space representation of binders and their corresponding pigment-
coloured pastes (PPS, PALS, PHLS and PWGS). Plot L*, indicates brightness values of the different
samples. Plot a*-b*, indicates chromaticity values of the different samples. Blue circles are the binder
samples without pigment; black circles are the pigment samples; white circles are the paste samples
at 28 days; grey circles are the paste samples at 120 days.
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The NS pigment has high luminosity (L*) values, of close to 90%, and where chromatic-
ity (a*-b*) is concerned, yellow stands out as the principal shade alongside small amounts
of red. The pastes obtained provoke subsaturation, with values which are close to those of
the binders, although the relative reduction was ≈10%. The luminosity increased ≈ 14%. It
is notable how there were significant reductions in the yellow and red shades, and the red
was replaced by green in the PWGS paste, after 120 days.

The GE pigment has average luminosity (≈60%) and chromaticity values (a*-b*), along
with comparatively small amounts of yellow and green. The pastes featured increased
luminosity (≈12%), particularly those measured after 120 days, contrary to what happens
in the chromaticity diagram, where the pastes display relative subsaturation of ≈8% after
28 and 120 days.

The CG pigment has low luminosity (<50%) and chromaticity components (a*-b*) based
on green and yellow shades. The variations in luminosity were significant, particularly the
increase in white, which occurred in the pastes after 28 and 120 days (≈15%). The most
significant variations in terms of chromaticity stemmed from subsaturation, which arose in
the mixes after 28 and 120 days; these have a clear tendency towards the binder values (≈3%).

The O pigment reached luminosity values slightly higher than 50% and tonal propor-
tions (a*-b*) of yellow and red. The changes were similar to those experienced by the rest
of the pigments and their pastes: a clear increase in luminosity (≈6%) and a substantial
loss of saturation (≈14%). The PWGS sample after 120 days provided a slight green tone
compared to the reddish tones of the other samples (PPS, PALS and PHLS).

The ZY pigment has very high luminosity values (≈90%), whilst the chromaticity
includes tonal components based on yellow and green. The variations experienced by the
pastes on hardening with the binders were very similar to those described in all cases:
increased luminosity (≈3%) and loss of saturation (≈30%).

The UB pigment has low L* values, making it dark (≈25%). The changes induced by
the inclusion of the binders studied increased luminosity by up to (≈11%) after 120 days.
The chromaticity values include a blue tonal component, which dominates in relation to
the red tone, which represents half the amount of the blue. The pastes provoked a loss of
saturation which left it close to the binders’ values (≈33%).

Table 8 shows that all of the paste samples studied experienced total color variations
(ΔE) clearly detectable by the human eye ΔE ≥ 3 [76] after 28 or 120 days. These changes
are determined by the chroma variation (ΔC), which entails variations in saturation (subsat-
uration). This doubled after 120 days in the majority of cases, compared to the amount after
28 days. Likewise, the increased luminosity (ΔL) induced by the binders used to prepare
the pastes is a decisive factor in the total color variation (ΔE). The only exception of note
occurred in the mixes containing pigment O, whose variations just exceeded the limit of
detection by the human eye.

Table 8. CIELab* 1976 values for the pigments and pastes used in this study and total color variations
(ΔE), chromaticity variations (ΔC) and luminosity variations (ΔL) of the pigments used in the
preparation of the pastes after 28 and 120 days.

28D 120D 28D 120D 28D 120D 28D 120D

a* b* L* a* b* L* ΔE ΔE ΔC ΔC ΔL ΔL

PIGMENT CY −17.03 92.10 98.40 −17.03 92.10 98.40 0.00 0.00 0.00 0.00 0.00 0.00
PPS + CY (80–20%) −5.00 62.00 93.20 −3.99 31.09 95.02 −23.80 −23.84 −31.46 −62.32 −5.20 −3.38

PALS + CY (65–15–20%) −5.00 63.12 92.80 −3.00 32.00 94.00 −23.51 −23.58 −30.34 −61.52 −5.60 −4.40
PHLS + CY (65–15–20%) −6.00 62.00 91.03 −5.00 31.00 91.00 −25.55 −25.60 −31.37 −62.26 −7.37 −7.40
PWGS + CY (65–15–20%) −9.00 61.00 92.00 −9.00 29.07 93.91 −25.10 −25.10 −32.00 −63.23 −6.40 −4.49

X −6.25 62.03 92.26 −5.25 30.79 93.48 −24.49 −24.53 −31.29 −62.33 −6.14 −4.92
σ 1.89 0.87 0.96 2.63 1.23 1.73 0.99 0.97 0.69 0.70 0.96 1.73
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Table 8. Cont.

28D 120D 28D 120D 28D 120D 28D 120D

a* b* L* a* b* L* ΔE ΔE ΔC ΔC ΔL ΔL

PIGMENT MO 74.20 65.13 55.40 74.20 65.13 55.40 0.00 0.00 0.00 0.00 0.00 0.00
PPS + MO (80–20%) 33.40 18.41 67.09 16.14 6.09 81.88 −36.04 −41.79 −60.59 −81.48 11.69 26.48

PALS + MO (65–15–20%) 33.00 20.01 67.00 16.15 7.00 81.00 −35.89 −41.45 −60.14 −81.13 11.60 25.60
PHLS + MO (65–15–20%) 32.99 19.05 65.00 15.08 6.03 78.14 −37.87 −43.82 −60.63 −82.49 9.60 22.74

PWGS + MO
(65–15–20%) 30.00 17.02 66.00 11.00 4.00 81.00 −38.74 −44.17 −64.24 −87.03 10.60 25.60

X 32.35 18.62 66.27 14.59 5.78 80.51 −37.14 −42.81 −61.40 −83.03 10.87 25.11
σ 1.58 1.25 0.98 2.45 1.27 1.63 1.40 1.39 1.91 2.72 0.98 1.63

PIGMENT NS 11.40 37.20 55.47 11.40 37.20 55.47 0.00 0.00 0.00 0.00 0.00 0.00
PPS + NS (80–20%) 5.00 16.99 71.80 2.79 5.88 85.00 6.20 6.08 −21.20 −32.40 16.33 29.53

PALS + NS (65–15–20%) 4.99 18.00 71.00 3.00 6.99 84.50 5.66 5.55 −20.23 −31.30 15.53 29.03
PHLS + NS (65–15–20%) 4.00 17.07 69.99 2.40 7.01 82.10 4.40 4.33 −21.38 −31.50 14.52 26.63
PWGS + NS (65–15–20% 1.99 16.04 71.09 −2.00 4.03 84.10 5.15 5.15 −22.74 −34.41 15.62 28.63

X 4.00 17.03 70.97 1.55 5.98 83.93 5.35 5.28 −21.39 −32.40 15.50 28.46
σ 1.42 0.80 0.74 2.38 1.40 1.27 0.77 0.74 1.04 1.42 0.74 1.27

PIGMENT GE −6.00 10.00 59.15 −6.00 10.00 59.15 0.00 0.00 0.00 0.00 0.00 0.00
PPS + GE (80–20%) −3.00 3.00 78.00 −1.01 0.30 87.88 17.83 17.78 −7.42 −10.61 18.85 28.73

PALS + GE (65–15–20%) −3.00 4.00 77.00 −1.00 1.00 87.62 16.87 16.82 −6.66 −10.25 17.85 28.47
PHLS + GE (65–15–20%) −2.99 3.02 76.13 −2.00 0.99 84.40 15.96 15.93 −7.41 −9.43 16.98 25.25
PWGS + GE (65–15–20% −6.09 1.99 76.99 −6.07 −2.00 86.85 16.97 16.97 −5.26 −5.27 17.84 27.70

X −3.77 3.00 77.03 −2.52 0.07 86.69 16.91 16.87 −6.69 −8.89 17.88 27.54
σ 1.55 0.82 0.76 2.41 1.42 1.59 0.76 0.76 1.02 2.46 0.76 1.59

PIGMENT CG −25.30 19.02 47.04 −25.30 19.02 47.04 0.00 0.00 0.00 0.00 0.00 0.00
PPS + CG (80–20%) −12.00 9.00 68.00 −5.00 2.00 83.00 12.94 12.08 −16.65 −26.27 20.96 35.96

PALS + CG (65–15–20%) −11.99 8.99 67.04 −4.99 3.01 82.89 12.00 11.13 −16.67 −25.82 20.00 35.85
PHLS + CG (65–15–20%) −12.00 9.00 66.30 −6.02 2.95 79.09 11.28 10.48 −16.65 −24.95 19.26 32.05
PWGS + CG (65–15–20% −14.00 6.89 67.00 −10.01 0.09 82.07 12.10 11.40 −16.05 −21.64 19.96 35.03

X −12.50 8.47 67.09 −6.51 2.01 81.76 12.08 11.27 −16.50 −24.67 20.05 34.72
σ 1.00 1.05 0.70 2.39 1.36 1.83 0.68 0.66 0.30 2.09 0.70 1.83

PIGMENT O 7.40 45.30 87.20 7.40 45.30 87.20 0.00 0.00 0.00 0.00 0.00 0.00
PPS + O (80–20%) 4.01 20.99 91.20 1.97 8.98 95.10 −4.87 −4.94 −24.53 −36.71 4.00 7.90

PALS + O (65–15–20%) 4.02 21.00 91.49 2.00 10.00 93.80 −4.59 −4.65 −24.52 −35.70 4.29 6.60
PHLS + O (65–15–20%) 4.00 20.98 89.04 2.00 9.00 91.25 −6.98 −7.04 −24.54 −36.68 1.84 4.05
PWGS + O (65–15–20%) 0.99 19.00 91.00 −2.94 5.99 93.01 −5.58 −5.53 −26.87 −39.23 3.80 5.81

X 3.26 20.49 90.68 0.76 8.49 93.29 −5.50 −5.54 −25.12 −37.08 3.48 6.09
σ 1.51 1.00 1.11 2.47 1.73 1.61 1.07 1.07 1.17 1.51 1.11 1.61

PIGMENT ZY −10.99 78.08 88.10 −10.99 78.08 88.10 0.00 0.00 0.00 0.00 0.00 0.00
PPS + ZY (80–20%) −8.00 48.00 91.00 −5.00 22.00 94.00 −15.04 −15.23 −30.19 −56.29 2.90 5.90

PALS + ZY (65–15–20%) −8.00 47.99 90.10 −5.00 24.02 93.20 −15.84 −16.03 −30.20 −54.31 2.00 5.10
PHLS + ZY (65–15–20%) −9.00 48.03 89.00 −6.00 23.20 91.40 −16.70 −16.92 −29.98 −54.89 0.90 3.30
PWGS + ZY (65–15–20% −11.79 47.10 91.16 −9.99 21.04 93.00 −14.95 −15.14 −30.30 −55.56 3.06 4.90

X −9.20 47.78 90.32 −6.50 22.57 92.90 −15.63 −15.83 −30.17 −55.26 2.22 4.80
σ 1.79 0.45 0.99 2.38 1.31 1.09 0.82 0.83 0.13 0.85 0.99 1.09

PIGMENT UB 36.60 −65.67 24.98 36.60 −65.67 24.98 0.00 0.00 0.00 0.00 0.00 0.00
PPS + UB (80–20%) 16.00 −37.99 59.00 8.00 −20.00 78.00 −7.25 −8.59 −33.96 −53.64 34.02 53.02

PALS + UB (65–15–20%) 15.99 −37.00 58.04 7.00 −19.04 77.08 −8.56 −10.04 −34.87 −54.89 33.06 52.10
PHLS + UB (65–15–20%) 16.01 −38.98 57.51 6.82 −20.04 75.90 −7.93 −9.41 −33.04 −54.01 32.53 50.92
PWGS + UB (65–15–20% 14.02 −39.40 58.70 3.00 −22.10 78.03 −7.15 −8.46 −33.36 −52.88 33.72 53.05

X 15.51 −38.34 58.31 6.21 −20.30 77.25 −7.72 −9.13 −33.81 −53.86 33.33 52.27
σ 0.99 1.07 0.67 2.20 1.29 1.00 0.66 0.74 0.81 0.84 0.67 1.00

All of these changes are represented in the form of a color chart in Figure 7, taking into
account the average values for a*, b* and L* for each group of samples. For each pigment
and paste type, the results are shown for 28 days and 120 days according to their color
coordinates (CIELab 1976).
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Figure 7. Color chart for the different mixes and inorganic pigments used, with an indication of their
color code for both of the test phases (28 days and 120 days).

4. Conclusions

1. The characterization of the products primarily confirmed the suitability of the pastes
containing pigments for use in the most common applications for mixes of this kind.

2. The results obtained in relation to mechanical strength confirmed the increases when
air lime and hydraulic lime are used. Likewise, the inclusion of water glass induced
improvements in all cases with regard to the samples containing plaster, whilst not
outperforming the pastes containing hydraulic lime.

3. From previous studies and the mechanical results obtained, it can be concluded that
the presence of magnesium silica aluminates could have been partly responsible for
the increases in compressive strength of the mixes containing Green Earth pigment.

4. The crystallization of gypsum minerals, observed in all of the mixes, helped to con-
solidate the shrinkage cracks which appeared in them, improving their mechanical
strength values, just as in the cases of neoformed calcium carbonate and belite origi-
nating in PALS and PHLS or sodium metasilicate in the PWGS samples.

5. The water vapor permeability values were high in all cases due to the dominant pres-
ence of plaster; nevertheless, the mixes of binders and pigments had reduced values:
by around 15% for the pastes after 28 days, and by 25% for the mixes after 120 days.

6. Where the values obtained in the mechanical tests are concerned, the results either
coincide with those observed in similar studies [77,78] or are even higher, as in the
case of [79]. A similar observation can be made for amorphous silica precipitates in
the mixes containing water glass.

7. The colorimetric analysis offerred total color differences in the pastes containing
added pigments, compared to the pure pigments, which were clearly detectable by
the human eye in all cases, after 28 and 120 days. Pigment O and its mixes were at the
limits of visual perception, the ΔE values being close to three. The main modifications
were determined by the variations in chromaticity (ΔC), resulting in subsaturation
and duplicating that perception in the majority of cases after 120 days. Meanwhile,
the variation in luminosity induced by the whitish appearance of the binders was a
decisive factor in the perception of the total color of the pastes.
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Abstract: There is great growing concern regarding the environmental impact of the building and
construction industry. Aggregate, one of the most crucial ingredients of concrete, is among the
concerns in this regard. There will be a steady increase in demand for aggregates in the near future, but
limited natural reserves will not be able to respond to this demand due to the risk of depletion. This
current situation is forcing researchers to conduct new and artificial material production techniques
that keep the resources within the allowed boundaries. Artificial aggregate production is one of
the new methods for sustainable, environmentally friendly material production. The mechanical
and environmental properties of lightweight concrete produced via artificial aggregates in different
ratios were investigated in this study. Fly ash (FA), ground granulated blast-furnace slag (GGBFS),
and quartz powder (QP) were utilized in the production of artificial lightweight aggregate (LWA)
by using a special technique known as cold-bonding pelletization. The prepared concrete samples
with the artificial aggregates were subjected to compressive, tensile, flexural, and bonding tests. The
test results demonstrated that the bonding, tensile, and compressive strength values of lightweight
concrete with a 20% GGBFS coarse aggregate replacement ratio of lightweight aggregates increased by
11%, 12%, and 30%, respectively. Moreover, it has been observed that a 41% increase in compressive
strength is possible with a 40% QP coarse aggregate replacement ratio of lightweight aggregates.
Finally, in addition to significantly impacting the mechanical properties of the lightweight concrete
produced via artificial lightweight aggregates, we demonstrated that it is possible to control and
reduce the harmful environmental effects of waste materials, such as FA, GGBFS, and QP in the
present study.

Keywords: artificial aggregate; lightweight concrete; fly ash; ground granulated blast furnace slag;
quartz powder

1. Introduction

It is crucial to keep industrial waste under control and to reduce its impact on the
environment as much as possible. Due to rapid urbanization and a large increase in
the world’s population [1], a large amount of solid waste has been generated and this
is increasing rapidly in Turkey. According to the Turkish Statistical Institute, up to 16
million tons of FA are being created yearly, but only two or three percent can be used
efficiently in the cement and concrete industry. FA, GGBFS as a waste material of steel
factories, and QP with high reserve areas in Turkey are capable of having alkali-activated
binder properties in terms of concrete production technology. Therefore, the goal of this
research is to determine the optimal amount of waste materials to use in the production
of lightweight aggregate for concrete mixes. Some other discussions have been had in the
literature regarding the recycling of waste materials into new building materials, such as
municipal solid waste incineration bottom ash (MSWIBA), silica fume (SF), and rice husk
ash (RHA) for use as cement replacement materials. It was found that the use of FA as
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partial replacement for cement in concrete resulted in enhanced durability of the produced
concrete in addition to reducing CO2 emissions [2]. The influence of FA in the cement
hydration process and its pozzolanic reaction inside concrete has been investigated by the
authors in [3–5]. However, several researchers have investigated using FA and GGBFS
in producing artificial LWA [6–13] such as: recycling bottom ash in artificial LWA to be
used directly in concrete [14] and minimizing cumulative quantities and preserving the
environment. The aggregate in concrete provides a large percentage of (often between
65 and 75 percent) and contributes significantly to the material’s heavy weight; therefore,
it makes sense to investigate the possibility of turning waste materials into lightweight
artificial concrete. The different chemical and physical properties of waste materials directly
affect the mechanical and durability of the produced concrete [15]. It was observed in some
studies that the replacement of 30 percent of recycled aggregate with the natural aggregate
had no significant impact on the performance of concrete when compared to natural
concrete [16–18]. Therefore, the goal of this research was to determine the optimal amount
of waste materials for use in the production of lightweight aggregate for concrete mixes.

Different materials and procedures may be used to produce artificial aggregate, such
as cold-bonding and sintering techniques [7,19]. According to BS EN 13055, aggregates
are considered lightweight aggregates if their particle densities do not exceed 2000 kg/m3.
Lightweight artificial aggregate was produced via the sintering method using alkaline palm
oil fuel ash (POFA) combined with silt [20]. Although sintering consumes more energy
than cold bonding, the benefits of achieving the sintered aggregate properties in less time
outweigh waiting 28 days for cold-bonded aggregate to cure [21].

Lightweight aggregate manufacture via cold bonding was developed in the early
2000s, and FA was used as the dry powder. In this process, a million tons of waste materials
was employed to generate aggregate, and this was found to be an appropriate material
for producing lightweight aggregates [22–25]. The cold-bonding process has been widely
used to utilize various types of waste materials and protect the environment by controlling
the leaching of pollutants [26]. The technique can thus be considered a proper treatment
channel for recycling waste materials [27]. Moreover, the technique is more economical
than the sintering method, but the crushing strength of aggregates usually gives lower
results [10,28,29]. In addition, the technique has more advantages in terms of cost, energy
consumption, and gas emissions [30].

Concrete with different compressive characteristics can be made from a wide variety
of structural components around the world, simplifying construction while increasing
durability and versatility. Depending on the intended function, concrete may be poured in
almost any form, shape, or color. Concrete may now be found in many locations, thanks to
the tremendous expansion in the building industry. However, concrete has some drawbacks
including its low tensile strength and heavy weight. Many research studies have looked
at ways to amplify these unfavorable traits. High-strength concrete may be enhanced
with recycled cement kiln dust and fibers made from recycled polyethene [31]. Artificial
aggregates are also employed to reduce the concrete’s weight. For industrial purposes,
a variety of light aggregates have been employed successfully. For example, bottom FA,
concrete waste powder, and pulverized granulated blast-furnace slag [32] may all be used
when using a cold-bonding technique. Various studies examined the mechanical behaviors
of concrete produced with cold-bonded lightweight FA aggregates [10,13]. Sintered and
cold-bonded artificial aggregate produced by utilizing washed sludge ash (WAS) and
GGBFS was used to produce concrete with mechanical properties comparable to ordinary
concrete with a lower oven-dry density [33]. This form of artificial aggregate may be utilized
in various concretes with varying mechanical properties. Depending on the aggregate
content, the compressive strength may be readily achieved at concrete manufacture between
20 and 80 MPa. The use of 10% FA with recycled aggregate resulted in a slight increase in
the axial compressive strength of the concrete [34]. Furthermore, the addition of FA to the
concrete with recycled aggregate improved the workability—due to the spherical and flat
shape of pellets—in addition to the mechanical and durability properties of concrete [2].
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Although lightweight concrete has a lower strength than normal-weight concrete, it
has some advantages such as having a reduced dead load, being eco-friendly, being low
cost, and having higher seismic and fire resistant properties [35–37]. From an environmental
protection point of view, using FA artificial aggregate as a fine aggregate in concrete could
reduce CO2 emissions by up to 60% compared to conventional concrete [38]. Furthermore,
replacing 50% of the cement with FA as a binder could reduce greenhouse emissions by
54% [39]. In addition to the environmental impact of using an FA artificial aggregate,
the cost of producing concrete can be reduced by 13–15% compared to conventional
concrete [40]. Sintered artificial aggregate is widely preferred in concrete production
in order to provide a higher strength. Using sintered FA aggregate in lightweight concrete
production has resulted in good mechanical and durability properties [41]. Similarly, the
fly ash cenosphere (FAC) features include being hollow spherical, lightweight, and air-
filled [42]. It is favored in different industries due to its high workability, low conductivity
and bulk density, and its thermal resistance [40]. FAC is also a fine aggregate in sustainable
lightweight concrete production [43]. A combination of 50% FAC and 75% SFA is suitable
for producing sustainable lightweight concrete [43]. However, a high volume of FAC
and SFA (up to 75%) leads to a significant reduction in lightweight concrete strength; the
strength could be enhanced by adding silica fume [44,45]. Based on these previous studies,
it is observed that a high volume of FAC and SFA could be utilized in lightweight concrete
production with the aid of silica fume.

There is a lack of research on the use of QP in manufacturing aggregate and its influ-
ence on the mechanical performance of the bond strength effects of lightweight aggregates
between concrete and reinforcing bars in particular. Hence, this study was focused on the
influence of an artificial aggregate made from FA, GGBFS, and QP powder on the properties
of concrete. Additionally, the effect of lightweight aggregate on the adhesion of concrete
to steel was examined. The experimental findings were compared with the outcomes of
conventional concrete made using typical aggregate. Due to prior research, the optimal
value of the aggregates was determined based on the water absorption, bulk density, and
crushing strength. These aggregates were substituted for conventional coarse aggregate
with varying ratios to assess the concrete’s compressive strength, modulus of elasticity, and
tensile strength, and the strength of the bond between the aggregates and the cement paste.

2. Materials and Methods

During this experimental study, concrete was cast using three different types of arti-
ficial LWAs to examine their influence on concrete’s mechanical and fracture properties.
Different replacement ratios (20%, 40%, and 60%) were applied with natural coarse aggre-
gate by weight.

2.1. Materials

This experiment used the same cement for producing artificial aggregate and testing
concrete containing artificial aggregate. The specific gravity of CEM I 42.5 R Portland
cement is 3.14, and the Blaine fineness is 326 m2/kg. Table 1 shows the chemical qualities
that were employed in this experiment.

Two types of coarse aggregate utilized in manufacturing lightweight aggregate con-
crete are cold-bonded artificial aggregates and normal aggregates. Materials utilized in
artificial aggregate synthesis include FA, GGBFS, and Q powder (see Table 1). The decision
was made to use a blend of river sand and crushed limestone sand as the final fine aggregate
obtained from a local supplier.

Slag from iron and steelmaking is known as GGBFS. FA from a thermal power plant
in Turkey was utilized in this investigation with a specific gravity of 2.25 m2/kg and a
fineness of 287 m2/kg. The GGBFS and QP qualities utilized in this experiment are shown
in Table 1. Concrete mixes were made more manageable using a water-reducing additive
with a specific gravity of 1.19. A superplasticizer (SP) was added to the mix.

347



Sustainability 2022, 14, 15991

Table 1. Physical and chemical properties of cement, FA, GGBFS, and QP.

Chemical Composition (%) Portland Cement FA QQBFS QP

CaO 62.58 4.24 34.12 0.28
SiO2 20.25 56.20 36.41 89.05

Al2O3 5.31 20.17 10.39 5.03
Fe2O3 4.04 6.69 0.69 3.62
MgO 2.82 1.92 10.26 –
SO3 2.73 0.49 – –
K2O 0.92 1.89 0.97 0.28

Na2O 0.22 0.58 0.35 –
Loss on ignition 3.02 1.78 1.64 –
Specific gravity 3.15 2.25 2.79 2.65

Blaine fineness (m2/kg) 326.00 287.00 418.00 –

2.2. Production of Artificial LWAs

The FA, GGBFS, and QP LWAs were made using the cold-bonding technique in a
titled pan at ambient temperature with varied ratios of Portland cement (20%, 30%, and
50% by weight of cement). For the first 10 min, Figure 1 depicts the process whereby the
dry materials were fed onto the disc and rotated at a constant speed to ensure uniformity.
During the rotation, the dry mixture was sprayed with water to act as a coagulant and form
pellets [9,12]. The process was repeated for 10–12 min in order to produce pellets with a
diameter ranging between 6 mm and 12 mm. The aggregates were kept in plastic bags at
70% relative humidity for 28 days. The specific gravity, bulk density, water absorption, and
crushing strength of the aggregates were determined following the curing period. This
method was carried out for all the aggregate types manufactured.

Figure 1. The process of cold-bonding manufacturing the LWA [22].

2.3. Concrete Mix Proportions

The artificial aggregate types were produced to develop the concrete mixes in the
experimental investigation. FA and GGBFS were combined with crushed QP powder in
the LWA production process. The materials used to make the artificial aggregate and the
replacement ratio with coarse aggregate are listed in Table 2. A complete list of the concrete
mix proportions used in the investigation is provided in Table 3. FAAC, GGBFSAC, and
QPAC refer to the FA, GGBFS, and QP aggregate concrete mixtures in Table 3. This also
shows how much superplasticizer (SP) was needed to achieve appropriate workability.
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Table 2. The design for concrete mixtures.

Mix ID
Replacement

Rate (%)
Cement
(kg/m3)

Water
(kg/m3)

River Sand
(kg/m3)

Natural
Aggregate (kg/m3)

Manufactured
Aggregate (kg/m3)

SP (kg/m3)

20 360 158 733.3 589.4 80 4.45
FAAC 40 360 158 733.3 442 157.7 4.45

60 360 158 733.3 294.7 236.7 4.45
20 360 158 733.3 589.3 93.7 4.45

GGBFSAC 40 360 158 733.3 442 187.7 4.45
60 360 158 733.3 294.7 281.3 4.45

QPAC 20 360 158 733.3 589.4 82.5 4.45
40 360 158 733.3 442.1 165 4.45
60 360 158 733.3 294.7 247.5 4.45

Table 3. Physical and mechanical properties of artificial LWA.

Mix ID
Maximum Aggregate

Size (mm)
Fineness
Modulus

Specific
Gravity

Apparent
Specific Gravity

Density
(kg/m3)

Water
Absorption (%)

Crushing
Strength (N)

FAA 16 1.78 1.43 2.43 937.59 28.52 722.96
GGBFSA 12.5 2.67 1.74 2.43 1114.42 16.27 1038.98

QA 12.5 1.53 1.61 2.70 928.00 18.00 675.51

2.4. Concrete Casting and Specimen Preparation

Three series of concrete mixes were cast in this investigation according to the three
types of artificial aggregates. The coarse aggregate was used in each case to make up
20%, 40%, and 60% of the original volume. In total, ten different concrete combinations
and a control concrete mixture were prepared. According to ASTM C192-18, the control
mixture was poured, whereas the artificial aggregate-containing mixture required further
operations to be completed. To achieve a saturated surface dry state, it was essential to soak
the lightweight aggregate pellets used in the concrete mixes overnight in water, and then
dry them with a towel to remove the excess water. The concrete mixtures were prepared
and created using a rotating pan mixer with a 40-litre capacity.

In accordance with TS EN 12350-2, a slump cone was used to test the workability
of each combination once the mixing step was completed. The hardened characteristics
of the concrete mixes were investigated once the workability was established. A total
of six specimens were used in the investigation of hardened properties. These included
three specimens of 100 mm cubes for compression strength testing, three specimens of
100 * 200 mm cylinders for splitting tensile and three-point load testing, three specimens of
75 * 75 * 280 mm for modulus of elasticity testing, and three specimens of 150mm cubes for
the water permeability test. Water curing was performed for 28 days on all the concrete
sample seeds that had been removed from the molds after 24 h of drying.

2.5. Test Methods
2.5.1. Aggregate Tests

The particle size distribution of artificial LWA was determined. The tests for the
physical properties of the artificial LWA were conducted in terms of specific gravity, bulk
density, and water absorption in accordance with ASTM 127. The crushing strength test was
performed in accordance with BS 812 part 110 by placing the pellet between two parallel
plates and applying a direct load until failure, an average of 10 pellets was taken as the
crushing strength. Furthermore, mineralogy and microstructural analyses were performed
on the manufactured pellets by using scanning electron microscopy (SEM).
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2.5.2. Concrete Tests

Compressive strength was determined using cubic samples according to the ASTM
C39-18. The splitting tensile strength was calculated using ASTM C496-17 and Equation (1):

fs=
2P

лDL
(1)

where fs = splitting tensile strength (MPa), P = maximum load (N), D = specimen diameter
(mm), and L = specimen length (mm).

The fracture energy was established in accordance with RILEM 50-FMC Technical
Committee [46]. Figure 2 shows a beam with notches during the test. The notch-to-depth
ratio was 0.4. An LVT transducer measured midspan deflection (LVDT). The area under the
load–displacement curve was used to compute the fracture energy by using Equation (2):

GF=
W0 + mg S

U δs

B(W − a)
(2)

where GF is the fracture energy (N/mm), W0 is the area under load–displacement curve
(N.mm), m is the specimen mass (kg), g is acceleration of gravity (m/s2), S is the distance
between support (mm), U is the specimen length (mm), δs is the specimen deflection
(mm), B is the specimen width (mm), W is the specimen depth (mm), and a is the notch
depth (mm).

 

Figure 2. A notch beam under fracture energy test.
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Also, the notched beams were used to determine the net flexural strength in accordance
with ASTM C1609, 2005 by using Equation (3) [47]:

f f lex=
3PmaxS

2B(W − a)2 (3)

where f f lex is the failure load (MPa) and Pmax is the maximum load (N).
Furthermore, to measure the characteristic length to indicate the brittleness of each

specimen, Equation (4) was used: [48]

lch=
EGF

fs2 (4)

where lch is the characteristic length (mm) and E is the static modulus of elasticity (GPa).
RILEM RC6 requires 150 × 150 × 150 mm cube specimens with embedded reinforce-

ment bars with a 16 mm diameter at the center of the sample to determine the bond strength
between the steel and the lightweight aggregate [49]; Equation (5) is used to measure the
bond strength:

τ =
P

лdbLb
(5)

where τ is bond strength (MPa), db is the diameter of the embedded steel bar (16 mm), and
Lb is the embedded length of the steel bar (150 mm).

3. Results and Discussion

3.1. Results of Aggregate Tests

The particle size distribution of artificial LWA is shown in Figure 3. The physical and
mechanical properties are displayed in Table 3. It is noted that the GGBFSA recorded the
highest crush strength value and minimum water absorption rate. The microstructure for
each type of artificial LWA aggregate is shown in Figure 4. The minor differences between
the artificial LWAs are that the QPA has sharp corners and the presence of voids in FAA
is less than in GGBFSA and QPA. The FAA particles exhibited a denser surface structure
when compared to the other types of aggregate. The core of the aggregate particles showed
a porous structure that gives the lighter weight and the high water absorption, leading to a
reduction in the strength and stiffness of artificial aggregate particles.

 

Figure 3. Particle size distribution of artificial LWAs.

351



Sustainability 2022, 14, 15991

 
(a) 

 
(b) 

 
(c) 

Figure 4. The microstructure of artificial LWAs (a) FAA, (b) GGBFSA, and (c) QPA.
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3.2. Results of Concrete Tests

The results of compression, splitting tensile, flexure, bonding, and modulus of elasticity
tests are discussed in detail below. Furthermore, the photographic views and graphical
illustrations were added for a clear and detailed discussion and evaluation.

3.2.1. Compressive Strength

The average compressive strength results of the cube samples which were treated for
28 days are illustrated in Figure 5.

 
Figure 5. The compressive strength of LWA concretes.

All of the mixtures generated similar results when the pressures ranged between
40 MPa and 55 MPa, compared with the natural normal-weight concrete (NWC). According
to these results, the artificial aggregate used up to 60% of the traditional coarse aggregate
and may still offer appropriate compressive strength. The experimental results indicate
that artificial LWA concrete requires a lower water-to-cement ratio than regular aggregate
concrete. A higher cement percentage is needed to compensate for the artificial aggregate’s
increased porosity and softness and decreased hardness [50].

The maximum compressive strength was attained at a 40% volume replacement ratio
for the mixture comprising quartz artificial aggregate in this experiment. Although the
lowest value was obtained by replacing 60% of the natural aggregate with GGBFS artificial
aggregate, it was still 1% higher than for the regular aggregate. However, when the artificial
aggregate ratios were increased, compressive strength was slightly reduced. There is a
reasonable amount of strength in the concrete formed using artificial aggregates, although it
is not as strong as traditional concrete. According to the previous research, adding sintered
FA LWA decreases the compressive strength by 10% to 13%. The results of this experiment
confirm those of Nadesan [45].

3.2.2. Splitting Tensile Strength

A splitting tensile test assesses the concrete’s tensile strength. It is a method through
which a fracture occurs due to applied stress attempting to locate weaker paths. The
average tensile strength was calculated using three 100 * 200 mm cylindrical samples. In
this study, the tensile strength of the concrete with artificial LWA is equivalent to that of
sound concrete, as shown in Table 2 and Figure 6. It is estimated that the performance
of lightweight concrete created using artificial aggregate is comparable to that of control
concrete prepared with ordinary coarse aggregates. Artificial aggregate has a reduced
strength, round shape, and poor anchoring potential with cured cement paste, which are
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the causes of limited improvement for the splitting tensile strength. For these reasons
and because of artificial aggregates’ moderate tensile strength, artificial LWA could not
enhance the tensile strengths to levels higher than for ordinary concrete. Tensile strength
is dependent on the shear of the interfaces zone between the cement paste and aggregate
particles and this can be improved by the curing time and condition, for example, steam
curing can improve the tensile strength more than water curing. Concrete is used for
several purposes; however, the splitting tenacity results of concrete, including artificial
aggregate, were satisfactory.

 
Figure 6. The splitting tensile strength of lightweight aggregate concretes.

3.2.3. Net Flexural Strength

A different type of tensile strength test, known as the net flexural strength, is shown
in Figure 7. According to the results, concrete’s net flexural strength was more significant
than its splitting tensile strength. Concrete mixtures constructed with FA artificial LWA
had values ranging from 5.41 MPa to 6.62 MPa, while GGBFS and QP artificial aggregates
had values ranging from 4.48 MPa to 5.45 MPa and 5.56 MPa to 6.09 MPa, respectively.
Particles with a higher crushing strength showed better flexural strength values. While
the net flexural strength of artificial LWA concretes was lower than that of normal-weight
concrete, the compressive, splitting, and net flexural strengths were all comparable to
normal-weight aggregate concrete and it could be improved by improving the cement paste
quality and reducing the water-cement ratio. Although the flexural strength of artificial
LWA concretes was lower than that of natural normal-weight aggregate concrete, there was
a consistency between the compressive strength, tensile strength, and net flexural strength
for the artificial LWA concrete.

3.2.4. Load–Displacement Curves

Figure 6 shows typical load–displacement curves for concrete mixtures. Concretes
with a lower compressive strength as demonstrated in Figure 8 have more significant dis-
placements based on the load–displacement curve. Concretes constructed with lightweight
artificial particles display ductile behavior because their maximum displacement values
are more crucial. Adding artificial LWA to a concrete mix improves the concrete’s ductility.
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Figure 7. The net flexural strength of artificial aggregate concrete.

(a) 

 
(b) 

Figure 8. Cont.
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(c) 

Figure 8. Load–displacement curves for (a) FAAC, (b) GGBFSAC, and (c) QAC.

3.2.5. Fracture Energy

A three-point bending machine was used to test a notched beam, and the results are
shown in Figure 9. Artificial aggregate concretes constructed from FA, QP, and GGBFS fiber-
reinforced materials had fracture energies of 391 MPa, 328 MPa, and 310 MPa, respectively.
The strength of artificial LWA concrete was reduced when compared to natural normal-
weight aggregate concrete. The fracture energy is the sum of the actuator’s energy and
weight. The decreased fracture energy of artificial LWA concretes may be attributed to
the results of this calculation. Because of the lower weight of the concrete, the amount
of energy given by weight is reduced. The area under the load–displacement curves for
concrete created using artificial LWA was less than for concrete manufactured with natural
normal-weight aggregate. Since natural normal-weight aggregate has a lower density than
artificial aggregate, the fracture energy provided by the actuator in the concrete will be
more substantial.

 

Figure 9. Fracture energy of artificial aggregate concretes.
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3.2.6. Characteristic Length

Figure 10 depicts the characteristic length values, which are a brittleness measurement.
The concrete mixes made using artificial lightweight particles had the most significant
characteristic length values. With its distinctive length as a consequence, it is clear that
artificial LWA makes concrete more ductile. Because of its higher compressive strength,
the stronger concrete also had shorter characteristic length values. This provides further
evidence that the ductility of concrete increases with its compressive strength.

Figure 10. Characteristic length of artificial aggregate concretes.

3.2.7. Bond Strength

We could determine the concrete’s binding strengths using the findings of this ex-
periment. Increasing the FA artificial lightweight replacement boosts the concrete mix’s
binding strength. The results are shown in Figure 11. GGBFS artificial LWAs increased bond
strength at a 20 percent replacement ratio by approximately 42 percent, while increasing
the GGBFSA content to 60 percent reduced bond strength by 18 percent. Almost all bond
strength tests for quartz artificial aggregate concrete were passed. When compared to
natural normal-weight aggregate, manufactured LWA was weaker. This, however, directly
affects the steel bar–concrete relationship; pulling out the steel bar easily breaks or crushes
the weaker aggregate of the implanted steel bar.

The findings of the other studies demonstrated that artificial LWA works well, if not
exceptionally. As a result, concretes constructed using artificial LWA have lower bond
strength than concretes made with normal-weight natural aggregate. Thus, bond strength
was determined to be the least effective measure when assessing the entire performance of
artificial LWA.
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Figure 11. Bond strength of artificial aggregate concretes.

4. Conclusions

Based on the results gained from this experimental study, the following conclusions
can be attained:

1. Artificial LWA was used to build concrete with compressive strengths of 40 MPa and
60 MPa. The maximum compressive strength was achieved for QPLWAC, which
recorded 71 MPa at a 40 percent replacement ratio. The artificial LWA may be em-
ployed for any desired concrete strength class.

2. When used in concrete mixtures, artificial lightweight and ordinary weight particles
produced splitting tensile strengths almost identically. Only slightly different changes
were discovered. The lower splitting tensile strength values in concrete, including
artificial LWA, are related to the lower crushing strength of artificial aggregates and
the curing condition of the constructed concrete.

3. Artificial LWA concretes resulted in lower net flexural strength results when compared
to normal concrete. However, the outcomes were satisfactory for all the concrete
mixtures when the correlation between compressive strength and splitting tensile
strength was taken into consideration. Regarding the concrete mixes, it was found
that the higher ultimate loads occurred in the concrete, including natural, normal-
weight aggregate. In contrast, more significant maximum displacement occurred in
concrete containing artificial LWA. As a result, it can be concluded that concrete’s
tensile strength is reduced by using artificial LWA.

4. Because artificial LWA has a lower self-weight, the fracture energy of concrete is lower
than that of concrete made with natural, heavier particles. Furthermore, this study’s
findings were consistent with previous research on the fracture energy of concrete
mixes using artificial LWA. As a result, this shows that lightweight artificial aggregate
may be used to make high-fracture-energy concretes.

5. Concrete ductility was enhanced as a consequence of using artificial LWA in concrete
manufacturing, according to the findings regarding the characteristic length, which is
a practical approach to quantify brittleness.

6. Artificial LWA used in concrete manufacturing considerably impacts the strength
of the connection between the concrete and the reinforcing bar. There is a strong
correlation between the reinforcing bar and the artificial LWA. Natural aggregate
particles are more rigid than artificial LWA particles. As a result, the lower and
comparable concrete resistance to normal concrete is generated after removing the
reinforcing bar.
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7. In conclusion, utilizing artificial LWA in concrete production has a significant impact,
not only in terms of preserving the environment, but in the production of concrete
with mechanical properties that are comparable with normal concrete and which can
be applied in several construction fields.
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Abstract: An object detection method based on an improved YOLOv5 model was proposed to
enhance the accuracy of sorting construction waste. A construction waste image sample set was
established by collecting construction waste images on site. These construction waste images were
preprocessed using the random brightness method. A YOLOv5 object detection model was improved
in terms of the convolutional block attention module (CBAM), simplified SPPF (SimSPPF) and multi-
scale detection. Then, the improved YOLOv5 model was trained, validated and tested using the
established construction waste image dataset and compared with other conventional models such
as Faster-RCNN, YOLOv3, YOLOv4, and YOLOv7. The results show that: based on the improved
YOLOv5 model, the mean average precision (mAP) on the test dataset can reach 0.9480. The overall
performance of this model is better than that of other conventional models in object detection, which
verifies the accuracy and availability of the proposed method.

Keywords: construction waste; computer vision; deep learning; YOLOv5; waste sorting

1. Introduction

The rapid rise in construction activities has produced a large amount of construction
waste with the global increase in population and urbanization [1]. According to a literature
review and survey, construction waste accounts for more than 25% of the world’s waste [2].
In China, the average recovery rate of construction waste is approximately 5%. Addition-
ally, the annual construction waste level is about 1.55 billion tons to 2.4 billion tons [3],
accounting for nearly 30–40% of urban waste, causing many environmental issues [4].

Due to the lack of proper recovery schemes and effective disposal technologies, con-
struction waste without any treatment will be transported to the suburban landfill, causing
land-use threats [5]. However, some materials are potentially valuable in construction and
easily reused/recycled, including concrete, stone masonry, bricks, etc. These sustainable
materials should be sorted out and turned into recycled aggregates that can be used in
new building projects after crushing and separation, thus reducing the need to mine and
process virgin materials. Therefore, reducing, reusing, and recycling construction waste
has become an important and essential issue.

Currently, the traditional method of sorting construction waste is mixing, crushing and
screening by means of mechanical operation, while preselecting, rejecting and diverting
by manual work. However, there are problems of low recycling purity and low efficiency
of manual work and especially serious harm to health in dusty and noisy environments.
Increasingly, computer vision (CV), robotics, and other-artificial intelligent technologies
are being used for construction waste sorting [6]. Usually, a robot for sorting construction
waste is used to finely sort a large number of objects before mixing and crushing. Smart
technologies can improve the reuse and recycling of construction waste. For example, the
company ZenRobotics began to manufacture robots that used artificial intelligence and
other recognition technologies to identify and sort household, industrial, and construction
and demolition waste in 2007 [7]. Other well-known commercial robots have also been
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tried for use in the waste management industry, such as Sadako [8], SamurAI [9], and AMP
Robotics [10]. The majority of the existing systems capitalize on the agility of robots to
rapidly transfer recyclables from a conveyor belt to a bin [11]. However, many factors
affect the accuracy and efficiency of sorting construction waste. In a real work environment,
the stacking of construction waste on the conveyor belt, the irregular shapes, and the
small-sized objects lead to errors in detection. Measures should be taken to improve the
accuracy of object detection.

Machine learning can improve the efficiency and accuracy of sorting construction
waste. With sufficient data, a CV model can identify different waste materials by machine
learning. Previous research has found that CV performed well in construction waste
recycling. Several algorithms for CV have been used to identify and classify waste, but
inter occlusion and small object detection were not fully considered. Convolutional neural
network (CNN) is an algorithm that has become the standard in image classification
and object recognition. Therefore, several model developments based on CNN have
emerged. For example, Adedeji and Wang (2019) [12] employed such a technique, which
extracted features learned by the ResNet-50, and performed waste classification with
SVM. Chen et al. (2021) [13] developed a hybrid model that integrated visual features
extracted by a DenseNet-169 network and physical features such as weight and depth
collected by other sensors. These methods improve the accuracy of sorting waste, but
still do not consider the inter occlusion and small object detection. Yang et al. (2021) [14]
adopted a “ResNeXt + k-NN” structure. Lau Hiu Hoong et al. (2020) [15] improved
the performance of sorting construction waste through the residual network. Chen et al.
(2017) [16] employed Fast R-CNN to detect and locate waste objects on conveyor belts,
which demonstrated a false negative rate (FNR) of 3% and a false positive rate (FPR)
of 9%. Awe et al. (2017) [17], Wang et al. (2019) [18], and Nowakowski and Pamula
(2020) [19] applied Faster R-CNN for the detection of residential and municipal waste,
construction and demolition waste, and electronic waste, respectively. Ku et al. (2021) [6]
proposed a deep learning method for grab detection based on R-CNN. Zhou et al. [20]
selected the RepVGG residual network as the basic feature network based on the Faster-
RCNN algorithm to retain more information of small-sized objects. Li et al. [21] built
an RGB detection platform and used color cameras and laser line scanning sensors to
collect RGB images to detect construction waste. Lin et al. [22] proposed a CVGGNet
model based on knowledge transfer together with data enhancement and periodic-learning-
rate technology to classify construction waste. From the above-mentioned studies, the
applications of CV in waste sorting had been specifically focused on. The existing object
detection algorithms were mainly improved from different perspectives: multi-scale feature
fusion, data augmentation, training algorithm, and context-based detection.

In order to enhance the accuracy rate of object detection, the YOLO model has been
used to identify and classify waste, such as YOLOv3 [23], YOLOv4 [24] and YOLOv5. The
YOLO model uses multiple lower sampling layers, and the target features learned from
the network are not exhaustive so the detection effect will be improved [25]. Liu et al. [26]
improved the network structure and multi-scale detection based on the YOLOv3 algo-
rithm. The mAP value could reach 91.96%. Chen et al. [27] designed a waste robot with a
YOLOv4 model that can identify beverage bottles, cans, wastepaper, and banana peels in
an unobstructed environment. Yuan et al. [28] proposed an improved algorithm based on
YOLOv5 for underwater waste detection. Gamma transform was added in the preprocess-
ing stage to improve the gray and contrast of underwater images, and the CBAM attention
mechanism was embedded in the YOLOv5 detection part to highlight object features and
suppress secondary information, thus improving the accuracy of detection. Therefore,
YOLO algorithms have also been used for waste sorting. Similarly, YOLO algorithms were
also improved from the following different perspectives: CBAM attention mechanism,
multi-scale feature learning, data augmentation, and training strategy.

It is well known that small object detection and inter-occlusion are still challenging
problems in computer vision. Currently, with the increasing need for recycling onsite
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construction waste, a higher velocity of the conveyor belt and more stacking of waste will
lead to difficulty in finely sorting, which is probably one of the most critical problems in
construction waste management. Under the conditions of inter occlusion and small object
detection, the accuracy of the CV may decrease [29].

Therefore, there are two problems in sorting construction waste: one is inter-object
occlusion, i.e., multiple objects are overlaid on each other, occluding one another. The other
problem is small-object detection. Hence, in order to solve these problems and further
improve the accuracy of classification and detection of construction waste, an improved
YOLOv5 model was proposed by applying the CBAM attention mechanism and SimSPPF
module, adding a shallow detection layer to detect small construction waste objects and
inter-occlusion and increasing the fourth scale feature fusion to the feature fusion part
correspondingly. Additionally, a dataset was established, and a data enhancement method
was used to expand the diversity of training samples.

2. Materials and Methods

2.1. YOLOv5 Architecture

Any robotic sorting system needs to accurately categorize recyclables from various
waste material type. It is important for the system to develop an effective model. With
the recent developments in deep learning, the YOLO family of models provides a scalable
means for categorizing recyclables into various classes. Construction waste can be roughly
split into 4 classes: brick, wood, stone and plastic, according to the material. Considering
the accuracy and efficiency in object detection, the YOLOv5 model was chosen, which
consists of three main architectural blocks: Backbone, Neck and Head, as shown in Figure 1.

 

Figure 1. Architecture of YOLOv5 Model.

2.1.1. YOLOv5 Backbone

YOLOv5 Backbone employs CSPDarknet as the backbone for feature extraction from
images consisting of cross-stage partial networks. The focus module, which rapidly down-
samples the images of the dataset, can pass the image information into the channel, while
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ensuring that the image information is not missing, i.e., more fully extracting the image
information features. The backbone layer uses C3, C3_F and Spatial Pyramid Pooling (SPP)
modules. C3 and C3_F modules can improve the ability of feature extraction from images,
simplify the YOLOv5 model and make the detection speed faster [30]. The SPP module
can improve the scale invariance of the dataset image, effectively increase the receiving
range of the backbone features, make it easier to converge the network, and enhance the
accuracy [31].

2.1.2. YOLOv5 Neck

YOLOv5 Neck uses PANet to generate a feature pyramid network to perform aggrega-
tion on the features and pass it to Head for prediction. The bottleneck layer of YOLOv5
combines feature pyramid network (FPN) and path aggregation network (PAN) structures.
Deep feature images have stronger semantic information and weaker location information,
while shallow feature images have stronger location information and weaker semantic
information. FPN can transfer semantic information from the deep feature image to the
shallow feature image [32]. Conversely, PAN can transfer location information from the
shallow feature layer to the deep feature layer [33]. The combination of FPN and PAN
can aggregate parameters of different detection layers from different trunk layers, which
greatly strengthens the feature fusion ability of the network [24].

2.1.3. YOLOv5 Head

YOLOv5 Head consists of layers that generate predictions from the anchor boxes for
object detection. The head includes two parts: loss function and non-maximum suppression
(NMS). In YOLOv5, the binary cross entropy loss function is used to calculate classification
loss and confidence loss, while the complete Iou (CIoU) loss function is applied to calculate
location loss (bounding box regression loss). All the losses add up to the total loss. The
CIoU loss function fully considers three key geometric parameters: the overlap area, the
distance from the center point, and the aspect ratio, thus improving the speed and accuracy
of the regression of the prediction box [34]. The NMS is mainly used to remove redundant
detection boxes and reserve the candidate box with the highest prediction probability as
the final prediction box [35].

YOLOv5 is a family of compound-scaled object detection models trained on the COCO
dataset [36]. YOLOv5 is the latest object detection model developed by Ultralytics, which
offers open-source research into future object detection methods. An open-source network,
such as the COCO dataset, was employed since it has been particularly successful at similar
tasks: object segmentation, object detection and classification. However, any open-source
dataset cannot be used in all circumstances due to the various classes of object. Once a class
is varied, the model should be retrained according to a new dataset. Meanwhile, the model
needs to be further optimized in the case of object occlusion and small-object detection.

2.2. Improved YOLOv5

The convolutional block attention module (CBAM) is added to the Backbone of the
original YOLOv5 model, the feature fusion of the fourth scale is embedded in the Neck, and
the shallow detection layer is employed in the Head, which will be of benefit in detecting
the small objects and inter occlusion. The improved model architecture is shown in Figure 2.
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Figure 2. Architecture of the improved YOLOv5 Model.

2.2.1. CBAM-CSPDarknet53

Due to the problem of small objection with low pixels in the picture, it is easy for there
to be missing information in construction waste sorting. The CBAM attention mechanism
was added in the YOLOv5 backbone, named CBAM-CSPDarknet53. The CBAM attention
mechanism module is mainly divided into a channel attention module and a spatial
attention module [37]. The channel attention module pays more attention to the core
information in the image of the dataset and can squeeze the spatial size, while the channel
size remains uniform. The spatial attention module focuses on the position information of
the object and can squeeze the channel size without modifying the spatial dimension. The
structure of the CBAM attention mechanism module is shown in Figure 3.

Figure 3. Structure of CBAM attention mechanism.

The structure of the channel attention module is described in Figure 4. The feature
image F (F ∈ R C×H×W) is processed by average pooling and maximum pooling, and then,
the feature image size changes from C × H × W to C × 1 × 1. Next, the new feature image
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is sent to the Multi-Layer Perception (MLP) and the number of neurons in the first layer of
the MLP is C/r, where r is the decline rate, and C is the number of neurons in the second
layer of the MLP. Then, after processing by the Sigmoid function, the weight coefficient Mc
will be obtained and calculated. The equation is shown in Equation (1).

Mc(F) = σ(W1(W0(FC
avg)) + W1(W0(FC

max))) (1)

where: σ is the Sigmoid function; avg is global average pooling; max is the maximum
pooling; W0 ∈ R C× C

r ; W1 ∈ R C× C
r ; FC

avg is the global average pooled feature image of size
1 × 1 × C; FC

max is the largest pooled feature image with size 1 × 1 × C.
Finally, the weight coefficient Mc is multiplied by the feature image F (F ∈ R C×H×W).

Therefore, the new feature image can be obtained.

Figure 4. Structure of Channel Attention Module.

The structure of the spatial attention module is shown in Figure 5. The feature images
of the new dataset obtained in the previous step are again processed by maximum pooling
and average pooling, and then divided into two channels of size is 1 × H × W. Then, the
obtained tensors are stacked together by joining operations, and the weight coefficient Ms
is obtained after convolution and Sigmoid function operations. The equation is shown in
Equation (2).

Ms(F) = σ( f 7×7([FS
avg; FS

max])) (2)

where: σ is the Sigmoid function; avg is global average pooling; max is the maximum
pooling; f 7×7 is the convolution of 7 × 7; FS

avg is the feature after the average pooling
operation, and the size is 1 × H × W; FS

max is the feature after the maximum pooling
operation, and the size is 1 × H × W.

Finally, the calculated weight coefficient Ms is multiplied by the feature image F′
which can obtain a new feature image F′′.

Figure 5. Structure of Spatial Attention Module.

2.2.2. SimSPPF (Simplified SPPF)

The SimSPPF module based on the maximum pooling layer at the same size is pro-
posed to replace the SPP module in the original YOLOv5s model. The structure of the
SimSPPF module is shown in Figure 6.
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Figure 6. Structure of SimSPPF Module.

The SimSPPF module has a scale of 5 × 5 for the input feature images in the con-
struction waste dataset. Because of the different maximum poolings in the three stages,
channels should be connected for the output of the pooling layer. The equations are shown
in Equations (3)–(7).

F1 = CBR(F) (3)

F2 = Maxpooling(F1) (4)

F3 = Maxpooling(F2) (5)

F4 = Maxpooling(F3) (6)

F5 = CBR([F; F2; F3; F4]) (7)

The SimSPPF module can avoid the local feature loss of the construction waste dataset
images, effectively reduce the residual parameter information, and retain the core texture
features of construction waste dataset images. The calculation speed of the forward propa-
gation of the SimSPPF module is faster than that of the SSP module. Meanwhile, after the
SimSPPF module is embedded, the ability of the YOLOv5 model to extract image features
can be improved greatly.

2.2.3. Multi-Scale Detection

In the process of sorting construction waste, small objects need to be detected. How-
ever, the original YOLOv5 model can only detect an 8 × 8 receptive field for an input image
with a size of 640 × 640. If the height or width of the detected object is less than 8 pixels
in the dataset images, the image information features will be missing after convolution
processing. In order to solve this problem, a special detection layer for small objects is
added. This special detection layer is a 160 × 160 size output feature image, which can
identify a receptive field size of more than 4 × 4 objects, basically meeting the detection
requirements of sorting construction waste. Meanwhile, the three-scale feature fusion of
the original YOLOv5 model was correspondingly increased to four-scale feature fusion,
and a 160 × 160 feature detection layer was added. Therefore, the 80 × 80 feature detection
layer was up-sampled twice. The twice up-sampled layer fused with the newly added
160 × 160 feature detection layer, which was used to detect small objects. The overall
network structure of the improved YOLOv5 model is shown in Figure 7, where the dotted
line in the Headdenotes the increased detection of the fourth scale, and the dotted line in
the Neck describes the corresponding increased part of the four-scale feature fusion.
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Figure 7. Structure of the Improved Multi-Scale Detection.

2.3. Dataset Construction and Evaluation Index
2.3.1. Dataset

To evaluate the improved YOLOv5 model, it was tested in the two datasets. One is
the public dataset, PASCAL VOC [38], and the other is the self-built construction waste
dataset. The PASCAL VOC dataset is a common object-detection dataset, which includes
4 categories and 20 subcategories. Here, the train + val parts of VOC2007 and VOC2012
are applied for the training set, which consists of 5011 training samples of VOC 2007 and
11,540 training samples of VOC2012. Additionally, the test part of the VOC2007 dataset is
given as the test set, which consists of 4952 test samples.

A rich dataset including many construction waste images of different types should
be implemented in sorting waste. Only two open-source datasets—TrashNet [39] and
Taco [40]—are available, but they are not suitable for a robotic sorting system because the
detected objects transferred on a conveyor belt would be irregular, dirty and piled up on
one another. Developing a new dataset is the first important step. Thus, sample images
were collected in the construction site, as shown in Figure 8. The dataset consisted of
3046 construction waste images divided into 4 classes: bricks, wood, stones, and plastics.
To create a more effective dataset, further data enhancement processing should be carried
out, such as image flipping, translation, rotation, cropping, scaling, adding noise and
random occlusion operations [41], so as to effectively avoid the overfitting problem in the
training and improve the robustness of the model. A graphical image annotation tool,
Labelimg, was used to label the image in the construction waste dataset. Finally, the dataset
was divided into 3 subsets: the training set accounted for 80%, the verification set 10% and
the test set 10%.
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Figure 8. Construction waste image on site.

2.3.2. Model Performance Evaluation Index

Average precision (AP), F1 score (F1-score) and mean average precision (mAP) were used
as evaluation indicators to test the performance of the model. Average precision is a measure
that combines recall and precision for ranked retrieval results. The recall rate reflects the
ability to find positive samples, the precision expresses the ability to classify samples, and the
AP shows the overall performance for object detection. The precision (P)–recall (R) curve can
be plotted with the calculated P and R as the ordinate and abscissa, while the area under the
curve is AP, and the mean value of AP is mAP. In addition, F1-score is commonly used for
multiple classification problems, which is considered the harmonic average of precision and
recall. The equations are shown in Equations (8)–(12).

P =
TP

TP + FP
(8)

R =
TP

TP + FN
(9)

AP =
∫ 1

0
P · RdR (10)

mAP =
1
N

N

∑
i=1

APi (11)

F1 = 2
P · R

P + R
(12)

where: TP (true positive) is the number of positive samples correctly predicted as positive
samples; FP is the number of negative samples wrongly predicted as positive; FN is the
number of positive samples wrongly predicted as negative samples; N is the number of
sample classes of dataset. Judgment of positive and negative samples was based on the
threshold of the Intersection over Union (IoU) which is the area of overlap between the
predicted segmentation and the ground truth divided by the area of union between the
predicted segmentation and the ground truth. If the IoU is greater than the threshold, it
is classified as a positive sample, and if the IoU is less than the threshold, it is a negative
sample. When the IoU is 0.5, the average accuracy of the YOLOv5 model is expressed as
AP0.5, and the mean average accuracy is described as mAP0.5.

2.3.3. Experimental Platform and Parameter Setting

The experimental configuration consists of the software environment of Pytorch1.8.0
and the hardware equipment of the CPU of lntel (R) Core (TM) i5 and GPU of NVIDIA
GeForce RTX 3060 Ti with 16 GB memory and the Windows10 operation system, as shown in
Table 1. During the training process of the YOLOv5 model, Adaptive Moment Estimation
(Adam), an algorithm for stochastic optimization, is used - which only requires little
memory. The momentum factor was set at 0.937 and the initial learning rate was 0.001.
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The learning rate is adjusted by the cosine annealing method [42]. The weight attenuation
coefficient, the Batch size, and the epoch times of training was set to 0, 16, and 300,
respectively. The method of label smoothing was used to smooth the classification label of
the image, which could help to avoid overfitting. The value of label smoothing was 0.01.

Table 1. Experimental platform configuration.

Configuration Name Parameter

Operation System Win10
GPU NVIDIA GeForce RTX 3060 Ti
CPU lntel (R) Core (TM) i5-10400F CPU @2.90 GHz

Memory 16 G
Deep Learning Framework Pytorch1.8.0

3. Results

3.1. Comparison of Experimental Results on a Public Dataset

In order to compare the performance of the improved model with that of the original
YOLOv5 model, an experimental comparison was made on the PASCAL VOC dataset. The
experimental results are shown in Table 2.

Table 2. Experimental results on PASCAL VOC dataset.

Method Training Dataset Test Dataset mAP

YOLOv5_Y VOC07 + 12 VOC-Test07 0.8620
Ours VOC07 + 12 VOC-Test07 0.8731

The improved YOLOv5 model can increase the mAP by 1.11% and enhance the effect
of objection detection.

3.2. Ablation Study

In order to compare the performance of the improved model with other different
models, ablation studies were carried out. The label smoothing method was used to process
the images in the training experiment. Evaluation was performed every 10 epochs of
training. A total of 300 epochs were trained in the experiment. The experimental results are
shown in Table 3.

Table 3. Ablation study results for model on self-built construction waste dataset.

Method
AP

mAP
F1

Brick Wood Stone Plastic Brick Wood Stone Plastic

YOLOv5_Y 0.8711 0.9138 0.9158 0.8959 0.8991 0.84 0.82 0.89 0.85
YOLOv5_C 0.9141 0.9572 0.9511 0.9581 0.9451 0.89 0.90 0.93 0.87
YOLOv5_S 0.9075 0.9565 0.9430 0.9447 0.9379 0.88 0.92 0.92 0.90
YOLOv5_D 0.9119 0.9581 0.9534 0.9605 0.9460 0.89 0.91 0.92 0.91
YOLOv5_CS 0.9132 0.9551 0.9506 0.9680 0.9467 0.89 0.92 0.94 0.90
YOLOv5_CD 0.9215 0.9485 0.9422 0.9545 0.9417 0.89 0.91 0.93 0.92
YOLOv5_SD 0.9095 0.9555 0.9412 0.9718 0.9445 0.88 0.93 0.93 0.92

Ours 0.9222 0.9659 0.9555 0.9485 0.9480 0.89 0.91 0.93 0.92

YOLOv5_Y, YOLOv5_C, YOLOv5_S, YOLOv5_D YOLOv5_CS, YOLOv5_CD, and
YOLOv5_SD represent the original YOLOv5 model, the model with CBAM, the model with
the SimSPPF module, the model with improved multi-scale detection, the model with the
CBAM and SimSPPF module, the model with CBAM and improved multi-scale detection,
and the model with the SimSPPF module and improved multi-scale detection, respectively.
Our study denotes the proposed YOLOv5 model, i.e., the model with all of the CBAM,
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the SimSPPF module and improved multi-scale detection. Additionally, AP values of the
four classes for the YOLOv5 original model are described in Figure 9 and for the improved
YOLOv5 model in Figure 10.

Figure 9. The AP Value of the Four Classes for YOLOv5 Original Model.

Figure 10. The AP Value of Four Types of objects for Our Improved Method.
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It can be seen from Table 2 that the mAP of the original model of YOLOv5 on the
construction waste dataset is the lowest, at only 0.8991. When CBAM was added, mAP
can be improved by 4.6%, up to 0.9451, but with the replacement of the SPP module with
the SimSPPF module, mAP could only be increased by 3.88%. Even so, the method of
improvement of multi-scale detection can increase mAP by 4.69%. When both CBAM and
the SimSPPF module were added, mAP increased by 4.76%. When increasing CBAM and
improving multi-scale detection, mAP could be increased by 4.26%. With the addition of
the SimSPPF module and the improvement of multi-scale detection, mAP was increased
by 4.54%. However, in the experiment with our proposed method, i.e., when adding the
CBAM, the SimSPPF module and improving multi-scale detection, mAP can be improved
by 4.89%, the highest of all the different models.

Similarly, the F1-scores of brick, wood, stone and plastic of the original YOLOv5 model
are 0.84, 0.82, 0.89 and 0.85, respectively, as shown in Table 2. However, in the proposed
method, which adds all the CBAM and the SimSPPF module and improves multi-scale
detection, the F1-scores of brick, wood, stone and plastic are 0.89, 0.91, 0.93 and 0.92,
increasing by 5%, 9%, 4% and 7%, respectively. Therefore, the improved YOLOv5 model
has a higher accuracy and better availability in objection detection, thereby improving the
efficiency of sorting construction waste.

3.3. Contrast Experiment

To further verify the advantages and effectiveness of the improved YOLOv5 model on
the construction waste dataset, a contrast experiment was also carried out. Comparing the
improved model with other conventional models, such as YOLOv7, YOLOv5, YOLOv4,
YOLOv3 and Faster-RCNN models, the loss indicator and mAP of every model in the
training experiment and testing experiment are shown in Figure 11.

  

Figure 11. The Value of Loss and mAP of Different Models.

The loss of every model decreases rapidly in the first 20 epochs, which shows the
training does not reach a stable state. If the training became stable, the loss in the curve
would be flat rather than steep. When the training reaches a relatively stable state, the loss
in our model is lower than that of other models. Meanwhile, the mAP value of every model
increases rapidly at the first 60 epochs. Similarly, ours has the most obvious improvement
among all the models. After 200 epochs of training, all models tend to be steadier, and the
mAP of ours is significantly higher than that of other models.

The values of the evaluation indicators are also described in Table 4. Compared with
YOLOv7, YOLOv5, YOLOv4, YOLOv3 and the Faster-RCNN model, the mAP value of our
model increased by 2.15%, 4.89%, 8.24%, 16.12% and 7.78%, respectively. It shows that the
improved YOLOv5 model can improve the accuracy to classify and detect construction waste.
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Table 4. The Performance Contrast for Different Models.

Method
AP

mAP
F1

Brick Wood Stone Plastic Brick Wood Stone Plastic

Ours 0.9222 0.9659 0.9555 0.9485 0.9480 0.89 0.91 0.93 0.92
YOLOv7 0.9006 0.9416 0.9250 0.9388 0.9265 0.88 0.93 0.91 0.92

YOLOv5_Y 0.8711 0.9138 0.9158 0.8959 0.8991 0.84 0.82 0.89 0.85
YOLOv4 0.8063 0.8972 0.8809 0.8782 0.8656 0.74 0.85 0.85 0.84
YOLOv3 0.7016 0.8157 0.8239 0.8058 0.7868 0.69 0.77 0.77 0.79

Faster-RCNN 0.7933 0.8967 0.8886 0.9021 0.8702 0.75 0.85 0.83 0.88

4. Conclusions

In construction waste sorting, inter-object occlusions and small-object detection are
the two most important problems, affecting the effective performance of the construction
waste detection system. In order to increase the accuracy of object detection, an improved
YOLOv5 model is proposed for intelligent construction waste sorting and is trained by a
dataset consisting of 3046 construction waste images of, for example, bricks, wood, stones,
and plastics. The following conclusions can be drawn:

(1) An improved YOLOv5 can be obtained through the fourth-scale feature fusion, shal-
low detection layer, CBAM and SimSPPF. The increase in CBAM and SimSPPF in the
backbone layer of YOLOv5 can strengthen the characteristics of small objects and
mutual occlusion and enhance the effect and accuracy of detection, thus improving
the generalization ability and robustness of the model. The fourth-scale feature fusion
is added to the feature fusion part in the Neck and a shallow detection layer is added
to the Head, which can aid in the detection of small objects and inter-occlusion.

(2) Compared with the conventional models of Faster-RCNN, YOLOv3, YOLOv4 and
YOLOv7, the detection accuracy of the proposed model is higher, and its mAP can
reach up to 0.9480, which verifies the accuracy and the availability of the improved
YOLOv5 model.
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Abstract: In engineering practice, investment activities related to the construction of a building are
still limited to the idea of a linear cradle to grave (C2G) economy. The aim of the study is to determine
the ecological and economic benefits inherent in the reuse of structural elements of a hall building
using the idea of a Cradle to Cradle (C2C) looped circular economy and Life Cycle Assessment (LCA).
As a rule, a multiple circulation of materials from which model buildings are made was assumed
through successive life cycles: creation, use, demolition and then further use of the elements. This
approach is distinguished by minimizing negative impacts as a result of optimizing the mass of
the structure—striving to relieve the environment, thus improving economic efficiency and leaving
a positive ecological footprint. The assessment of cumulative ecological, economic and technical
parameters (EET) methodology of generalized ecological indicator (WE) for quick and practical
assessment of the ecological effect of multi-use steel halls, based on LCA, was proposed. The authors
of the work attempted to assess the usefulness of such a structure with the example of four types of
halls commonly used in the construction industry. The linear stream of C2G (cradle to grave) and then
C2C (cradle to cradle) flows was calculated by introducing ecological parameters for comparative
assessment. Finally, a methodology for calculating the ecological amortization of buildings (EAB)
was proposed. The authors hope that the proposed integrated assessment of technical, economic
and ecological parameters, which are components of the design process, will contribute to a new
approach, the so-called fast-track pro-environmental project.

Keywords: LCA; reuse; steel halls; multiple assembly; sustainable construction; ecological and
economic assessment

1. Introduction

Limited natural resources increase the need for environmentally friendly production
of material goods. The work focuses on the quantitative minimization of the waste stream
in the design of production processes of hall-type buildings in order to eliminate or reduce,
to the necessary minimum, the amount of solid and gaseous waste.

Waste management in accordance with the 3Rs hierarchy (Reduce-Reuse-Recycle) can
be used in construction engineering to create a new approach to system design that can
significantly reduce environmental impacts [1]. The article attempts to assess the economic
and ecological second recycling in the 3Rs waste management hierarchy in accordance
with a circular economy (CE) [2]. Equally important, in the context of the reuse of steel
elements, is the design phase of the product, striving to optimize the weight of the structure
as well as accompanying elements and energy consumption [3]. This approach is known as
design for the environment (DFE) [4] and allows for the analysis of the object at all stages
of its life cycle, including in the reconstruction (post-exploitation) phase. The 3Rs hierarchy
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and the considered concept of the Indicative Environmental Assessment (EET) are part
of the paradigm of sustainable development in the construction sector. The proposed
methodology is aimed at using natural resources in such a state of equilibrium that they do
not reach the point of exhaustion or non-renewal [5].

A lot of manufacturing companies, especially in Western Europe, which have intro-
duced integrated Total Quality Environmental Management (TQEM) systems, are creating
new concepts for environmentally oriented design. An important role in the process of
preparing a pro-ecological construction investment is played by:

• optimization of technical solutions [6],
• impact assessment with a list of ecological effects [7],
• analysis of socio-economic effects (demand for a clean environment) [8],
• risk (feasibility) analysis [9].

The procedures presented are in line with the requirements set by the European
Union [10]. The criterion of environmental effects is one of the basic criteria taken into
account when granting co-financing from structural and investment funds. Thus, the
problem of the impact of structures on the environment has an economic dimension [11],
both in terms of macro- and microeconomics.

In the literature on the subject, a depreciation of structural steel reuse can be observed
from the point of view of only an economic criterion. Cullen and Drewniok [12] found that
the economic cost of large-scale reuse of steel is at least as high as that of new steel. They
analyzed economic costs without considering ecological costs. Similar conclusions were
reached by Tingley and Allwood [13], who showed that the reuse of building structures is
about 25% more expensive, which is a significant barrier to reuse. At the same time, they
demonstrated that it is necessary to study the reuse costs for a wider range of projects in
order to have a larger evidence base for the costs of reusing steel.

For projects with low ecological values, the production entity generates pollution
translated into costs, which are direct external effects [14]. External costs constitute an
additional burden for the polluter and are equivalent to the lost component of the natural
environment. This state can be called a kind of waste of capital. As a result, a dual
mechanism of degradation arises: on the one hand, environmental degradation and, on the
other hand, degradation of the economy through an increase in costs and production value.

It is assumed that the average period of depreciation of commercial or production
buildings of the hall type is 39 years [15]. Reconstruction or demolition of existing hall
facilities, often with a steel structure, results from the reorganization of the functional
space (services, production) and adapting them to the current technical and environmental
requirements.

In 2019, the construction sector absorbed more than half of the world’s steel produc-
tion. Allwood and Cullen [16] found that 14% of the world’s steel produced is used in
infrastructure and 42% in buildings. Steel used in construction, due to the need to reduce
greenhouse gas emissions, should come primarily from previous building structures; how-
ever, as research [10,17,18] shows, the reuse of steel sections is at the level of 6%, compared
to 93% recycled. Obviously, we can always ask a question whether the demolition of
materials and their use will be the trend of the future [19]? However, an increasingly faster
transition from a linear economy (LE) [20] with high waste to a circular economy (CE) [21]
based on the reuse of materials and recycling [22] is to be expected. Creating a market for
building elements with different actors (such as traders, investors, designers, contractors)
can prove to be a key solution for multiplying the reuse of these building elements and
reducing the environmental pressure of the construction sector [23].

Brief Description of Environmental Performance Assessment Methods

Reducing the environmental impact of processing and manufacturing activities, which
consume large amounts of raw materials and energy inputs, is among the most important
and difficult issues in the future. Effective measurement control and the introduction
of new pro-ecological technologies will help reduce the pressure on the environment.
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A major achievement in the construction sector is the use of procedures to minimize
waste [24]. Benchmarking standard operating procedures have been used for many years
to optimize production processes and services [25]. They are implemented in the form
of a predetermined organizational chart, consisting of 4 phases, which include, among
other things:

1/ planning and organization (adopting an environmental policy, setting goals),
2/ assessment (gathering data on processes and waste, creating variants of solutions),
3/ analysis of feasibility variants (technical and economic analysis),
4/ implementation (project implementation, implementation effectiveness assessment).

The construction sector generates around 35% of the waste mass of the 2502.9 million tons
generated in the EU-28 (2016 Eurostat data). Minimizing the amount of generated waste is the
goal of the new EU development programs until 2050 (the European Green Deal, Europe’s
new agenda for sustainable growth, 2019) [26] based on the circular economy [27,28].

In the case of construction, new paths are defined for the CE strategy [29], which refers
to cleaner production (CP) management procedures and are introduced in EU countries
despite many barriers [30]. The common LCA methodology [31] contained in the ISO 14040-
44 guidelines is used to assess the environmental performance of products to minimize,
reduce at source and recycle waste. ISO 14000 environmental management systems are
implemented to produce environmental product declarations (EPDs) based on the ISO
14025 standard.

Other methods of environmental impact assessment are also noteworthy, such as:

• Eco-indicator method (Eco-indicator 99, ReCiPe) [32];
• ASEET method of integrated indicators of economic and ecological efficiency in archi-

tectural, socio-economic, ecological and technical space [33];
• Method of cumulative energy intensity indicators [34];
• Analysis of cumulative energy consumption and pollutant emissions over the full life

cycle of the building [35];
• Method of valuation of ecological effects, which includes:

- Ecological Accounting Units (EAU) [36];
- Product Line Analysis (PLA) [37];
- LCC (Life Cycle Costing) [38].

Using these methods, it is possible to study the impact of products, materials, services
and entire industrial processes on the environment in product life cycles in accordance
with the idea of a circular economy initiated in the late 1970s [2] and developed in various
procedures and methodologies, e.g., M. Braungart and W. McDonough “Cradle to Cra-
dle” [39–41]. In construction, it means a physical description of the behavior of industrial
systems [42] when raw materials taken from the environment are introduced into the
system and pollutants and waste are removed and recycled [43]. A modern approach to
industrial ecosystems is characterized by minimizing inflows and outflows from the system
by creating eco-industrial parks [44,45].

These environmental assessment methods potentially support the demand, especially
for certified Ecolabel products [46,47]. They are a tool for calculating environmental costs,
however, in the environments of designers and contractors. Despite the fact that highly
developed countries, including the EU, have started to pursue the direction of the circular
economy, among others, through green public procurement [48], the market expects science
to develop coherent green executive procedures.

There is a lack of simple and quick methods of environmental assessment of buildings
and available material databases [49] with ecological parameters on the market. The authors
of the study attempted a simple ecological assessment at the stage of design and economic
calculation with secondary use of the main structural elements of the building.
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2. Purpose, Assumptions and Research Method

Figure 1 presents the methodological framework of the presented scientific approach
to determine the ecological and economic benefits of reusing the structural elements of a
steel hall building.

Life Cycle Assessment

Design Construction Demolition and reuse

Reduce-Reuse-Recycle

Stage I (defining the 
purpose and scope)

Stage II (LCIA-life 
cycle inventory 

analysis)
Cycle I - creation 

and operation of the 
construction 

Cycle II - another 
assembly 

Stage III (LCIA-life 
cycle impact 
assessment)

Stage IV (LCI- life 
cycle interpretation)

Stage V  Conclusions, 
summary, 

recommendations

 
Figure 1. The methodological framework of the presented scientific approach to determining ecologi-
cal and economic benefits.

2.1. Purpose of the Research

The aim of the study is to assess the ecological effects of the economic and technical
aspects of steel halls in the process of their reuse. Conditions for multi-criteria environ-
mental assessment have been introduced for the structure of hall-type buildings that are
demolished and reassembled. Based on the generalized analysis [31], cumulative energy
and material indicators were derived as total Qi and partial cost equivalents (UK, UE)
in three life phases: construction, demolition and reuse of hall buildings. The full life
cycle assessment of steel halls (LCA) is based on methodological assumptions that enable
the monitoring of the ecological effects of multiple-assembly buildings. Computational
research models are the frame structures of steel halls [50]. The essence of the research is
to reuse the existing building elements without the need to incur energy expenditure for
their re-production. This approach is in line with the principles of the circular economy
(CE) [39,40].

2.2. The Course of EET Assessment in LCA Methodology

The research was limited to analyzing the skeleton of steel halls subjected to the
process of multiple assembly. A choice analysis (CA) of the most optimal ecological
solution for steel halls was proposed according to the multi-criteria economic, ecological
and technical assessment (EET) of cumulative indicators, taking into account the LCA
methodological assumptions:

Stage I (defining the purpose and scope)—the purpose specified in point 2.1. The
adopted methodological scope of EET:

Ecological—consisting of determining the ecological effects of a building object on the
environment, included in the production processes of construction, use and demolition.

Technical—consisting of determining the optimal, with regard to the adopted ecological
and economic criteria, technical variant of a building object or its part, e.g., construction,
demonstrating the acceptable limits of discrepancy for the adopted optimal architectural
and construction solution, resulting from insufficient consideration of ecological parameters.
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Economical—consisting of determining the cost expenditure generated by the optimal
variant of a multiple-assembly facility for the adopted technical and ecological assumptions.

The method proposed by the authors will make it possible to carry out an integrated
indicative ETE assessment, taking into account the building’s depreciation path and in-
dicating the ecological profits that can be generated by hall-type buildings. Ecological
depreciation is the reimbursement of the environmental costs incurred in constructing a
building at LCA. The measure is the number of times the elements of the structure, housing
or equipment are used.

Stage II (LCIA—life cycle inventory analysis):
Within the boundaries of the system, the flows of all materials, energy carriers and

construction works used in the construction, use and demolition process were calculated
based on the design assumptions of the steel hall models. Ecological costs were estimated
for each of these flows.

Cycle I—creation and operation of the construction and operation of the building
structure (hall design, cost estimates for selected model assumptions) determines the
cumulative cost (QI) as the equivalent of all energy L/E (labor, equipment) and material
processes M of the first assembly of the MASH structure.

Cycle II—another assembly (reconstruction or demolition project and erection of a new
hall in a different place using the existing hall superstructure) determines the cumulative
cost (QII) as the equivalent of all L/E and material M energy processes necessary for the
second assembly of the MASH structure.

In the second phase of the hall structure’s life, the following options are possible:
Option 1: change of function, but the superstructure of the hall remains in the same

place; only the structure and the casing are renovated.
Option 2: change of function but the superstructure completely or partially dismantled

and relocated while the foundations remain.
Option 3: the foundations and the superstructure of the hall are dismantled and moved

to another location with the need for renovation.
This study focuses on option number 3.
Stage III (LCIA—life cycle impact assessment)—aggregation of data from cycle I and

II of MASH life, presents the division of QI,II cumulative total costs into partial ones as
pro-environmental UE and environmentally degrading factors, UK. In the second phase of
assembly (II life cycle), the accumulated energy is transferred to the next structure without
the need to incur environmental and energy expenditures for the production of new steel
elements. It was assumed that the ecological cost effectiveness contained in the repeated
use of the main structure of the building translates indirectly into the reduction of the effects
of environmental impacts resulting from the inventory of impacts in the LCA method.

Stage IV (LCI—life cycle interpretation) ecological assessment of the adopted structural
solutions for multi-assembly steel halls (MASH). The research focused on the compara-
tive analysis from stages II and III as an interpretation of the basic assessment of the
environmental impacts of steel structure hall facilities.

Stage V Conclusions, summary, recommendations.
The idea of the method is in line with the development policy of the European

Union [46] contained in “The European Green Deal” will transform the EU into a modern,
resource-efficient and competitive economy, ensuring:

• no net emissions of greenhouse gases by 2050,
• economic growth decoupled from resource use,
• no person and no place left behind.

2.3. Main Criteria of the Ecological Evaluation of MASH

The criteria adopted for the EET assessment belong to stage II of LCA and result from
the preparation of investment projects in the construction industry, starting from technical
and economic assumptions, through the construction design and ending with implementa-
tion. Thus, the criteria represent the full life cycle of objects; they are divided into:

383



Appl. Sci. 2023, 13, 1597

Location criteria: this refers to the necessity to adapt the functions of the areas for
development to the natural conditions and not the other way around. The analysis shows
the compensation indicators for the lost biologically active surface.

Criteria for the selection of design solutions: selection of the optimal static and material
variant of the hall, enabling its disassembly and reassembly.

Cumulative design ETE criteria: determines the cumulative ecological and economic
costs of the energy contained in work, equipment and materials for the primary and
secondary MASH design.

Performance technology criteria related to the assembly and disassembly of the structure:
It constitutes the share of the involved work of equipment, labor and auxiliary materi-

als for the modern conditions of the investment implementation, e.g., Just in Time [47].
Reusability criteria: is the basis for a comparative analysis after the first period of

operation. The analysis presents indicators that express the amount of energy and mass of
structural elements to be reused, as well as material and energy treated as waste [34].

The aforementioned criteria create an interdependent chain of connections in the
eco-industrial system (the sum of technological processes, energy and materials, starting
from the construction of the object, demolition to subsequent use) [51]. This should be
understood as a balancing system of inputs and outputs, the flow of energy and matter
between the environment and the industrial system [51,52].

EU regulations apply to the selection of a work contractor or tenants of buildings,
taking into account non-price criteria relating to environmental aspects [53].

3. Subject of the Research, Basic Assumptions

3.1. Stage I (Defining the Purpose and Scope)

The design and material assumptions in Sections 2.1 and 2.2 apply to selected model
steel structures to test the EET method. Four static schemes of typical halls found in the
investment market were adopted. The LCA path was analyzed on single-span structures in
modular span variants ranging from 12.0 m to 48.0 m.

3.2. Stage II (LCIA-Life Cycle Inventory Analysis): Determination, Collection and Analysis of the
Required Data

Physical and computational data (Materials and geometry).
The selection of the shape and dimensions of the halls adopted for the analysis was

determined, assuming the typical solutions encountered in practice and the optimization
work of steel frames [12,54]. The considered structural systems of halls consist of transverse
flat frame structures connected with each other by bracing systems. In the analysis below,
the transverse structural systems were examined, adopting, for their general stability, the
buckling lengths that correspond to the node spacing of the longitudinal and transverse
bracings of the halls [55]. This study did not analyze halls with a cooperating roofing made
of a corrugated sheet (with the so-called diaphragm) as systems with an increased degree of
difficulty in disassembly, which makes them less useful for the needs of multiple assembly.
However, this does not prejudge the use of such solutions.

The following geometrical parameters of the bars and the design parameters of the
hall nodes were adopted, which created the following flat static diagrams (Figure 2):

- “A” scheme—rigid frame;
- “B” scheme—frame with rigid columns on the support and articulation at the transom;
- “C” scheme—triple-joint frame;
- “D” scheme—rigid frame at the transom column nodes and articulated on the support.
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Figure 2. Research diagrams of steel halls.

Material data:

• Steel profiles of the hall cross system: HEA prismatic profiles,
• Type of structural steel: St3S (mullions, transoms, gusset plates, welds),
• Foundations: Concrete C16/20 (B-20), structural steel A-II.

Technical parameters for the adopted research models:

• Geometric—dimensions calculated in the axes of elements:

- height H = H1 + H2 [m], (H1 = 4.5 m, H2 = 1.5 m).
- frame spacing S = 5.0 m.
- variable span, the same for each scheme, from L = 12.0 m to 48.0 m.

• Loads—equal for each scheme, i.e., wind, snow, roof loads, including purlins and
bracings.

• Own weights—suitable for the structural scheme.
• Support compliance was presented as the intended relative displacement of support A

with permissible values dx = −2 cm and dy = 2 cm (due to the disassembly conditions
and the changeability of settlement during re-foundation).

• The following ground conditions and foundations were adopted:

- foundation level hp = 0.80 m. p.p.t.,
- soils with low bearing capacity (Pd—Id = 0.3, ϕ = 15o, ρ = 1.65 t/m3),
- strong soils (Pav—Id = 0.60, ϕ = 31o, ρ = 2.00 t/m3).

1. Static calculations were made with the use of the ROBOT computer program. Dimen-
sioning of the steel structure of the halls is based on [40,41].

2. Design of foundations according to [41,42],
3. The price of construction and assembly works—as the average values from I quarter

22′, the following were adopted:

- data for the steel skeleton (as of 03.2022) [43] (initially adopted to be produced
with the material 12.76 euro/kg, assembly 1.5–3.5 euro/kg, material 8.50 euro/kg);

- for reinforced concrete foundations (workmanship, material)—100.00 euro/m3,
the execution with the material was initially adopted.

4. Other data according to technical standards and norms.

In the present study, it was assumed that the welds maintained the boundary con-
ditions for individual frame nodes [56]. The welds were dimensioned for extreme cross-
sectional forces at individual stages of structure operation, in accordance with [57,58],
assuming the minimum weld mass [58–62] as the main optimization criterion. The inde-
formability of the substrate was assumed in the calculations. The welds were dimensioned
for extreme nodal forces resulting from the load combinations adopted for the calculations.

• The dimensioning of the foundations was carried out on the basis of the
standard [58,63,64].
C16/20 (B-20) concrete and A-I steel were adopted.

• Static and strength calculations were made using the computer program ROBOT
Structural Analysis Professional 2019, ARCadia BIM v.14.

Calculation of MASH construction costs:
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The valuation of the structural elements of the halls, along with their assembly and
disassembly for each of the stages of construction, was made on the basis of:

• Industry standards for the valuation of workshop works for steel structures,
• Cost Estimated Material Outlays (CEMO) for individual construction works, adopting

the outlay costs (LME—labor, material, equipment) in IV qu. 2021. Calculations
of material expenditure were carried out with the use of the NORMA computer
program [65].

3.3. Stage III (LCIA)—Life Cycle Impact Assessment

Cycle I—construction of the MASH building/determination of cumulative QI cost
equivalents

This stage was limited to the construction of a steel hall, while the costs of its use were
omitted as secondary. Operating costs are variable and depend on the manner in which the
structure is used (e.g., trade, production hall, etc.).

This is undoubtedly the most important stage of the selection analysis because it
should define the optimal structural and ecological solution of the halls. The essence of this
phase consists of the proper preparation of the object in terms of its secondary assembly
and operation so that the energy accumulated in the mass of the structure is used to restore
the lost ecological substance. The EET method was adopted to calculate the QI

k,l equivalent
energy and material costs in the first phase of the MASH structure for scheme “k” and
span “l”.

QI
k,l = (ΣCI

si + ΣCI
ri + ΣCI

zi +ΣCFI
i + ΣRFI

i + ΣWI
i + ΣTI

wi + ΣTI
mi + ΣMI

i + EPI)/p [EURO/m2] (1)

Construction cost in phase I of QI
k,l includes the following components:

- QI
k,l—total cumulative energy and material cost value of the construction of the

MASH steel hall for the selected static scheme “k” and span “l”,
- ΣCI

s,r,z = ΣCI
si + ΣCI

ri + ΣCI
zi—cost of producing the mass of MK structure elements

(mullions, transoms, welds) calculated for the normative state of loads and displace-
ments, taking into account the unit price of the mass for the i-th mullion, transom
and weld,

- ΣCFI
i (ΣRFI

i)—cost of the total mass of foundations made (RFI
i total mass of founda-

tions removed after the first assembly), CFi—mass of the i-th foundation,
- ΣWI

i—total cost of producing i-th structural elements in the workshop,
- ΣTI

i—total cost of transporting i-th structural elements in a specific process of the
construction cycle:

- Tw—raw material transport to the workshop,
- Tm—transport of elements for assembly with the costs of operational storage,
- ΣMI

i—cost equivalent of the assembly of the i-th load-bearing element of the hall,
- EPI—cost equivalent of the biologically active surface lost. The analysis adopted the

equivalent of development = area with the assimilation intensity of the grass surface,
- p—built-up area.

The summary of QI
k,l values for schemes A, B, C and D and a span of up to 48 m is

presented in Figure 3.
After cycle I of the hall construction work, the cumulative construction costs of MASH

QI presented in Figure 3 reflect only the physical parameters of the adopted typological
variants of the hall. At this stage, it is possible to conclude that the halls with rigid frames
(scheme A) have the lowest economic cost-to-area ratios at the level of 400- 550 EUR/m2

for spans of 12–30 m, which does not prejudge their selection, as the ecological impacts
throughout their life cycle have not been taken into account.

Cycle II—dismantling and reassembly, the second stage of MASH’s work.
At this stage of the analysis, the QII

k,l cumulative costs related to the relocation of the
existing facility to another location were calculated.
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Figure 3. Cumulative QI cost per 1 m2 of the built-up area.

Assembly errors (manufacturing imperfections) that may occur in support nodes
have been taken into account. The change in the stress state of the structure optimized in
stage I was examined in terms of achieving a minimum weight. The degree of stress of
the structure after the second and subsequent assembly has a significant impact on the
change (possible strengthening) of the nodal elements of the hall. Improper preparation
of structural welds at the stage of construction may cause imperfections of geometrical
contacts [66].

In the process of demolition, the structure is exposed to angle deformation α, β, γ and
linear u, w and v of the plates in the assembly joints (Figure 4).

Figure 4. Scheme of imperfections of angular and linear butt contacts.

Therefore, it is necessary to test and carry out maintenance and measurement adapta-
tion works in workshop conditions to adapt the object for reuse.

Including the criteria listed in chapter 3, the cumulative equivalent energy and material
cost QII

k,l was determined in the second life phase of the MASH structure for the scheme
“k” and span “l”.

QII
k,l = (ΣΔCII

si + ΣΔCII
ri + ΣΔCIIzi + ΣCFII

i + ΣRFII
i + ΣWII

i + ΣTII
mi + ΣMII

i +ΣDI
i + EPII)/p [EURO/m2 (2)

Energy cost QII
k,l includes the following components:

- QII
k,l—cumulative equivalent energy and material cost in the second phase of MASH

structure life for the selected scheme “k” and span “l”.
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- ΣCFII
i (RFII)—total mass cost of foundations made during secondary assembly (RFII

total mass of foundations removed after subsequent assembly),
- ΣΔCII

s,r,z = ΣΔCII
si + ΣΔCII

ri + ΣΔCIIzi—total cost of inspection and protection of the
structure ΔMK resulting from the necessity to eliminate the stress of the structure due
to assembly imperfections,

- ΣWII
i—modification in the workshop or assembly of specific i-th structural elements,

- ΣTII
mi—cost of transporting all elements of the hall for reassembly with the costs of

operational storage,
- ΣMII

i—cost of assembly of steel load-bearing elements of the hall in a new location,
- ΣDI

i—cost of dismantling the steel load-bearing elements of the originally assem-
bled hall,

- EPII—cost equivalent of the biologically active area lost for the built-up area of the
re-assembled hall,

- p—built-up area.

Figure 5 shows the cumulative LME cost (labor, material, equipment) of the structure
in the second phase of its operation, i.e., reuse. The cost was summarized for an area of
1 m2 of the MASH building area. From the estimated charts, it is possible to initially accept
the hall solutions in schemes C and D due to the favorable price parameters. In particular,
halls with a span of 12 m to 30 m should be distinguished. Their price threshold is at the
level of 270–330 EUR/m2 of the total value of QII

k,l of the second assembly of MASH.

Figure 5. Cumulative cost QII of stage II per 1 m2 of the built-up area.

3.4. STAGE IV (LCI—Life Cycle Interpretation)—Interpretation of Results

At each stage of the facility’s life (HSWM-BOMM), the EET analysis presents the
distribution of the calculated values of the UE and UK sub-indices as shares of the Qk,l
cumulative ecological cost. These are the components responsible for ecological losses
and gains.

Interpretation of Cycle I results:
Stage of creating the MASH structure
The cumulative value of QI

k,l (Equation (3)) includes the economic and ecological
costs associated with the implementation and assembly of the UKI structure as well as
environmental regeneration and disposal of UEI construction waste:

QI
k,l = (UEI + UKI)/p [EURO/m2] (3)

UEI—share of the ecological costs of environmental regeneration in the process of
execution and operation of MASH,
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UKI—share of economic costs for the execution and assembly of the MASH facility
structure (original hall structure cost).

The shares of UEI and UKI of the cost of building QI
k,l presented in Table 1 were

examined in terms of environmental impacts in the I cycle of life of MASH and then in the
II cycle of life, i.e., another assembly. Ecological costs of UEI are considered necessary in
the construction process, directly interfering with the biotic layer of the area on which the
building stands. These include the components ΣRFI

i + EPI, which will be charged with
construction costs in the first phase of life.

Table 1. Share of UEI ecological (environmental) and UKI economic costs.

UEI UKI

ΣRFI
i + EPI ΣCI

si + ΣCI
ri + ΣCI

zi + ΣCFI
i + ΣWI

i + ΣTI
wi + ΣTI

mi + ΣMI
i

Breaking down the cumulative costs of building the hall at UKI and UEI allows
making an approximate selection of the MASH structure already in the first phase of
construction work. It should be noted that the UKI component contains energy and
material elements that are the subject of reuse, e.g., ΣCI

si + ΣCI
ri + ΣCI

zi components and
energy lost components such as ΣWI

i + ΣTI
i + ΣMI

i. In the approach to the environmental
costs of multiple uses of MASH’s technological and operational elements and processes,
this will be of significant importance. Referring to the share of UEI regeneration costs,
i.e., restoration of the biologically active surface, it seems right to include them in the pro-
ecological costs, despite the destruction of the active layer of the biocenosis by foundation
works and the zero state.

The total share of energy and material involved in the structure of the UKI superstruc-
ture itself (part of the building above the ground) of the selected models of hall facilities in
Figure 6 is an introduction to the environmental LCA comparative analysis.

Figure 6. KJI unit cost of creating the UKI structure per 1 m2 of the built-up area [EURO/m2].

The structure of MASH in the first stage of construction, presented in Figures 3 and 6,
confirms the initial correctness of the hall selection due to the total energy and material
costs of KJI (Equation (4)) of all manufacturing processes for scheme A.

KJI = UKI/p [EURO/m2] (4)

where:
KJI—unit cost of construction creation, [EURO/m2],
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UKI—share of economic costs for the execution and assembly of the MASH facility
structure (original hall structure cost), [EURO],

p—built-up area, [m2].
This proves the low impact of the economic costs of foundation work on the total

QI accumulated costs. However, one should not forget about the costs of the ecological
impacts generated by the construction of the MASH structure. The scope of these impacts is
defined by the generalized ecological indicator WEI

o (Figure 7) as the ratio of the ecological
costs of the UEI to the economic costs of the UKI.

Figure 7. Ecological generalized WEI
o index – cycle I of LCA.

Optimal solutions are contained between the schemes of construction C—with the low-
est values of the WEI

o index (Equation (5))—and scheme A, which shows the highest level.

WEI
o = UEI/UKI (5)

Figure 7 shows that the ecological profitability of construction solutions is the best for
the range marked “from below” by schemes C and D—this impact is 37–23%, while for
schemes A and B the values of ecological indicators for construction WEI

o are the highest
and amount to 61–30%. The higher the ecological indicators, the higher the environmental
costs generated by the structure.

The presented WEI
o index is a value enabling the initial selection of a structure because,

as already mentioned, the cumulative QI
k,l costs contain partial elements responsible for

losses and ecological gains in the MASH construction process. Therefore, it is necessary
to carry out a further analysis of the impact of these components on the selection of the
optimal structure in the full life cycle and, therefore, in the subsequent assembly phases.

Interpretation of the results of Cycle II of the analysis—option 3 was adopted; therefore,
it is the phase of demolition of the MASH building structure, including the foundations.

After calculating the cumulative cost of QII
k,l (Equation (6)), similarly to the first stage,

its distribution was examined into:

QII
k,l = (UEII + UKII)/p [EURO/m2] (6)

UEII—ecological cost of compensation for the lost layer of biocenosis (regenerating
the environment) in the process of the secondary assembly and operation of MASH,

UKII—economic cost of reassembling the MASH structure elsewhere as a factor that
degrades the environment with the use of elements from the first cycle of the facility’s
operation.

The ratio of ecological to economic costs will be used to search for the optimal design
solution from the point of view of the ecological impacts of MASH. The shares of the
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individual components of QII are presented in the ecological generalized index of cycle II
of the work of the WEII

o structure.

WEII
o = UEII/UKII (7)

The table below shows the components UEII and UKII of the cumulative cost QII
k,l.

Table 2 presents the ecological costs ΣRFII
i+ EPII, necessary to regenerate the biologi-

cally active area (built-up area). The share of UEII ecological (environmental) costs in the
second phase is crucial in the LCA assessment of the hall structure. Generalized ecological
indicators [WEII

o k,l ] create a picture (Figure 8) of the impact of individual types of HSWM
on ecological costs, included between the envelopes:

Table 2. Share of UEII ecological and UKII economic costs of LCA cycle II.

UEII UKII

ΣRFII
i + EPII ΣΔCII

si + ΣΔCII
ri + ΣCII

zi + ΣCFII
i + ΣWII

i + ΣTII
mi + ΣMII

i+ ΣDI
i

Figure 8. Generalized ecological indicator WEII
o—cycle II.

• The lower envelope characterizes halls with the lowest ecological costs:

- type B for L = 12–13.5 m, WEII
o k,l = 0.95–1.1

- type C for L = 13.5–39 m, WEII
o k,l = 0.85–0.65

- type D for L = 39–48 m, WEII
o k,l = 0.65–0.55

• The upper envelope characterizes the scheme with the highest ecological cost:

- type A for L = 12–48 m, WEII
o k,l = 1.35–0.65.

Ecological indicators WEII
o k,l of the structure are at the level of 0.55–0.65 for the

largest spans of 39–48 m, which proves the lowest share of 35–45% of ecological costs in the
entire investment.

The unit cost of construction is:

KJII = UKII/p [EURO/m2] (8)

where:
KJII—unit cost of construction creation, [EURO/m2]
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UKII—economic cost of reassembling the MASH structure elsewhere as a factor that
degrades the environment with the use of elements from phase I of the facility’s opera-
tion, [EURO],

p—built-up area, [m2].
At the same time, in the second cycle of the hall structure’s life, the UKII economic

costs (as shown in Figure 9) are more than twice lower than the new structure and amount
to approximately 130–180 EUR/m2 for typical spans from 12–30 m, assuming the imple-
mentation of the investment on the Just in time basis [47].

Figure 9. KJII unit cost of creating the UKII structure per 1 m2 of the built-up area [EURO/m2].

When analyzing stage II, it should be noted that the economic costs incurred to produce
a “new” UKII structure in the next phase of its life accelerate the total depreciation of the
facility (Equation (9)) and are pro-environmental.

The depreciation ratio (Wa) would be:

Wa = 1 − KJI/(QI + QII) (9)

The better the preparation of the UKI structure to work in phase II, the lower the QII

adaptation costs and the faster the environmental depreciation, i.e., Wa decreasing, and
vice versa. Thus, the multiplicity of multiple installations (Wkm) (Equation (10)) in order to
recover environmental costs can be presented according to the formula:

Wkm = (QI + QII)/KJI (10)

According to the formula (Equation (10)), the lower the value of the assembly multi-
plication index Wkm, the faster the path of ecological depreciation of the hall structure (this
issue is the subject of further research). With each new phase of life (reuse), MASH halls
reduce their ecological footprints and start generating ecological profits.

4. Stage V—Conclusions, Summary, Recommendations

The selection of the optimal ecological MASH solution was carried out taking into
account the criteria listed in point 2.3. The criterion for reusing the structural elements of
the facility is one of the most important. It characterizes objects with pro-ecological features.
Adopting that the above-ground parts of the UK hall structure can be moved to another
location and reassembled, their foundations remain on the ground and may constitute an
obstacle to the redevelopment of the EU territory. Depending on the purpose of the land
after the existing structure, the foundations, together with the development area, can be
used, for example, as landscape elements or aggregates [67,68]. In most cases, however,
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the existing foundations with the remaining elements of the technical infrastructure are
removed because it is difficult to guarantee their use in newly erected facilities.

Referring to the results of the total cumulative costs QI = 400–500 EUR/m2 from phase I
of the construction work in relation to the costs of the secondary cycle QII = 270–330 EUR/m2,
this ratio is in favor of reusing the structure and is 67% for all analyzed types of halls. The
important conclusions result from comparative studies of the optimal proportions between
the construction costs of UK hall structures and the ecological costs of the UE related to
restoring the original (initial) state of the environment.

The UKII component of the next assembly of HSWM is a relatively constant parameter
and ranges from 48–51% of the cost of a new investment, assuming the implementation of
the investment on the Just in time basis [47,69], which was mentioned earlier.

Despite the pro-environmental action in the MASH implementation process, the
WEII

o indicators increased from 2.21 to 2.77 times compared to cycle I and will extend the
depreciation period of multiple assembly facilities. At the same time, the cases of such halls
are recommended for a repeat design cycle in the CE circulation loop in order to reduce UK
ecological and UE economic costs.

WEII
o indicators determine the impact of ecological costs on MASH’s design solutions

and constitute an approximate method but a reliable environmental assessment of the halls.
The EET indicator assessment enables the elimination of incorrect technical solutions in the
ecological and economic aspects already at the design stage. In the analyzed case, halls A
and B, with a span of 21.0–36.0 m, have the most unfavorable WEII

o indicators, higher on
average by 14.3–28% than the others.

As previously mentioned, Tingley and Allwood [13] and Cullen and Drewniok [12]
showed that the reuse of building structure elements is uneconomical. However, the
integrated approach presented in the EET analysis proved the profitability of the secondary
use of steel hall structures by as much as 67% compared to new construction.

Using the EET method, the technological, economic and ecological aspects included
in the dimensioned execution processes were combined. Simple indicators for assessing
the return on environmental outlays were derived, i.e., the Wa depreciation indicator and
the subsequent assembly Wkm index specifying the minimum reuse number of the hall
structure to balance the environmental capital incurred for the original production of the
facility. The presented approach, based on simple ecological indicators WEI and WEII,
enables a quick analysis of the use of existing structures, which, in the era of limited raw
material resources, are a good source of materials.

Reusing MASH elements is one aspect of the implementation of the construction
sector sustainability paradigm [17]. It should be emphasized that the implementation of
the reuse of MASH elements will require changes in the market from all participants in the
investment process [19]. Starting from designers, through investors, traders, contractors,
users and dismantling workers. This is important information for policymakers who should
use a set of legal and financial instruments to lower the cost of reusing MASH structures.

The changes should also concern the creation of the MASH construction elements
and the system of certification and trade in these elements [46], e.g., CER marking as an
extension of the CE marking procedure has already been used for other products in the
European Union.

However, due to widespread e-commerce, checking the availability of recycled MASH
elements should not pose any major problems.

It is also important to change the perception of reusing MASH structural elements
by the actors of the investment process. The common belief that only a “new” structural
element will meet expectations regarding the safety of the structure should change.

The EET method can be dedicated to any steel structure, e.g., multi-span systems
with any girders made of cylindrical profiles, openwork, plate girders or trusses; the same
applies to columns.

The disadvantages of this method are the indirect assessment of ecological effects and
the focus on material and economic gains in the life cycle of particular types of structures.
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However, the method is open to parallel parameterization of effects and ecological impacts,
with an indication of environmental hazards resulting from the adoption of a specific
design solution.
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Abbreviations

C2C— Cradle to Cradle® is a trademark of McDonough Braungart Design, Chemistry,
C2G— cradle to grave
CE— circular economy
CEAP— Circular Economy Action Plan
CEMO— Cost Estimated Material Outlays
CP— Cleaner Production
DFE— design for the environment
EAB— ecological amortization of buildings
EAU— Ecological Accounting Units
EET— assessment of cumulative ecological, economic and technical parameters
EPDs— environmental product declarations
LCA— life cycle assessment
LCI— life cycle inventory
LCIA— life cycle impact assessment
LE— linear economy
LLC— life cycle cost
LSF— Light steel frame in building systems
MAO— Multiple Assembly Objects
MASH— multi-assembly steel halls
OSC— Off-site construction, system for Off-Site Construction Projects
QI,II— determines the total cumulative cost of the hall after life cycle I and II
PLA— Product Line Analysis
TQEM— Total Quality Environmental Management
UE— share of ecological costs of environmental regeneration in the process of execution and

operation of MASH
UK— share of economic costs for the execution and assembly of the MASH facility structure

(original hall structure cost)
WE— generalized ecological indicator
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Abstract: Construction and demolition (C&D) waste is steadily increasing as both urbanization and
the construction industry advance. Therefore, numerous studies on C&D waste have been conducted.
In this paper, the literature published in the field of C&D waste and sustainable development from
2002 to 2022 was utilized to examine the current state of research and potential future research
hotspots via the bibliometric method. Herein, 3550 studies found in the literature were analyzed
using Citespace and VOSviewer, two efficient visual analysis programs, for the annual quantitative
distribution, contribution and cooperation of authors, influential and productive countries/regions
and institutions, keyword co-occurrence analysis, literature co-citation analysis and identification of
research frontiers. The findings show an exponential rise in publications on construction waste and
sustainable resource development, while the research focus has clearly shifted from recycling and
reduction of C&D waste to harmless and resourceful treatment in the last five years. The keywords
“optimization”, “implementation” and “strategy” also indicate that more emphasis is being placed
on the research of management method realization mechanisms, technological optimization schemes
and policy strategies. The research results of this paper will help participants in the construction
industry to grasp the current research hotspots and development trend in the field of C&D waste
and the sustainable development of resources. It also plays a positive role in formulating relevant
regulations and policies, reducing resource waste and construction project costs.

Keywords: construction and demolition waste; sustainable development; bibliometric study; visualization

1. Introduction

The reduction and recycling of construction and demolition (C&D) waste is crucial
to human society and has a significant impact on sustainable development. Although
C&D waste and sustainable development of the ecological environment were initially
only the concern of local governments, they will eventually pose a threat to regional and
global development [1]. With the rapid urbanization of the world, in order to resolve
the serious conflict between increasing C&D waste and environmental protection, it is
necessary to explore economically attractive sustainable solutions for the reduction and
recycling of C&D waste [2]. The world is currently undergoing profound changes that have
not occurred in a century; it is urgent to solve the problem of the large amount of waste
produced by human construction activities and to develop research on the sustainability of
resources.

C&D waste usually refers to construction waste, decoration waste and demolition
waste generated during the construction, renovation and demolition phases of a project [3].
It is mainly composed of large amounts of inert materials (bricks, concrete, etc.), timber,
asphalt, metals and plastic [4]. Economic, social, health and technical factors jointly af-
fect the development direction of C&D waste research, and its key areas mainly include
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recycling [5–8], reduction [9,10], environmental impact [11–13], and reduction of the envi-
ronmental footprint of C&D waste [14,15].

Existing research results have shown that the process of recycling construction waste
will be accelerated in some developing countries, while the trend of recycling construction
waste in developed countries will gradually change [16]. Recently, the investigation of
greenhouse emissions [17–19], carbon footprint [20,21], human factors [22,23] and waste
treatment policies [24–26] in the research on recycling construction waste have developed
rapidly. It is worth noting that human factors are more likely to appear in research related
to construction waste, indicating that it is one of the important factors for the effective
management of C&D waste. Li et al. further quantitatively studied the impact of construc-
tion waste reduction behavior based on the theory of planned behavior [27]. According
to Udawtt, there were both technical and man-made obstacles to waste management in
Australian construction projects, but the latter were more dominant [28]. Studies have
shown that the development and progress of construction waste management is driven
by social motivation and policies [25]. Therefore, the updating of laws and regulations
on the treatment of construction waste can also reflect the change in research works on
construction waste. Reducing construction waste has always been a hot topic in academia.
Some scholars have explored effective methods from the perspectives of construction tech-
nology [29] and management methods [30]. With the increase in environmental damage,
more and more research has been conducted on the environmental benefits of reduction
management [31]. Recently, some scholars have studied the dynamic trend of construction
waste by using visual analysis software [32]. The results show that extensive research has
been conducted on construction waste reduction, system dynamics analysis and life cycle
assessment over the past decade, while the circular economy, big data, building information
modeling (BIM), environmental impact (carbon footprint), prefabricated buildings, human
factors and logistics planning of construction waste transportation have been vigorously
developed from 2019 to 2021. It can be seen that the effective management of C&D waste
is related to the sustainability of resources, and then affects the ecological environment
and economic development of the whole society [33,34]. Treatment methods are gradu-
ally developing towards the direction of resource sustainability, which mainly refers to
developing the means of recycling and the reduction of construction waste to monitor and
reduce harmful impacts on resources, including the comprehensive application of BIM
technology [35–37], 3D printing technology [38,39] and other information technologies,
as well as the circular economy and other management methods at various stages of the
construction waste life cycle [40].

Since C&D waste has increased steeply and attracted the attention of the industry,
many scholars have conducted hot spots and trends research on C&D waste or the sus-
tainable development of resources. However, resource sustainability is closely linked to
the development and progress of C&D waste management. Unfortunately, there is a gap
in the discussion of the overall hotspots and trends in C&D waste and the sustainable
development of resources. Therefore, this paper adopts a more reliable bibliometric analysis
method to analyze 3550 publications collected from the Web of Science core collection,
including annual quantitative distribution, author cooperation, influential and productive
countries/regions and institutions, keyword co-occurrence analysis, literature co-citation
analysis and identification of research frontiers, so as to further discover emerging tech-
nologies and theories for efficient resource utilization, improve the quality of engineering
projects and reduce costs, and promote a virtuous cycle of resources in the construction
industry. In the second section, the determination process of the research methods and data
collection are expounded. The third section presents the analysis results, and accordingly,
the results are further discussed in the fourth section. The research conclusions on C&D
waste and the sustainable development of resources are shown in the fifth section.
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2. Methods

2.1. Research Method

Knowing the hotspots, frontiers and status of a field can guide further research,
and bibliometrics can achieve this [41]. Manual literature analysis [42] and scientometric
analysis [43] are two methods commonly used in bibliometrics. In order to make the
research results more accurate, scientometric analysis, which can visually present the
quantitative analysis results, is adopted in this paper [44]. Citespace software developed by
Professor Chen Chaomei [45], and VOSviewer, a scientific knowledge mapping software
developed by professors Van Eck and Waltman [46] of Leiden University in the Netherlands,
are both effective tools for visualization analysis. Many researchers have used Citespace
and VOSviewer to research related fields. For example, Zheng et al. summarized the
intellectual structure and evolution model of partnership research in the construction
industry using Citespace [47]. Chellappa et al. analyzed the status of research on the
safety of Indian construction workers through VOSviewer [48]. Therefore, Citespace and
VOSviewer are selected in this paper to conduct author cooperation analysis, analysis of
countries/territories and institutions, keyword co-occurrence and cluster analysis on the
selected literature, in order to study the research status in the field of C&D waste and
sustainable development.

2.2. Data Collection and Collation

Web of Science (WoS) and Scopus are the preferred databases for researchers con-
ducting bibliometric analysis. Since the WoS database contains extensive literature in
engineering, social science, medicine, management, philosophy and other disciplines, it is
chosen as the database to select research data. The search terms in this study are “sustain-
ability OR sustainable development” and “construction waste* OR C&D OR construction
waste management OR demolition waste* OR decoration and renovation waste manage-
ment”, and the literature language in the data was restricted to English at the same time.
By comparing the search results of all databases and core collections of WoS, it is found
that although the former published articles earlier (since 1994), the eight articles published
between 1994 and 2001 are mainly early explorations on the sustainable development of
construction waste and resources, with little impact on the identification of current hot
spots and trends. Meanwhile, the literature in the core collection of WoS is groundbreaking
and of high quality in terms of construction waste [49,50]; therefore, the original data of
3550 publications selected in this study are all from it, including research articles, review
articles, proceedings papers, data papers and early access, and excluding editorial materials,
letters and book reviews.

3. Results

3.1. Analysis of Publications

Quantitative distribution data for articles published on C&D waste and the sustainable
development of resources are analyzed by Citespace, as shown in Figure 1. Among them,
the countries with the highest number of publications are specially shown in stacked
columns. The broken line in the figure represents the cumulative number of publications in
the field, which reflects the development status of research results in this field from 2002
to 2022. It can be found by analyzing the broken line that the first article was published
in 2002, and the number of published articles was less than 25 for six consecutive years,
with slow growth. In 2016, the number of annual publications exceeded 100 for the first
time, and academia became more and more interested in this field. In 2022, more than
700 articles were published, making the research more diversified. Thus, according to the
above research results, the research progress since 2002 can be roughly divided into three
parts: the exploration phase (2002–2007), the initial growth phase (2008–2015) and the rapid
development phase (2016–2022).
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Figure 1. Statistical chart of literature publication.

At the same time, the stacked columns also presented the research status in the field
of C&D waste and the sustainable development of resources among countries. It can be
seen that China’s development in this field shows an exponential growth trend, while
India and Brazil grew very slowly in the early stage, until they became active in 2018.
Related research in the United States and Australia has developed steadily, while studies in
Malaysia, Italy and other countries have shown fluctuating growth.

Table 1 lists the 10 most productive journals. The number of publications of Journal of
Cleaner Production (11.414%) ranks first, which shows its high influential status, followed by
Sustainability (8.012%), Construction and Building Materials (7.787%), Materials (2.952%) and
Resources Conservation and Recycling (2.839%). Obviously, preservation of the environment,
building materials, and sustainable development are the core themes of the top 10 most
productive publications. This shows that researchers’ journal selection is relatively simple,
and we can pay more attention to these journals to track the research frontiers and hot
articles in the field of C&D waste and the sustainable development of resources.

Table 1. The proportion of published journals.

NO. Publication Count Proportion

1 Journal of Cleaner Production 406 11.414%

2 Sustainability 285 8.012%

3 Construction and Building Materials 277 7.787%

4 Materials 105 2.952%

5 Resources Conservation and Recycling 101 2.839%

6 Journal of Building Engineering 67 1.884%

7 Environmental Science and Pollution Research 61 1.715%

8 Buildings 44 1.237%

9 Waste Management 44 1.237%

10 Journal of Materials in Civil Engineering 42 1.181%
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3.2. Co-Author Analysis

Co-author analysis can identify authors who have made significant contributions to
this field, and their changes in research interests also reflect research trends to some extent.
At the same time, the regional or global development of this field can be grasped in a timely
manner by revealing the close relationship between them.

3.2.1. Co-Authorship Analysis

In this bibliometric study, 11,795 authors were included in the research on C&D waste
and the sustainable development of resources. As shown in Figure 2, the network view
and density view of 149 authors with more than 5 articles were drawn by VOSviewer. In
the network view, a node represents an author, and its size is proportional to the number of
articles by each author. The links between nodes intuitively demonstrate the cooperative
relationship between authors. The thicker the line, the closer the connection between
them. The distance between nodes indicates the affinity between them, and different colors
represent different clusters of author collaboration. Accordingly, in the density view, the
more nodes around a node, the brighter the color and the closer the cooperation.

Figure 2. Co-author network.

As can be seen from Figure 2, 149 authors were labeled as 11 research clusters ac-
cording to their degree of cooperation, and they can be roughly divided into five research
communities. With Vivian W.Y. Tam, an author from the University of Western Sydney, as
the central author, the most connected research community is formed with Jian Zuo from
the University of South Australia and Xiangyu Wang from Curtin University, Australia,
etc. They focused primarily on recycled aggregate concrete and sustainable performance
assessment, while recent research has focused mainly on quality improvement of recycled
concrete and lean construction management. Another closely connected research com-
munity consists of Chi Sun Poon, Lei Wang and Md Uzzal Hossain et al. They mainly
worked on the environmental friendliness and sustainable management of recycled concrete
products.
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3.2.2. Co-Institution Analysis

To discover the important research organizations in the field of C&D waste and the
sustainable development of resources, the collaborative network of institutions with more
than 10 published articles is shown in Figure 3. In this part, 115 nodes represent 115 insti-
tutions, most of which are universities. The size of the node depends on the number of
publications, and the degree of collaboration between the two institutions is indicated by
the thickness of the lines. Colors of institutions represent the clusters to which they belong.
As can be seen from Figure 3, Hong Kong Polytechnic University is the largest node, which
is most closely related to the purple cluster and the blue cluster, such as Tongji University,
Hong Kong University and City University of Hong Kong in the purple cluster, while in
the blue cluster, the China Academy of Science and Shanghai Jiao Tong University are the
main partners, indicating that there are close cooperations between top scientific research
institutions and top universities in China. There are also orange clusters and red clusters
with frequent cooperation. Malaysia Petroleum University is the central institution that
maintains close cooperation with Chongqing University, Melbourne Institute of Technology,
Milan Institute of Technology, Curtin University and Delft University of Technology, etc.
It also shows that global institutions attach greater importance to the areas of C&D waste
and the sustainable development of resources, and are actively expanding cooperation and
exchange of research experiences.

Figure 3. Co-institution network.

3.2.3. Co-Country Analysis

The research situation of countries/territories was analyzed using VOSviewer. A total
of 117 countries/territories have contributed to this field, but only 69 countries/territories
with more than or equal to 10 papers are presented in Figure 4. Similarly, the larger the
node, the more articles the country or region has published, and the thicker the line, the
more frequently the two countries/territories communicate. China is the most productive
country (n = 828, 23.32%), followed by India (n = 339, 9.55%), Australia (n = 299, 8.42%), the
United States (n = 285, 8.03%) and England (n = 258, 7.27%).
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Figure 4. Co-country network.

With the development of the construction industry, countries pay more attention to
construction waste. It can be observed that China, which publishes the most articles, has
very frequent cooperation with Australia, the United States and England. These countries
have many partners and have made rapid progress in C&D waste and the sustainable
development of resources through global communication, cooperation and information
sharing. As can be seen from Figure 1, despite India publishing research articles later than
expected, the number of articles on construction waste has increased rapidly in recent years,
indicating that India has gradually realized the importance of the sustainable development
of construction resources.

Analyzing the research cooperation network among individuals, institutions and coun-
tries from the perspective of temporal evolution can better reveal the overall development
trend of this field in recent years [51]. Starting from the year (2003) when the number
of papers was more than 10, longitudinal change charts of nodes, links, and density are
illustrated using Citespace. Among them, the time interval is set to 5 years, nodes represent
authors, links represent cooperation among authors, and the density is the actual number
of relationships in the network divided by the theoretical maximum coefficient. Figure 5
shows the results. Three line charts show changes in relevant parameters for individuals,
institutions and countries, respectively. The horizontal axis represents time, the left side of
the vertical axis represents the counts of nodes and links, while the right side represents
density value.

It can be seen from Figure 5 that the blue line representing the number of authors
continues to grow, indicating that new researchers (individuals, institutions, and nations)
have joined and contributed to the field of C&D waste and sustainable development
as a result of the current environmental deterioration, and the increase has gradually
accelerated since 2018. Another set of green lines indicates a change in the number of
links among researchers, which is also on the rise in general. Although the number of
collaborations between individuals and institutions decreased slightly from 2003 to 2007,
they all resumed their enthusiasm for cooperation in 2008 and continued to increase later,
while cooperation between countries kept increasing throughout the period. The strength
of the nodes’ collaboration is shown by the purple line. According to Figure 5, research
on C&D waste and sustainable development was still in its infancy between 2003 and
2017. Many new researchers were still in the exploratory phase and had not started active
external communication, which led to a downward trend in the overall density line. With
the continuous deepening of research, this field has achieved great results. Therefore,
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researchers have engaged in active experience sharing and academic cooperation to seek
new breakthroughs in the field, making the density curve rise again.

  
(a) (b) 

 

 

(c)  

Figure 5. (a) Longitudinal analysis of co-author networks. (b) Longitudinal analysis of co-institution
networks. (c) Longitudinal analysis of co-country networks.

3.3. Keywords Analysis

Keywords are concise summaries of the research content covered. We can identify the
main hotspots and central trends in the field of C&D waste and the sustainable development
of resources through bibliometric analysis.

3.3.1. Keywords Co-Occurrence Analysis

As shown in Figure 6, the co-occurrence network with 528 keywords that have a
frequency of more than 10 was presented by VOSviewer. Each node represents a keyword,
and the frequency of keywords is expressed by the size of the nodes. The thickness of the
connection lines between nodes intuitively reflects the intensity of the connection between
keywords. These keywords are mainly distributed in the first three clusters, respectively by
three colors (red, green and blue).
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Figure 6. Keywords co-occurrence network.

As can be seen from Figure 6, except for the keywords “sustainability”, “construction”
and “waste” searched in this research, “performance” (n = 566), “concrete” (n = 516) and
“mechanical properties” (n = 492) are the top 3 keywords frequently used. It demonstrates
that the study of materials’ mechanical properties is especially crucial in the field of C&D
waste and the sustainable development of resources in order to expand the market for
recycled products, enhance participants’ confidence in the use of recycled products in con-
struction projects (especially recycled concrete products), and ensure their bearing capacity
and durability within the design period. How to improve the quality of recycled products
has gradually become a hot point in this field. Some scholars have analyzed the physical
properties of concrete containing recycled aggregate [52]. Other scholars have studied
the mechanical, permeable and physical properties of recycled aggregate by summariz-
ing previous publications, and finally put forward the basic performance classification
mainly used for concrete, which provides a practical method for measuring the quality
of recycled aggregate [53]. As self-compacting concrete has become extremely popular in
recent decades, Aslani et al. evaluated the optimal mix design of recycled concrete and
crumb rubber aggregates in self-compacting concrete to optimize performance [54]. These
are followed by “fly ash” (n = 408), “life cycle assessment” (n = 401) and “management”
(n = 339), indicating that in addition to concentrating on waste treatment technology and
treatment goals, it is equally necessary to explore and innovate new waste management
methods to alleviate the tremendous burden of natural resource consumption and envi-
ronmental degradation. Advanced management tools and methods play an important
role in promoting the economic and environmental benefits of the construction industry.
The introduction of the life cycle assessment (LCA) management method reflects that
current research on construction waste is not just limited to waste reduction and recycling
in the construction stage; BIM, big data, and other technical tools can be used for detailed
planning, error correction, and waste management during the planning and design period
to reduce C&D waste. At the purchasing phase, more green and recycled materials can be
ordered to reduce the environmental impact of construction waste. Hossain et al. compared
the environmental impact of producing recycled aggregate from C&D waste with that of
producing natural aggregate from raw materials using a life cycle assessment approach [55].
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Lu et al. established performance benchmarks for the management of construction waste
in different project categories using big data technology to promote better management
of construction waste [56]. Figure 6 also shows newer high-frequency keywords, such as
“circular economy” (n = 285) and “microstructure” (n = 151). Studies have shown that
about three quarters of the solid waste generated by the construction industry has residual
value [57]. As awareness of sustainable development and resource management improved,
many nations started exploring new models, and researchers gradually paid more attention
to waste reduction, so as to minimize the negative impact of construction waste on the
environment and further realize the sustainable development of resources. This also makes
the circular economy model continue to attract the attention of researchers [58,59].

3.3.2. Keyword Evolution Analysis

In order to more intuitively understand the research work of C&D waste and sustain-
able development, the evolution of keywords in this field was analyzed using Citespace,
as shown in Figures 7 and 8. The time axis in Figure 7 indicates the time point when the
keyword first appeared. The red section in Figure 8 represents a sudden increase in interest
in keywords during this period.

As can be seen, “emission” and “sustainable development” appeared the earliest,
demonstrating that harmful gases produced by the construction industry, particularly CO2,
are responsible for the deterioration of the ecological environment. It is the gradual exposure
of ecological and social issues that promote the sustainable development trend of the
construction industry. Although the issue of emissions was brought up in 2002, little research
has been carried out on it, and it has only recently become active. Some researchers have
started to reduce CO2 emissions by studying environmentally-friendly and cost-competitive
geopolymer concrete to gradually replace ordinary Portland concrete (OPC) that is energy-
dependent and environmentally damaging [60]. There are also scholars who calculated
the carbon emissions of geopolymer recycled aggregate concrete and studied its physical
properties, such as slump and compressive strength, in order to prove its feasibility to
replace OPC-based concretes [61]. From Figure 7, it is also clear that many keywords related
to materials, such as “energy”, “concrete”, “cement”, and “aggregate”, occurred between
2004 and 2006. Among them, “energy” has the highest centrality (centrality = 0.13) and
functions as a bridge. The energy consumption and pollution of the construction industry is
enormous, so scholars have begun to pay attention to the environmental performance of the
construction industry and its materials [62]. The keywords “environmental impact” and
“design” appeared in 2006 and also reflect that researchers have gradually shifted their focus
to other links besides the construction phase, in order to optimize the final disposal process
of waste materials [63]. In the following years, most efforts were devoted to the development
and performance optimization of various recycled materials. Since 2018, the emergence
of “green concrete” and “circular economy” indicates that the construction industry has
been guided by new theories, such as green building and the circular economy [64,65]. It is
necessary to explore new and effective management models to promote resource utilization
of construction waste and the sustainable development of construction resources.

With the development of C&D waste and the sustainable development of resources, al-
though the introduction of new topics has slowed down after 2018, there are still many new
opportunities and challenges. Combined with Figure 8, it can be seen that the keywords
“optimization”, “implementation” and “strategy” have again received great attention from
academia in the recent period (2019–2022). Their respective citation bursts also rank among
the top three. Therefore, these keywords can be identified as recent hot topics in this
field. Identifying and implementing standards for green building materials (GBM) and
assessing their sustainability, breaking down barriers to promoting a circular economy (CE),
integrating life cycle sustainability assessment (LCSA) into the design phase to optimize
building performance, and designing waste minimization strategies are expected to be
future research directions.
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Figure 7. Keywords timezone view.

Figure 8. Top 25 keywords with the strongest citation bursts.

3.4. Documents Co-Citation Analysis

In this paper, a cluster analysis of references, which reflect the knowledge bases and
research frontiers, was carried out using the g-index operation in Citespace (the scale factor
k = 25), and each cluster was labeled by keyword terms. Finally, 13 main clusters were
generated (Cluster 0 was the search keyword, cluster 8 and 21 had little relationship with
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the research topic, and cluster 9 was repeated, so 4 clusters were manually deleted [66]).
Modularity and silhouette values are 0.7877 and 0.8974, indicating the high reliability of
the clustering structure. The result is shown in Figure 9 and Table 2.

Figure 9. Cluster analysis of documents co-citation.

Table 2. Cluster information.

Cluster ID Cluster Label Size Mean Year

1 Circular economy 84 2018
2 Recycled aggregate concrete 74 2015
3 Life cycle assessment 65 2015
4 Fly ash 54 2012
5 Geopolymer concrete 45 2017
6 Building demolition 44 2009
7 Passive house 42 2009
10 Waste marble powder 31 2014
11 Building information modelling 30 2017
12 Landfill 29 2013
13 3D concrete printing 14 2018
17 Self-compacting mortar 13 2012
23 Prefabricated residential building 7 2018

In Table 2, the cluster size represents the number of co-cited references in the cluster.
The larger the value, the more popular it is in a certain field. The average year can reflect
the development trend of cluster. It can be seen from the results that there were many
studies on the definition, classification and treatment of C&D waste in the early stages,
and then the research direction turned to life cycle assessment and performance research
of recycled aggregate concrete. In recent years, most scholars have begun to discuss the
sustainable development of C&D waste based on some emerging theories, materials and
technologies, such as the circular economy, geopolymer concrete, 3D printing technology

410



Sustainability 2023, 15, 9141

and prefabricated buildings, in order to further explore the sustainable development mode
of C&D waste resources.

To further understand the recent development status of this research area, the three
clusters with the highest average years are listed in Table 3. Meanwhile, the three most
active cited articles and the three most active citing articles related to the cluster are listed
in order to identify the intellectual bases and research frontiers in this field [67]. Details are
discussed below.

Table 3. The three most active citing and cited papers in the latest three clusters.

Cluster ID
Cited Publications Citing Publications

Author Year Author Year

1
Kirchherr, Julian et al. [68]

Geissdoerfer, Martin et al. [69]
Mahpour, Amirreza [70]

2017
2017
2018

Norouzi, Masoud et al. [59]
Yu, Yifei et al. [71]

Rahla, Kamel Mohamed et al. [72]

2021
2022
2021

13
Wong, Chee Lum et al. [73]

Meng, Yazi et al. [74]
Habert, G. et al. [75]

2018
2018
2018

Ahmed, Ghafur H et al. [76]
Sahin, Hatice Gizem et al. [77]

Qian, Hao et al. [78]

2022
2022
2022

23
Hong, Jingke et al. [79]

Teng, Yue et al. [80]
Hao, Jianli et al. [81]

2018
2018
2020

Lopez-Guerrero, Rafael E et al. [82]
Yuan, Mengqi et al. [83]

Zhang, Riqi et al. [84]

2022
2022
2022

Cluster 1 is labeled “circular economy”, which has been a hot topic in the last five
years. The three most active cited papers mainly focus on defining the circular economy and
identifying obstacles to its implementation. Kirchherr et al. [68] summarized 114 definitions
of CE and finally outlined the definition, which refers to an economic system that replaces
the “end-of-life” of waste with reducing, reusing and recycling materials and recycling
in the production/distribution and consumption process. Geissdoerfer et al. [69] provide
conceptual clarity by illustrating similarities and differences between the terms “circular
economy” and “sustainability” to improve the efficiency of the use of these approaches
in research and practice. Mahpour [70], on the other hand, provided direction for further
research by identifying barriers to the transition to CE in C&D waste management. There-
fore, on the basis of intellectual bases, the three papers most actively cited are related to
the promotion of CE. Norouzi et al. [59] further clarified the development process of CE
through bibliometric analysis, and put forward future research topics, such as exploring the
relationship between the smart city and CE, developing the business model of CE, etc. Yu
et al. [71] found the lack of a decision-making framework in CE mainly from the perspective
of policy formulation, and proposed a bi-directional policy-making mechanism based on
two policy models. Rahla et al. [72] proposed strategies to promote the circular economy in
three respects: resource management, architectural design methods, and digitalization of
the construction industry.

Cluster 13, labeled “3D concrete printing”, reflects that researchers have recently paid
particular attention to the combination of waste disposal with 3D printing technology.
In the intellectual bases, Wong et al. [73] found that brick powder is the most practical
form of recycled brick, but it can only be used sparingly as concrete aggregate because it
cannot significantly improve concrete performance. Meng et al. [74] reviewed the published
literature on the use of various wastes in the production of concrete blocks, demonstrating
the good potential of incorporating C&D waste into concrete blocks as aggregates. Habert
et al. [75] provided medium-term and long-term solutions to environmental problems
in concrete production. In the most active citing papers, Ahmed et al. [76] reviewed the
existing 3D concrete printing technology and studied the different application technologies
for structural reinforcement. Sahin et al. [77] showed that the use of geopolymers, recycled
aggregates and waste in the mix design of 3D printed concrete (3DPC) can contribute to the
sustainability of 3DPC. Qian et al. [78] also suggested that using recycled products as 3D
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concrete printing materials can reduce carbon emissions and technology costs, which have
high economic and environmental benefits. In general, 3D concrete printing technology is
worth promoting in the field of C&D waste and the sustainable development of resources.

Cluster 23 is labeled “Prefabricated Residential Building” (PRB), so the top three cited
papers all focus on the topic of prefabricated buildings. Hong et al. [79] established a
framework for cost performance analysis to investigate the basic cost composition of pre-
fabricated buildings, and assess the impact of adopting prefabricated technologies on the
total cost of actual construction projects. Teng et al. [80] systematically examined evidence
of reducing building life cycle carbon through prefabricated technologies. It showed that
prefabrication resulted in a 15.6% reduction in embodied carbon and a 3.2% reduction in
operational carbon. Hao et al. [81] developed a BIM-based approach to evaluating carbon
emission reduction of a prefabricated building project, which showed that prefabrication
has less negative environmental impact compared to traditional building technology. In the
three citing papers, Lopez-Guerrero et al. [82] considered that the sustainability of indus-
trial building systems (IBS) had previously only been examined in terms of environmental
aspects and through qualitative indicators. To fill the gap, IBS sustainability was assessed
using quantitative and qualitative indicators based on economic, social and environmental
aspects. Based on evolutionary game theory, Yuan et al. [83] discussed the evolutionary
decision-making behavior and stabilization strategy of the government, real estate develop-
ers and homebuyers in the PRB industry. They also proposed a promotion mechanism to
help China’s construction industry achieve orderly and sustainable development of the
PRB. Zhang et al. [84] assessed the environmental impact of prefabricated building policies
in Hong Kong SAR and Singapore by comparing these policies. This shows that researchers
are beginning to notice the impact of prefabricated buildings on environmental benefits
and sustainable development.

In general, Cluster 1 discusses the resourceful and sustainable treatment of construc-
tion waste from the perspective of circular economy management methods. Cluster 13
focuses on 3DCP technology for the reuse of construction waste. Cluster 23, on the other
hand, focuses more on prefabricated building policies and regulations, and takes them as a
new engine for reducing waste and carbon footprint and promoting resourceful utilization
of construction waste.

4. Discussion

The research hotspots in the field of C&D waste and sustainable development of
resource can be concluded based on the findings of keyword co-occurrence and cluster
analysis. According to Figure 6, “performance”, “concrete”, “mechanical-properties”, “fly-
ash”, “management”, “life-cycle assessment”, “circular economy” and “microstructure”
have high frequency. At present, concrete is the material most often considered among
recycled products. Geopolymer concrete, steel fiber recycled aggregate concrete, and other
new types of recycled concrete are being developed. Research on the compressive strength,
flexural strength, slump, durability and other mechanical properties of recycled concrete
are also enduring topics in this field. In recent years, construction waste management
methods have been developed and some achievements have been made. Academia has
given the life cycle assessment (LCA) approach a lot of attention, showing that relevant
research on reducing the environmental footprint is a hot topic in this area, as shown in
Table 2. The application of LCA in the resource management of C&D waste places an
emphasis on preventing the overall environmental impact of waste throughout the entire
process. It changes the previous idea of focusing only on economic benefits or technological
development, optimizes the specific steps of some promising technologies, and provides
a new direction for the management of construction waste. There are also proposals to
incorporate Life Cycle Sustainability Assessment (LCSA) into building design. In addition,
the related research on CE and reduction has also become the focus in this field, so as to
further improve the level of resourceful and harmless utilization of construction waste.
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Combined with Figure 8 and Table 3, research frontiers in C&D waste and resource
sustainability can be identified. Although the circular economy has been extensively
promoted in recent years, many countries still face difficulties in implementing it due to a
variety of problems. The development of 3D concrete printing technology conforms to the
current trend of construction informatization. It can realize the recycling of resources when
choosing construction waste as printing materials. Prefabricated buildings can make full
use of their labor-saving and energy-saving advantages in the selection of prefabricated
materials, production process and construction process, but the technical bottleneck of
using construction waste in prefabricated buildings has always existed. Therefore, breaking
the restriction of CE promotion and effective implementation, optimizing the performance
of recycled products to meet the material selection standards of emerging technologies,
such as 3D printing technology and prefabricated technology, using evolutionary game
theory and other methods to study the behavior factors of various stakeholders and making
policy suggestions to the government to encourage the use of the above management
methods and technologies can be regarded as the current research frontiers.

Trends in C&D waste and sustainable development are summarized in Figures 7 and 8
and Table 2. The construction industry has contributed significantly to energy consumption
and environmental damage while advancing economic development, such as resource
shortages, greenhouse gas emissions, land loss, and other issues. The contradiction between
them is becoming increasingly acute. As a result, many countries are gradually realizing
that if construction waste continues to rise in line with the current situation, it will lead to
huge losses. Therefore, the concept of resource sustainability is gradually integrated into
construction waste considering the high residual value of construction waste. First, scholars
started to develop and study recycled products to value construction waste and expand the
market, such as recycled aggregate, recycled blocks and recycled bricks. After that, scholars
began to emphasize the reduction in construction waste, and pay attention to the economic
and environmental benefits of resource recovery to prove its sustainability, such as life
cycle assessment, performance optimization of recycled products, the establishment of an
environmental benefit assessment model, cost compensation model research, etc. BIM, GIS
and big data technology are also constantly evolving. The circular economy and green
building materials have been the focus of C&D waste and sustainable development in
recent years, as the aim is to explore a new management model and fully integrate the idea
of resource sustainability. In general, the evolution process can be summarized as recycling–
reduction–sustainability. It is worth emphasizing that the stages in the evolution process is
not completely separate from each other. For example, in the past five years, in addition
to focusing on sustainability, reduction technologies such as 3D printing technology and
prefabricated construction are constantly advancing.

Through the discussion of the above research hotspots, research frontiers and develop-
ment trends, future research directions are also proposed:

1. Promoting innovation in recycling technology. Recycling construction waste is a key
strategy for the sustainable development of resources in the future. More attention
should continue to be paid to the pre-treatment and reproductive phases of construc-
tion waste. First, it can more effectively reduce waste generation at the source and
lower the cost of construction projects, such as material costs, labor costs and man-
agement fees. Second, it may increase the secondary or multiple utilization potential
of different types of construction waste and prolong their life, so as to improve the
utilization rate of construction waste resources, which plays a role in saving resources,
improving the environment and promoting the sustainable development of society.

2. Developing information technology for the reduction in construction waste. The
development of construction waste reduction is the focus of scientific research. It is
not only a scientific problem, but also a common concern of politics, economics and
society. At present, some information technologies, such as BIM, GIS and big data,
have made good achievements in predicting waste generation and reducing waste
output. However, some newly developed technologies, such as 3D concrete printing
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and prefabricated construction, are still only used in projects with simple structure and
small scale. How to combine existing mature information technologies or find new
ones to solve the limitations of emerging technologies deserves further consideration.

3. More research on top-level design. The direction of development in the field of C&D
waste and sustainability is also influenced by policy. Combined with research frontiers
and hotspots, it is clear that current research focuses primarily on environmental
benefits, such as carbon emissions and environmental footprints. Therefore, further
improvement of relevant policies and regulations can enhance the environmental
awareness of participants and provide impetus for the effective operation of the
recycling industry chain. First, it is necessary to establish a comprehensive super-
vision system. BIM, GIM and other technologies can be fully used to supervise the
whole process of the recycled products industry. Second, it is necessary to formulate
effective incentive policies to promote the development of the construction waste
industry. Financial support can be provided to recycling companies in the research
and development of new materials and technologies.

4. More investigation of different project stakeholders. As things stand, it is inefficient
to promote the recycling of C&D waste only through government procurement and
subsidies. The participation of contractors in the reduction in construction waste and
the willingness of recycling companies to engage in the development of production
materials and technology research is not strong. Therefore, establishing a behavior
model to find the motivation to stimulate all stakeholders to actively participate in
the resourceful disposal of construction waste can be taken as the future development
direction in order to guide the market stakeholders’ selection behavior of resourceful
treatment and achieve higher economic, social and environmental benefits.

5. Conclusions

In this paper, 3550 publications related to C&D waste and the sustainable development
of resources are visually analyzed using Citespace and VOSviewer, in order to identify
research hotspots, research fronts, and development trends in this field. The conclusions
are summarized as follows:

1. Research progress on C&D waste and the sustainable development of resources can be
roughly divided into exploration phase (2002–2007), initial growth phase (2008–2015)
and rapid development phase (2016–2022). China is the most active country in this
field, while the United States, India, Australia, Brazil, Spain, the United Kingdom,
Malaysia and Italy contribute a large number of publications. The Journal of Cleaner
Production, Sustainability, Construction and Building Materials, Materials, and Resource
Conservation and Recycling are the most productive journals, which is closely related to
the impact of journals in the field of C&D waste and sustainable development.

2. Based on the author’s contributions and collaboration, it seems that more and more
scholars have begun to devote themselves to research in this field. However, most of
them only communicate with members of small research groups. Among the most
active institutions, they are also more inclined to cooperate with domestic universities
and research institutes. At present, there is still relatively little global cooperation.

3. The results of keyword co-occurrence and cluster analysis indicate that research and
development of recycled products, methods for reducing construction waste, and
sustainable management modes have been current research hotspots. Among them,
the circular economy, life cycle sustainability assessment, and the environmental
benefits of recycled products have attracted much attention.

4. The identification of research trends shows that the evolution process in this field is
summarized as recycling–reduction–sustainability, and future research directions are
also proposed. On the one hand, strengthening the research and development of new
technologies for waste recycling and reduction can optimize the process of C&D waste
management, reduce the waste of resources and construction project costs. On the
other hand, more discussion of top-level design and stakeholder behavior factors is
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conducive to breaking the restriction on the circular economy and other management
modes, changing the inherent thinking of stakeholders, so as to promote the green
development of the construction industry and improve social benefits.

In addition, some constraints on bibliometrics methods have been found. (1) The data
used in bibliometric analysis vary due to the different screening criteria of researchers.
(2) Two types of visualization software may present different results. Therefore, this paper
tries to use one kind of software to analyze a similar set of data. (3) The correlation between
cited papers and citing papers may not be obvious in some clusters, and new technical
methods should be adopted to minimize the occurrence of such problems.
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Abstract: For the structural health diagnostic of concrete dams, the mathematical monitoring model
based on the measured deformation values is of great significance. The main purpose of this paper is
to reconstruct the ageing component and the temperature component in the traditional Hydraulic-
Seasonal-Time (HST) hybrid model by combining the measured values. On the one hand, a better
mathematical model for the ageing displacement of concrete dams is proposed combined with
the Burgers model to separate the instantaneous elastic hydraulic deformation and the hysteretic
hydraulic deformation, and then it subsumes the latter into the ageing deformation to describe its
reversible component. According to the Burgers model, the inverted elastic modulus of the Jinping-I
concrete dam is 46.5 GPa, which is closer to the true value compared with the HST model. On the
other hand, the kernel principal component analysis (KPCA) method is used to extract the principal
components of the dam thermometers for replacing the period harmonic thermal factor. A multiple
linear regression (MLR) model is established to fit the measured displacement of the concrete arch
dam and to verify the accuracy of the proposed hybrid model. The results show that the proposed
model reaches higher accuracy than the traditional HST hybrid model and is helpful to improve the
interpretation of the separated displacement components of the concrete dams.

Keywords: ageing component; temperature component; HST model; concrete dam

1. Introduction

Since the increasing requirement and utilization of water resources in China, a large
amount of concrete dams have been constructed and contributed significantly to economic
development [1,2]. The safety issues and the risks of dam failure are always unavoidable
due to uncertainties in geology, hydrology, design, construction, and operational manage-
ment. The dam failure, which resulted in major casualties, is a tragic lesson worldwide.
Hence, dam safety has always been a high priority for governments and relevant authorities
and has played an important role in preventing dam failures.

Displacement, stress, strain, and cracks [3–9] et al. are essential for dam health
monitoring and operational instruction. As the most intuitive reflection of the integrity of
concrete dams, displacement is frequently adopted for predicting the behaviour of the dam.
Among the models that were used to fit and predict dam displacements, there are two
main categories. The first one is based on deterministic functions, physical extrapolation
methods, and multiple linear regression. For instance, statistical, deterministic, and hybrid
models are the commonly used monitoring models in engineering. Chen et al. [10] adopted
a semi-parametric statistical model, which has more imitative effect and explanatory than
the parametric statistical model. Shang [11] analysed the key dam section of the roller
compacted concrete (RCC) gravity dam with statistical modeling methods. Hu et al. [12]
proposed a statistical hydrostatic-thermal-crack-time model to deal with the influential
horizontal cracks in concrete arch dams. Another type is based on machine learning models.
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Kang et al. [13] presented a dam health monitoring model based on kernel extreme learning
machines. Chen et al. [14] combined the advantages of extreme learning machines and
elastic networks for predicting dam deformation. Su et al. [15] used rough set theory
and a support vector machine to build the early-warning models of dam safety. The
monitoring models based on machine learning techniques; however, do not take the
structural characteristics of the concrete dams into account. Furthermore, they lack direct
mathematical expressions, causing them to only be useful for making predictions rather
than providing a causal interpretation of dam deformation, such as statistical models [16].

The causes of ageing components in dams are complex, including cracking [17],
alkali-aggregate reactions (AAR) [18], dissolution [19], etc. It can also be interpreted by the
compression deformation of the rock foundation structure, as well as self-generated volume
deformation and irreversible displacement due to cracks in the dam. Therefore, the ageing
displacement is relatively difficult to give the mathematical expression directly according
to the actual situation. Among a variety of HST-based models, the ageing component is
expressed as the exponential function or the combination of the linear and logarithmic
functions. However, the formation mechanism of the ageing displacement of the concrete
dam caused by the theological properties of the dam material is extremely complicated.
Therefore, the HST model based on a simple exponential function or a logarithmic function
may not appropriately represent the relationships between the influencing factors and
the dam displacement. The development law of the ageing component is studied and
expressed as some function of time, which can then be separated in some way based
on the relationship between the ageing displacement and the dam load to optimize the
traditional HST model. For instance, Li et al. presented a hydrostatic-seasonal-state (HSS)
model for rationally obtaining and accurately interpreting ageing displacement from total
displacement monitoring data [20]. Hu and Wu [12] presented a statistical hydrostatic-
thermal-crack-time model and applied it to assess the impact of the large-scale horizontal
crack on the Chencun dam’s downstream face. To explain the abnormal displacement
behaviour of the Jinping-I arch dam, Wang et al. [21] introduced a hysteretic hydraulic
component into the HST model, transforming the traditional HST model into an improved
HHST model. The ageing component reflects a combination of reversible and irreversible
deformation of the dam body and rock foundation. According to the changing pattern of the
displacement and the periodic regulation of the reservoir water level for the concrete dams,
Gu and Wu [22] concluded that a combination of the exponential and periodic harmonic
functions, which are used for the irreversible and reversible ageing displacements [23],
should be used to represent the ageing displacement according to the periodic regulation
of the reservoir water level for most dams.

The temperature displacement component is the displacement due to temperature
changes in the dam body and rock foundation of the dam; thermometer measurements of
the dam body and rock foundation of the dam should be selected as a factor. The traditional
hybrid model expressed the temperature component in the statistical mode and then was
optimally fitted to the measured values. In recent years, the thermal components have been
extracted or considered in dam displacement prediction by various methods [24]. Mata
et al. conducted the Short Time Fourier Transform analysis of the residuals to determine
the impact of the daily air temperature variation on the displacement of concrete dams [25].
Kang et al. considered that the temperature varies over time and substituted harmonic
sinusoidal functions to the long-term air temperature for thermal effect simulation [26].
Chen et al. [27] adopted kernel principle component analysis (KPCA) to extract the tem-
perature variables. Among a significant number of the thermometers buried in the dam
sections, principal component extraction is an important process. Additionally, the KPCA
method used in the paper (20) validates that it assists to reduce the dimensionality of the
thermal measurement results by minimizing the loss of the original information.

The main idea of this paper is to propose a new hybrid model. For the extraction of the
ageing component, a better mathematical model for the ageing displacement of concrete
dams is proposed. For the temperature component, the KPCA method is used to extract
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the inherent characteristics of the thermometer measurement data to substitute the periodic
harmonic factors. Then, a multiple linear regression (MLR) model is developed to fit the
measured displacement to validate the reasonableness of the extracted ageing component
and temperature component. In this paper, the MLR model is established based on Matlab.
The accuracy of the new hybrid model and the extracted components are compared with
the components in the HST model. The displacement components of the concrete dam can
be more easily understood with the help of the suggested model.

The research significance is for dam safety based on the monitoring model of displace-
ment messages, which can fully reflect the recoverable creep component of the concrete
and rock and accurately separate the ageing component from the total displacement.

2. Model Establishment

The factors influencing dam displacement can be broadly summarized as water level,
temperature, and time. The traditional HST hybrid model can be generally interpreted as
the following equation:

δ = δH + δT + δθ = Xδ′H +
2

∑
i=1

[
b1i sin

2πit
365

+ b2i cos
2πit
365

]
+ c1θ + c2 ln θ, (1)

where δH, δT, and δθ represent the hydraulic displacement component, temperature dis-
placement component, and ageing displacement component, respectively; δ′H is the FEM-
calculated hydraulic component; X is the adjustment coefficient; H is the water depth of
the upstream reservoir on the same monitoring day; t is the number of cumulative days
since the initial monitoring day; θ is equal to t/100.

2.1. FEM-Calculated Elastic Hydraulic Component

In the traditional HST hybrid model, the ageing component only contains the irre-
versible component. The reversible ageing displacement follows the same evolution rule
as the instantaneous hydraulic displacement due to the common causal factor of reser-
voir water pressure, these two types of displacements are separated into the hydraulic
component in the paper [28]. In contrast to the instantaneous elastic modulus determined
by the material properties, the inverted elastic modulus of dam body concrete provides a
thorough reflection of the immediate and hysteretic elastic deformation ability through the
analysis of the traditional HST hybrid model [3]. According to the theoretical derivation
above, the hysteretic water pressure component is subsumed into the ageing component in
this paper; therefore, only the elastic water pressure component needs to be calculated by
the finite element method [29] as follows:

δHe = Xδ′He , (2)

E0 =
E′

0
X

, (3)

where δHe is the actual water pressure component. δ′He is the water pressure component
value obtained from the elastic finite element calculation; X is the total water pressure
component adjustment factor, and E0 is the initial value of the instantaneous elastic modulus
used in the calculation.

In the conventional elastic inversion method, the resulting modulus of elasticity of
the dam concrete is a composite reflection of the instantaneous elastic deformation and
viscoelastic hysteresis deformation. Therefore, a combined model of mechanical elements
is required to separate the instantaneous elastic modulus and viscoelastic modulus when
calculating the elastic hydrodynamic component. The Burgers model is a four-parameter
fluid model that is commonly used to describe viscoelastic behaviour. It is a hybrid of the
Maxwell and Kelvin–Voigt models. The Maxwell model is used to describe stress relaxation,
but only in the case of irreversible flow. Although the Kelvin–Voigt model can represent
creep, it cannot represent instantaneous deformation. It is not able to account for the stress
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relaxation [28]. After the combination of these two models, the Burgers model can express
both relaxation and creep effects after combining these two models [30]. Many researchers
have used it extensively in recent years to describe the dynamic behaviour of viscoelastic
materials [31,32]. Thus, it is used in this paper to calculate the instantaneous and hysteretic
hydraulic displacements by the FEM and in the inversion analysis.

2.2. Mathematical Expression of the Ageing Displacement of the Concrete Dam Considering
Viscoelastic Deformation

Dam structural properties primarily consist of three states: elasticity, viscoelasticity,
and unstable failure [33]. The dam monitoring displacement consists of two components:
an elastic component and a nonlinear component that fluctuates with load and time (com-
monly known as the time effect). The elastic displacement is influenced and calculated by
the instantaneous elastic modulus. The actual ageing displacement is a process of increas-
ing and decreasing around a certain base value, including irrecoverable and recoverable
terms [34]. The factors that generally affect the ageing displacement include the material
properties of the dam concrete, such as autogenous volume displacement, wet and dry dis-
placement, plastic displacement, creep of concrete, the material properties of the dam base
rock, and the creep of the dam structure. Creep deformation reflects an inherent property
of the dam concrete and the rock. It consists of an irreversible viscoplastic component and
a reversible viscoelastic (also known as hysteretic elastic) component. During a long period
of creep displacement, the reversible viscoelastic component accounts for a significant
portion of the total elastic displacement [35], which is influenced by the delayed elastic
modulus separated by the Burgers model shown in Figure 1. On a macroscopic scale, the
displacement is characterised by a high degree of variation at the beginning of the storage
period, followed by a gradual stabilisation over time. However, laboratory tests on concrete
and rock have shown that a portion of the creep displacement of concrete and rock recovers
after the unloading lag. Part of the recovery is influenced by the size of the unloading and
the time of unloading, as well as the age of the concrete, as shown in Figure 2.

Figure 1. The Burgers model for dam concrete.

Figure 2. The radial displacement and the reservoir water level of the NO.9 dam section.

In the case of intermittent loading, the creep is a combination of increasing and
decreasing curves. Because the water level in a reservoir is constantly changing, its effect
on the dam can be seen as intermittent loading. As the water level is lowered, the dam and
rock body thus undergo some non-linear recovery of creep with time, which can be linked
to the delayed elastic moduli of the dam concrete. Therefore, it would not be accurate
enough to describe the ageing displacement simply as a monotonically increasing function.
A new model needs to be investigated to make the fit more accurate. As mentioned above,

422



Sustainability 2023, 15, 9609

the ageing displacement is caused by the creep of the concrete and rock foundation and the
plastic deformation caused by the compression of fractures and joints in the concrete and
rock base. Their effects are discussed separately as follows.

2.2.1. Creeping Law of Concrete

The total strain ε(t) of concrete at age τ1, under the action of the external force σ(τ1)
can be expressed by the following equation [36]:

ε(t) =
σ(τ1)

E(τ1)
+ σ(τ1)C(t, τ1), (4)

where C(t, τ1) is the creep degree of the concrete; E(τ1) is the modulus of elasticity of
concrete at age τ1.

In general, dams are old enough when they are built to hold water. According to the
theory of elastic creep, the creep at load changes conforms to the principle of superposition,
i.e., [37]:

εc(t) = σ(τ1)C(t, τ1) + ∑ ΔσiC(t, τi), (5)

where Δσi is the stress increment at the moment τi.
The variation pattern of Equation (5) can be seen in Figure 2, which shows the effect of

load history on strain.

2.2.2. Derivation of the Equation for the Creep Displacement of a Dam on a
Rigid Foundation

Assume that the modulus of elasticity of the foundation Er→∞. The dam is built on
a rigid foundation, and the water pressure can be approximated as proportional loading;
according to the theory of creep mechanics, the total displacement u at the top of the dam
can be expressed as [38]:

u = ue f (t), (6)

where ue is the elastic displacement under external load.
f (t) can be expressed as follows [39]:

f (t) = 1 + E(t)
∫ t

τ1

ϕ(t, τ)ξ(t, τ, τ1)dτ. (7)

For a dam, its physical force is a constant and can be taken as ϕ(t,τ) = 1. So, the above
equation becomes

f (t) = 1 + E(t)
∫ t

τ1

ξ(t, τ, τ1)dτ. (8)

After deducting the elastic displacement from Equation (6), we can obtain

δθ = u − ue = ue[ f (t)− 1]. (9)

Substitute Equation (8) into Equation (9) and give

δθ = ueE(t)
∫ t

τ1

ξ(t, τ, τ1)dτ. (10)

ξ(t,τ,τ1) in Equation (10) is the kernel of integration and using the conclusions of
elastic creep theory, can be expressed as [40]:

ξ(t, τ, τ1) =
m

∑
i=1

Cirie−ri(t−τ1) +
p

∑
j=m+1

Cirje−ri(t−τ1). (11)
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Substitute ξ(t,τ,τ1) into Equation (10) and give

δθ = ueE(t)
p

∑
i=1

Cj[1 − e−ri(τ1−t)]. (12)

When taking p = 1, it can be expressed as

δθ = ueE(t)C1[1 − e−ri(τ1−t)]. (13)

It should be noted that in Equation (13), δθ is the creep displacement at time t when
the water level is H (the water level at the age of the dam concrete at τ1). In fact, the water
level in the reservoir is constantly changing from time τ1 to time t. Therefore, considering
the water level change, the displacement expression at the moment t is

δθ1 = ueE(t)C1[1 − er1(τ1−t)] + E(t)
∫ t

τ1

[ue(H, t)− ue(H, τ)] · C2[1 − er2(τ−t)]dτ, (14)

where ue(H,t) and ue(H,τ) are the elastic displacements of the dam crest due to the reservoir
water pressure at moments t and τ.

The age of the dam concrete is generally large due to reservoir storage. Therefore,
it can be assumed that E(t) is a constant. Thus, ue, E(t), and C1 are combined as C′

1 and
E(t) and C2 are combined as C′

2. τ1 is the age of the concrete at the start of the monitored
displacement. Therefore, τ − t can be replaced by −t′. t′ indicates that the first day of the
period starts at zero. In this way, Equation (14) can be rewritten as [38]

δθ1 = C′
1[1 − e−r1t′] + C′

2

∫ t

τ1

[ue(H, t)− ue(H, τ)][1 − er2(τ−t)]dτ. (15)

2.2.3. Creep Displacement of Intact Rock Masses under External Loading

According to the Poynting–Thomso rheological model, the intrinsic structure of the
rock is related to

dσ

dt
+

E1σ

η1
= (E1 + E2)

dε

dt
+

E1E2

η1
ε. (16)

When σ = σ0 = const and ε
∣∣∣t=0 = σ0

E1+E2
. The solution to the above equation is

ε =
σ

E2
+ σ(

1
E1 + E2

− 1
E2

)e−
E1E2

E1+E2
· t

η1 . (17)

The first term on the right-hand side of the above equation represents the instanta-
neous deformation and the second term is the creeping deformation. Therefore, the above
equation can be rewritten as

ε =
σ

E0
+

σ

E′ (1 − e−
E′
η ·t

), (18)

where E0 is the instantaneous elastic modulus; E′ is the delayed elastic modulus; η is the
corresponding viscosity coefficients.

From the above equation, the creep deformation can be expressed as follows:

εp(t) =
σ

E′ (1 − e−
E′
η t
). (19)
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The above equation indicates that when the stress is constant, the creep deformation
varies with time as an exponential function, and after considering the integrated constants,
the above equation is rewritten as

εp(t) = C3(1 − e−r3t). (20)

However, the water level in the reservoir is constantly changing and there is a certain
amount of creep recovery in the rock mass as it is unloaded. Therefore, the total expression
for the deformation of the foundation in the case of variable water level is

εp(t) = C3(1 − e−r3t) + C4

∫ t

τ1

[G(H, t)− G(H, τ)][1 − er4(τ−t)]dτ, (21)

where G(H,τ) is the effect of water level H on the function of creep deformation. It is
generally difficult to obtain its expression, thus, it can be used instead of the water pressure
displacement component.

2.2.4. The Effect of Fractures and Joints in a Rock Body under Water Pressure on the
Ageing Displacement

Rock bodies where fissures and joints are present will gradually close under the
weight of water, and weak inclusions will deform plastically. In general, this part of the
deformation does not recover from unloading, it is a monotonically increasing function of
time, and it is difficult to deduce physically an expression for this part of the deformation
with time. However, based on its characteristics of rapid change in the early stages of water
storage and gradual stabilisation, the solution of the first-order decay differential equation
can be used to describe the whole process of this change.

Let C5 be the final stable value of the displacement, displacement δθ3 with time t, and
the rate of gradual decay and deformation residual C5 − δθ3 is proportional to

dδθ3

dt
= r5(C5 − δθ3). (22)

Its solution can be expressed as

δθ3 = C5(1 − e−r5t). (23)

Combining Equations Equations (14), (21) and (23), it can be seen that the ageing
displacement of the dam under the action of water pressure can be expressed as

δθ = C(1 − e−rt) + C′
∫ t

τ1

[ue(H, t)− ue(H, τ)][1 − er′(τ−t)]dτ. (24)

When the reservoir level varies with the seasons, the elastic displacement ue(H,t) of
the dam caused by the cyclic load, the water pressure, also varies in an approximate annual
cycle. As mentioned above, the hysteretic elastic hydraulic deformation caused by the
viscoelastic creep feature is divided into the ageing component. Therefore, a set of basic
functions (cos 2πt

365 , sin 2πt
365 , cos 4πt

365 , sin 4πt
365 , · · · , cos 2πnt

365 , sin 2πnt
365 ) is taken and their linear

combination is used to express the term of the product function in Equation (24).
The decay term 1 − er′(τ−t) in Equation (24) does not affect the periodicity of the

product function. Clearly,

ue(H, t) ↔
m

∑
i=1

[Ai sin
2πit
365

+ Bi cos
2πit
365

]. (25)
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After replacing the original integral equation with the right-hand end of Equation (25),
the resulting function is still a periodic function based on the trigonometric system, i.e.,

∫ t

τ1

m

∑
i=1

[
Ai sin

2πit
365

+ Bi cos
2πit
365

]
dt =

m

∑
i=1

[
Ci sin

2πit
365

+ Ki cos
2πit
365

]
, (26)

where Ci =
365Ai

2πi , Ki =
365Bi
2πi .

The second term on the right side of the Equation (24) is replaced by a periodic
function term that varies with time. At this point, the practical expression for the ageing
displacement can be expressed as

δθ(t) = C(1 − e−rt) +
2

∑
i=1

(Ci sin
2πit
365

+ Ki cos
2πit
365

). (27)

Using Equation (27) in combination with the measured data of the ageing displacement,
the multiple linear regression method can be used to estimate the coefficient C, r, Ci, and Ki.

The Equation (27) contains the creep recovery part of the water level component,
which makes the inversion obtained in the process of calculating the water level component
and the elastic modulus shall be the instantaneous elastic modulus. In the HST model, the
modulus of elasticity of the dam concrete obtained by the elastic inversion method is a
composite reflection of the instantaneous elastic deformation and the deformation after
viscoelasticity. Therefore, the viscoelastic inversion method must be used to separate the
instantaneous elastic modulus from the viscoelastic modulus.

2.3. Temperature Kernel Principal Components Analysis

As a result, the temperature component is assumed to follow an annual cycle and is
formulated in a predefined periodic harmonic factor, which may not accurately represent
the thermal displacement effect of concrete dams [41]. For dams with buried thermometers,
kernel principal components analysis has the advantage of better performance when
extracting the feature and reducing the dimensionality of the thermometer measurement
data [42]. Based on the principal component analysis (PCA) method, the KPCA method
maps the input space into a high-dimensional feature space through nonlinear mapping,
which makes the PCA able to perform in Hilbert space. The nonlinear problem can then
be solved in high-dimensional space. Consider a set of n thermometer measurement data
X = [x1, x2, . . . , xn], and then standardize it as follows:

∼
xi =

xi − Ai
Si

, Ai =
1
n

n

∑
i=1

xi, Si =

√
1

n − 1

n

∑
i=1

(xi − Ai)
2, (28)

where Ai is the mean value of the thermometer measurement data, and Si is the standard
deviation of the thermometer measurement data.

After the standardization, use the mapping function φ(·) to map xi (i = 1, 2, . . . , n) to
the high-dimensional feature space ψ (φ: �m→ψ). As a result, the dot set corresponding to
the original thermometer measurement data can be written as Φ ={φ(xi)} (i = 1,2, . . . ,n). In
the high-dimensional feature space, the initial input data of the thermometers satisfies the
equation shown as follows:

n

∑
i=1

φ(xi) = 0. (29)

Furthermore, the feature space covariance matrix C is computed as follows:

C =
1
n

n

∑
i=1

φ(xi)
Tφ(xi) =

1
n

ΦTΦ. (30)
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The characteristic equation of the covariance matrix can thus be expressed as follows:

λξi = Cξi, (31)

where λ denotes the eigenvalue of the covariance matrix C; ξi is the eigenvector λ, corre-
sponding to the eigenvalue.

The nonlinear mapping function φ(·) is implicit, it is difficult to calculate the covari-
ance matrix C directly, so a kernel matrix K is introduced. As shown below, the kernel
matrix K should meet the Mercer condition:

K = φ(xi) · φ(xi)
T . (32)

The characteristic equation of the kernel matrix K is expressed as follows:

λiαi = Kαi, (33)

where λi = nλi has the meaning of the eigenvalue of the kernel matrix K.
To normalize the eigenvectors αi, the following condition must be met [43]:

1 =
n

∑
i=1

αiαjK = λk(α
k ·αk). (34)

Following that, the covariance matrix C and the kernel matrix K are entered into
the characteristic equation of the kernel matrix K. In addition, the eigenvector ξi of the
covariance matrix C can be introduced by the nonlinear function φ(xi), which can be
obtained as follows:

ξi =
n

∑
i=1

αk
i φ(xi), (35)

where αk
i is the i-th coefficient associated with ξi.

The eigenvalues λi of the kernel matrix K are ordered in descending order as follows:

λ1 ≥ λ2 ≥ · · · ≥ λs ≥ · · · ≥ λn > 0. (36)

The proportion of the information contained in the ith and the first k principal compo-
nents in the total amount of the information (contribution rate li and cumulative contribu-
tion rate Q) of these eigenvalues are calculated in the following equations:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

li =
λi

n
∑

i=1
λi

Q =

s
∑

i=1
λi

n
∑

i=1
λi

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

. (37)

When the cumulative contribution rate Q of the cumulative sth eigenvalue exceeds
85%, the information corresponding to these eigenvalues is thought to be adequate to
convey the information of the original input thermometer measurement data.

Finally, the kernel PCs Pi(x) of the mapped input thermometer measurement data
φ(xi) in the feature space employed to the eigenvalue ξi is the ith principal component, as
presented in Equation (38):

Pi(x) = ξiφ(xi) =
n

∑
i=1

αk
i φ(xi)φ(xi)

T =
n

∑
i=1

αk
i K. (38)

The matrix P = {P1(x), P2(x), . . . , Ps(x)} is made up of the kernel PCs, which are the
temperature principal component matrices obtained after reducing the dimensionality
of the original input thermometer measurement data set. It retains enough information
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from the original data. After the KPCA process, the redundant information in the original
thermometer measurement data is removed, resulting in a robust temperature database for
developing a data-driven model.

3. Mathematical Expression of the New Hybrid Model

The water pressure, temperature, and ageing components are used as independent
variables to perform an MLR with the measured displacement components. As mentioned
above, the elastic hydraulic component and the hysteretic hydraulic component are sepa-
rated from the original hydraulic component in the HST model by the Burgers model. In
this paper, the hysteretic hydraulic component was subsumed into the ageing component.
As for the temperature component, it can be determined by the KPCA method through the
thermometers embedded in the dam and the foundation. The mathematical expression of
the new hybrid model can be expressed as follows:

δ = δHe + δT + δθ = Xδ′He +
n

∑
i=1

biTPCi+C(1 − e−rt) +
2

∑
j=1

(Cj sin
2π jt
365

+ Kj cos
2π jt
365

) (39)

where X is the adjustment coefficient of the elastic hydraulic component and the FEM-
calculated elastic hydraulic component; n is the total number of the principal components;
TPCi is the principal components extracted from the thermometers by the KPCA method; bi,
C, Cj, and Kj are all coefficients.

4. Case Study

Jinping-I super-high arch dam is the highest concrete arch dam in the world. The dam
has a crest elevation of 1885.0 m and a maximum dam height of 305.0 m. Jinping Grade I
Hydropower Station started to store water from the lower gate of the right bank diversion
hole on 30 November 2012, to 1800 m on 18 July 2013, and to the normal water level of
1880 m on 24 August 2014. After August 2014, the reservoir level is in an annual cycle
and can be divided into four main stages in the following order: (1) a rising period from
mid-to-late June to mid-July and mid-September each year; (2) a stable period of high-water
level at 1880 m, lasting for 97 to 167 d; (3) a falling period from late-December to early-April
till early-June each year; (4) a stable period of low water level at 1800 m, lasting for half a
month to two months. (4) 1800 m low water level stabilisation period, lasting from half a
month to 2 months. Figure 3 depicts the displacement of the PL9-1 plumb-line monitoring
point and the water reservoir changing trend from 1 October 2013 to 31 December 2018 for
a continuous time period. According to the reservoir water level changes, the reservoir
water level change process was divided into four stages. Figure 4 shows the water level
segmentation interval during a year, and Figure 5 represents the simulation of the scenario
of the Jinping-I super-high arch dam.

Figure 3. The radial displacement and the reservoir water level of the NO.9 dam section.
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Figure 4. The water level segmentation interval diagram.

  

Figure 5. The simulation of the scenario and the of Jinping-I super-high arch dam.

5. Results and Accuracy of the Proposed Model

5.1. A Better Mathematical Model for the Ageing Displacement of Concrete Dams

To calculate the hydraulic displacement component by the FEM, a three-dimensional
FEM model is established using ABAQUS, as shown in Figure 6. The instantaneous
elastic modulus of the dam concrete is determined to be 38 GPa, which is an elastic
inversion value conducted according to the measured dam displacement during the initial
rising period of the upstream reservoir water level, rising from 1800.41 m to 1880 m [44].
The parameters of the foundation rocks are determined by their designed values. The
instantaneous elastic modulus E1 and delayed elastic modulus E2 in the Burgers model
are determined to be 46.5 GPa and 130.5 GPa. The corresponding viscosity coefficients
are 376.2 GPa.d and 20,074.5 GPa.d, respectively. During the simulation period, there are
a total of 32 incremental steps in the FEM simulation, with each step resulting in a 5 m
change in water level. Figure 7 shows the relationship between the elastic FEM-calculated
radial displacement and the upstream reservoir water depth for PL9-1.

 

Figure 6. FEM model of the Jinping-I super-high arch dam.
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Figure 7. Relationship between the elastic FEM-calculated radial displacement and the upstream
reservoir water depth for PL9-1.

5.2. Calculation of Temperature Displacement by KPCA Method

A large number of thermometers are embedded in the dam body. From the mechanical
point of view, the thermometer measurement data of the concrete and rock foundation of the
dam should be selected as the temperature factor. The principal component analysis (PCA)
method was used in the previous studies [45,46] to analyse and separate the temperature
measurement principal component. Its linear technique, on the other hand, has difficulty
reducing large amounts of temperature variables to new uncorrelated variables while
minimizing the loss of original information. In this paper, the principal components of
thermometers are extracted by the KPCA method. As a result, the temperature components
can be fitted more precisely. The advantages of using the measured temperatures of the
concrete dam have been mentioned and testified by several articles [47–49]. In order to
approve the KPCA’s high performance on feature extraction and dimensionality reduction
of input temperature dataset, the comparison process with PCA is necessarily proposed.
The PCA method is based on the assumption that there was a linear hyperplane. The KPCA
method is kernel-based, and the mapping performed by the KPCA method highly relies
on the choice of the kernel function. Possible choices for the kernel function are the Linear
kernel, Gaussian kernel, Polynomial kernel, Sigmoid kernel, and Laplacian kernel [50,51].
Table 1 shows the performance of the KPCA models based on different kernel functions.
According to the results, the KPCA method with the Linear kernel, Polynomial kernel, and
Sigmoid kernel achieves nearly the same accuracy rate and maximum contribution rate
as the first kernel PC. In contrast, the Gaussian kernel and Laplacian kernel approach the
low maximum contribution rate of the first kernel PC. As a result, the Polynomial kernel is
chosen to replace the linear projection process. Figure 8 depicts the comparison of the two
methods in the extraction result. It can conclude that after using the KPCA method with
the polynomial kernel, two PCs are extracted. These two PCs can explain approximately
93.65% of the information in the original temperature dataset. They are considered to
represent the thermal effect. The PC1, which has the maximum contribution proportion
among all the principal components, explains 73.31% of the information in the original
temperature dataset. In contrast, after using the PCA method, four PCs are extracted, and
the PC1 explains only 46.87% of the information. As a result of using the KPCA method, a
small number of principal components from the thermometers can be extracted and used
for the temperature component as follows:

δT =
2

∑
i=1

biTPCi, (40)

where TPCi is the ith extracted temperature principal component; bi is the coefficient of the
principal component.
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Table 1. The performance of the KPCA models based on different kernel functions.

Kernel Type Accuracy Rate (%) Maximum Contribution Rate of the First Kernel PC PC1 (%)

Linear kernel 97.04 82.00
Polynomial kernel 98.32 81.72
Gaussian kernel 95.85 50.84
Polynomial kernel 97.63 82.40
Gaussian kernel 94.67 51.65

 
Figure 8. The comparison of the PCA method and the KPCA method in the extraction result.

5.3. Fitting and Predicting Accuracy of the Proposed Hybrid Model

To test the accuracy of the new hybrid model, the long monitoring data from 1 October
2013 to 31 December 2018 were divided into the training set, and the predicting set [52].
The first 1560 data in the dataset are used as the training set and the last 354 data are used
as the predicting set. The coefficients of the Equation (39) are calculated and shown in
Table 2. For the Jinping-I super high arch dam, the design and inversion values of the
instantaneous elastic modulus of the dam concrete are 38.0 GPa and 38.5 GPa, respectively.
As a result, the elastic hydraulic displacement calculated by FEM should be multiplied by
the coefficient X of 0.98 (38.0/38.5).

Table 2. Coefficients of the new hybrid model for PL9-1.

Coefficient X b1 b2 C C1 C2 K1 K2

Values 0.98 −0.8089 −0.1356 −17.1222 −0.9430 0.7931 3.2374 0.6715

The model results are tested and compared using several estimation criteria, includ-
ing the mean absolute error MAE, the mean squared error MSE and the determination
coefficient R2. The criteria mentioned above can be calculated as follows:

MAE =
1
N

N

∑
i=1

|ŷi − yi|, (41)

RMSE =

√√√√ 1
N

N

∑
i=1

[ŷi − yi]
2, (42)

R2 =

[
N
∑

i=1
(ŷi − ŷ)(yi − y)

]2

N
∑

i=1

[
ŷi − ŷ

]2 N
∑

i=1
[yi − y]2

, (43)

where N is the number of observations; ŷ is the predicted displacement value of the model;
y is the measured displacement of the concrete dam; ŷ and y are the mean value of predicted
and measured displacement, respectively. The estimation criteria MAE, MSE, and R2 are
displayed in Table 3, respectively for the HST model and the proposed hybrid model.
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Table 3. The regression model performance comparison of the proposed model and the HST model.

Fitting Predicting

Model MAE MSE R2 MAE MSE R2

Proposed model 1.6886 4.8333 0.9746 0.5062 0.3404 0.9902
HST model 1.7164 4.8737 0.9743 1.2798 2.2055 0.9898

As can be seen in Table 3, the two models realize the satisfactory performance that the
correlation coefficients in the training set and predicting set are both higher than 0.95. The
new hybrid model reaches deduced error and higher correlation coefficient than the HST
model. It is reasonable to conclude that the model developed in this paper has both a clear
physical meaning and a high fitting accuracy. As shown in Figure 9, the more significant
error occurs when the measured value changes more violently, that is, when the water level
changes more violently. However, the new hybrid model provides better stability in the
fitting process compared to the HST model when the water level changes drastically.

(a) 

(b) 

Figure 9. Fitted process lines for measurement point PL9-1 in the NO.9 dam section: (a): The new
hybrid model; (b) The HST hybrid model. Abbreviation: NH: new hybrid model; HST: hydraulic-
seasonal-time model; HC: hydraulic component; AC: ageing component; TC: temperature component.

The variation laws and values of the thermal displacement obtained by the new hybrid
model and the HST model are displayed in Figure 10. The line temperature component
(TC) of HST and the line TC of the new hybrid model (NH) are the ambient temperature
of the dam and the internal temperature displacement of the dam, respectively, which
both follow a periodic pattern. The internal temperature displacement of the dam has
a slight lag relative to the ambient temperature displacement of the dam, in line with
the law that the internal temperature of concrete has a phase difference relative to the
ambient temperature. This phenomenon has the following possible explanations. The
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external ambient temperature at any given moment affects the change of its temperature
field by means of heat conduction inside the dam concrete, and it takes some time for
this heat conduction process to be finally completed. At the same time, the continuous
change of external temperature causes the internal heat exchange of the dam body, i.e.,
when the heat input to the dam body in the current period has not yet been transferred
to the deep concrete, the heat input to the dam body in the latter period has already
begun to affect the layers of concrete, and so is the next. The slow and continuous heat
transfer inside the dam body inevitably leads to the superposition of the influence of the
external ambient temperature on the internal temperature field of the dam body at different
times, thus causing a lag in the internal temperature field of the dam body relative to the
external temperature.

Figure 10. Radial displacement of hydraulic, thermal and ageing components separated by the HST
hybrid model and the new hybrid model. Abbreviation: NH: new hybrid model; HST: hydraulic-
seasonal-time model; HC: hydraulic component; AC: ageing component; TC: temperature component.

The ageing displacement separated by the model is a combination of increasing and
decreasing curves, containing reversible ageing displacement that varies with the main
load of the dam in addition to irreversible trend ageing displacement, and the change
in ageing displacement slightly lags behind the change in reservoir level at this stage,
in line with the hysteresis effect of viscoelastic deformation. In comparison, the ageing
component is expressed as c1θ + c2lnθ in the HST model, which only contains irreversible
deformations. The instantaneous and hysteretic elastic hydraulic deformations are owned
to the hydraulic component, which will result in larger hydraulic displacement in the HST
model, as can be seen in Figure 10. While the hydraulic displacement, which is determined
by the evolution of reservoir water level, has an annual evolution law comparable to the
reversible ageing displacement in the new hybrid model. Thus, the development trend of
the ageing displacement can be better reflected in the new hybrid model. It contains both
reversible and irreversible components.

6. Conclusions and Discussion

In this paper, we proposed a new hybrid model for a concrete dam in which the
temperature displacement and the ageing displacement of the traditional hybrid model are
improved, and the validity and interpretability of the model accuracy of this paper can be
confirmed through example validation according to the smaller predicting MSE (0.3404)
and larger R2 (0.9902), whereas in the traditional HST hybrid model they are 2.2055 and
0.9898, respectively. The following conclusions are drawn:

(1) The principal component factors are extracted using kernel principal component anal-
ysis in conjunction with measured thermometer information in the concrete dam body,
which can better reflect the influence of temperature variations inside the concrete
dam body on its displacement compared with the traditional HST hybrid model.

(2) The Burgers model was used to determine the instantaneous elasticity modulus and
viscoelastic modulus of the dam; thus the hysteretic hydraulic elastic displacement in
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the original hybrid model can be subsumed into the ageing displacement component,
while the period factor was added to the ageing displacement to fit this component.
Thus, a better mathematical model for the ageing displacement of concrete dams was
established. It can fully reflect the recoverable creep component of the concrete and
rock and accurately separate the ageing component from the total displacement.

However, some problems also should be pointed out. Firstly, the effectiveness of the
proposed model is only validated in the experimental conditions. It needs to be applied
in the actual engineering programs to verify the practicability. Moreover, the time range
of the ageing deformation selected in this paper is only from 2013 to 2018, but the ageing
deformation of the dam, especially in the stability period, will last for a long time. The
change of water level component, temperature component, and ageing component for a
longer time need to be discussed.
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