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1. Preamble

As global awareness of climate change intensifies, the significance of carbon neutrality
has become increasingly evident and a pivotal sustainable development target for human
society to pursue. As a fundamental element of economic and social advancement, carbon
emissions during infrastructure construction and operation must be given due consider.
Therefore, comprehensive assessments of the impact of the entire life cycle of infrastructure
on carbon emissions are imperative.

The life cycle of infrastructure comprises a series of phases, including material selec-
tion, construction processes, and maintenance management. To achieve carbon neutrality,
it is essential to conduct comprehensive research and pursue innovative solutions in all of
these areas. A substantial corpus of research has been conducted across various academic
disciplines, including the exploration of low-carbon materials, utilization of recycled materi-
als, promotion of green construction technology, total life cycle management, and intelligent
monitoring management and control. Considering the prevailing trends in research and
development, this journal is committed to collecting high-quality scientific papers, dis-
seminating advanced scientific and technological knowledge within the aforementioned
fields, and discussing the technical feasibility of infrastructure construction in the context
of intelligent, carbon-neutral infrastructure development, and technological innovation.

In this context, this Special Issue focuses on carbon -neutral and collecting in-depth
and detailed studies from various aspects, aiming at exploring the effective application and
great potential of various engineering materials and advanced technologies in the ambitious
process of gradually realizing the low-carbon development and sustainable development of
infrastructure. Through the analysis of the characteristics of different engineering materials
and in-depth studies on innovative technologies, we intend to provide practical solutions
for the low-carbon development of infrastructure.

2. Innovative Technologies or Methods Used in Infrastructure

From the perspective of the resource utilization of industrial wastes, research has
focused on the treatment and application of solid wastes, including red mud, dredging
sludge, waste steel slag, and construction waste. From an environmental standpoint, the
vast quantities of these wastes represent a significant burden. Conversely, their application
in the construction of infrastructure, such as roads, can address the issue of waste disposal,
reduce reliance on natural resources, lower project costs, and facilitate resource recycling,
thereby contributing to the attainment of carbon neutrality. From this perspective, a
strength prediction neural network has been proposed for modified red mud, which is

Buildings 2025, 15, 172 https://doi.org/10.3390/buildings15020172
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used as a road material in engineering applications, and the network is used to optimize
the material solution so that it can meet the strength requirements of the project while
reducing the cost [1]. This study was predicated on experimental data accumulated over
the course of years of engineering practice, as well as artificial neural networks, utilizing
a backpropagation (BP) neural network. The results show that the BP neural network
model exhibits high prediction accuracy in predicting the performance of modified red
mud pavement materials. Another study related to the resource utilization of waste used
scrap steel slag and composite coagulants to improve dredged mud and sludge, exploring
the changes in its physical and chemical properties and its potential for application in
engineering [2]. This study investigated the influence of the particle size and dosage of
waste steel slag on physical improvement, as well as the interaction effect of curing agent
components on unconfined compressive strength. The optimal dosage of waste steel slag
and the particle size ratio were determined. Micro-mechanism analysis demonstrated
that the waste steel slag enhanced the pore structure of dredged silt, thereby providing
a skeletal framework. In addition, the hydration products produced by the curing agent
fulfilled the roles of filling and cementing. Another study related to road base materials
conducted an experiment on the mechanical properties of cement-stabilized crushed stone
road base materials using recycled aggregates from construction waste [3]. The feasibility of
using these raw materials to prepare cement-stabilized macadam roadbeds was determined
through experimental verification. Subsequently, an analysis was conducted to determine
the effects of varying cement dosages and curing periods on the strength of the materials.
This analysis was performed using the unconfined compressive strength test. The results
show that the recycled aggregates were characterized in accordance with the specifications
and presented satisfactory mechanical properties. Furthermore, the curing agent was
observed to enhance the early strength of the recycled aggregate base material.

Following the resolution of the issue pertaining to the sourcing of industrial waste,
the subsequent challenge concerns performance enhancement. The exploration of innova-
tive materials, including microencapsulated self-healing cementitious materials, rubber-
modified asphalt, and g-C3N4/TiO2 coatings, has yielded novel concepts and method-
ologies for the optimization of infrastructure performance. These materials offer unique
advantages in improving the durability, functionality, and energy utilization efficiency of en-
gineered structures. For example, a recent study related to microencapsulated self-healing
cementitious materials explored the repair effect of urea–formaldehyde resin/epoxy resin-
microencapsulated self-healing cementitious materials at the microscopic level [4]. This
study explored the feasibility of self-healing from the perspective of molecular mechanisms
and evaluated the repair performance of microencapsulated self-healing cementitious
mortars with different microcapsule concentrations, curing agent types, and curing ages.
The results of the study demonstrate that the adhesion and mechanical properties of the
cement matrix were enhanced following the incorporation of microcapsules. The repair
agent released from the microcapsule core exhibited higher strength after curing compared
to its strength in the uncured state. Another study related to red mud modification ex-
plored the possibility of applying red mud as a solid waste material in road construction to
alleviate the problem of red mud accumulation [5]. Titanium gypsum and phosphogypsum
were used as curing agents to modify red mud. The findings indicate that the optimal
moisture content of titanium-gypsum-cement-stabilized red mud (RTC) surpassed that of
phosphorus-gypsum-cement-stabilized red mud (RPC), thereby affirming the superiority
of RPC as a modified red mud material. Rubber-modified asphalt is a carbon-neutral
asphalt-based material that facilitates the recycling of waste rubber materials. Therefore, it
is necessary to evaluate the interfacial interaction of the rubber–asphalt system and its effect
on the viscosity properties of rubber-modified asphalt and to analyze the contact properties
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of rubber particles in asphalt at the microscopic level [6]. The rubber swelling test and
solvent elution test were carried out for the rubber–bitumen system under different prepa-
ration conditions. The swelling ratio, degradation ratio, and swelling–degradation ratio
were proposed to evaluate interfacial interactions. The results demonstrate that following
the establishment of a stable three-dimensional network structure at the interface of the
rubber–asphalt system, the greater the effective interfacial interaction, the higher the viscos-
ity. Additionally, the gel film on the surface of the rubber particles, during the dissolution
and effective degradation processes, can contribute to enhanced viscosity. Another study
related to g-C3N4/TiO2 coating materials explored the use of SrAl2O4:Eu2+,Dy3+ long
afterglow materials doped in g-C3N4/TiO2 coatings for photodegradation [7]. Automobile
exhaust gas purification tests were carried out on the prepared samples, and the optimum
mass ratio of g-C3N4/TiO2 to SrAl2O4:Eu2+,Dy3+ was determined. The microstructures
and performances of the samples were evaluated with characterization tests, such as XRD,
FT-IR, XPS, and TG-DSC. The experimental results show that the incorporation of long
afterglow materials greatly improved the efficiency of the photocatalysts in purifying
exhaust gas under a low-light environment.

In addition, a novel fatigue testing method for semi-rigid subgrade considering the
spatial stress state was proposed in a paper related to the fatigue performance assessment
of semi-rigid subgrades for a key technical issue in infrastructure construction [8]. Based
on this method, the fatigue performance of three reinforced semi-rigid subgrade materials
(steel wire mesh, plastic geogrid, and fiberglass) was tested and compared with that of
unreinforced materials. The fatigue strain evolution laws of these materials were analyzed,
and the fatigue strain eigenvalues in the limit state were proposed as the evaluation
index of the fatigue failure of subgrade materials. The results show that the fatigue
performance is can be ordered as follows: plastic geogrid > wire mesh > glass fiber >
unreinforced specimen. Another study related to building thermal demand assessment
developed an intelligent assessment model for building thermal demand [9]. The model is
an interpretable machine learning model developed using Bayesian-optimized LightGBM
and SHAP (SHapley Additive exPlanations) methods for assessing the thermal comfort
design of buildings in different regions and for different uses. The results show that the
optimized LightGBM model exhibits excellent evaluation performance on the test set,
outperforming other machine learning models such as XGBoost and SVR (Support Vector
Regression). An accurate building thermal comfort design based on this evaluation model
will facilitate the implementation of carbon neutral strategies.

In the contemporary era, the pursuit of carbon neutrality has emerged as a global
imperative. The development of low-carbon materials and associated technologies has been
identified as a pivotal factor in attaining sustainable development and carbon neutrality
in the transport sector. The extant research in this area is predominantly focused on the
concept of carbon-neutral infrastructure, aiming to attract articles on novel materials or in-
novative technologies for carbon-neutral transport infrastructure. These contributions offer
a substantial theoretical foundation and practical references, thereby promoting the devel-
opment of infrastructure construction in the direction of low-carbon, green and sustainable
development. In the future, there is potential to encourage the deep interdisciplinary
cross-fertilization of materials science, civil engineering, environmental science, computer
science, and other disciplines to optimize materials design and structural performance
analysis using artificial intelligence technology and to study the environmental friendliness
and sustainability of materials in conjunction with environmental science.
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Abstract: Focusing on the complex nonlinear problems of strength prediction and the material
scheme design of modified red mud for use as a road material in engineering applications, a strength
prediction neural network is established and utilized to optimize the material scheme, including
the compound-solidifying agent ratio, water content, and curing age, based on experimental data
accumulated during years of engineering practice and an artificial neural network. In this study,
a backpropagation (BP) neural network is adopted, and 114 sets of experimental data are used to
train the parameters of the unconfined compressive strength prediction model. Then, using the BP
strength prediction model, the material scheme optimization process is carried out, with the strength
and material costs as the objectives. The results show that the BP neural network model has a high
prediction accuracy, the relative prediction error is basically within 10%, the root-mean-squared
error is less than 0.04, and the correlation coefficient is more than 0.99. According to the strength
requirements of modified red mud in different road projects and the constraints of each property,
an optimal material scheme with a lower cost and higher 7 d target strength is obtained using
a mix of polymer agent–fly-ash–cement–speed-cement in a ratio of 0.02%:1.96%:4.78%:0%, with a
33.93% water content of raw red mud, so that the target strength and material cost are 2.987 MPa
and 17.099 CNY/T. This study creates an optimal material scheme, incorporating the compound-
solidifying agent ratio, curing age, and water content of the modified red mud road material according
to the strength requirements of different projects, thereby promoting the popularization of the
utilization of red mud with better engineering practicability and economy.

Keywords: modified red mud; optimization; strength prediction; BP neural network; solidifying-
agent ratio; water content

1. Introduction

Red mud is the industrial solid waste discharged from alumina extraction in the
aluminum industry. It is alkaline and can pollute surface water and groundwater. With the
development of the aluminum industry and the reduction in bauxite grade, the amount of
red mud is increasing, and so the comprehensive utilization of red mud is becoming an
increasingly important research topic [1–3]. The modified red mud is a kind of resource
utilization with wide application prospects. Roadbed filling, stabilizing roadbed gravel,
improving roadbed soil, prefabricating road construction components, and filling hollow
areas are among its applications [4–6]. These engineering uses have specific technical
requirements for the strength of modified red mud road material. However, the strength of
modified red mud road material is affected by many things, such as the amount and ratio of
compound-solidifying agents, the amount of water in the material, the curing age [7,8], and
more. Some of these factors have an interaction effect on the strength. Addressing these
issues will incur significant costs in terms of manpower. Therefore, it is vital to reasonably
optimize the material scheme of modified red mud road material.

Buildings 2024, 14, 3544. https://doi.org/10.3390/buildings14113544 https://www.mdpi.com/journal/buildings5
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In previous studies, researchers used linear and nonlinear regression models to predict
the unconfined compressive strength of modified red mud road materials based on a sub-
stantial number of experiments [9]. Liu [10] utilized reliable and mature multivariate linear
equations to fit the long-term compressive strength test data for steel slag fine-aggregate
red-mud-based concrete, including five influence factors affecting red mud admixtures, cur-
ing age, curing temperature, curing humidity, and 28 d unconfined compressive strength.
Fu et al. [11] used a Gauss–Markov linear model to create a binary prediction model that
took into account the curing age and the amount of coal system metakaolin. The model
was 5% accurate for predicting the compressive strength of red mud that had been changed
by the coal metakaolin. The studies, within the confines of the research scope, establish
a regression prediction model for the strength of a specific modified red mud material,
utilizing a moderate amount of experimental data. However, the strength requirements
for using modified red mud as a road material vary due to the different sources of raw red
mud, engineering projects, and road types. When it comes to predicting the strength of
modified red mud road materials based on different application conditions, the existing
prediction models struggle to meet all requirements.

The excellent adaptive learning ability, high parallelism, and fault tolerance of artificial
neural networks (ANN) have made them a popular choice for predicting the strength of
engineering materials in recent years. ANN, inspired by biological neural systems, are
computational models designed to mimic the human brain’s mechanisms for information
processing and learning. These networks consist of numerous interconnected artificial
neurons, forming network structures through weighted connections. The learning process
of an ANN typically employs the backpropagation algorithm, which minimizes the error
between outputs and expected values by adjusting the connection weights. Compared to
traditional engineering design methods, ANN excel in tasks involving complex nonlinear
relationships, pattern recognition, classification, and prediction. Due to their superior
adaptability and efficient information-processing capabilities, ANN are considered essential
tools for solving complex problems, especially in the context of big data analysis and
machine learning. ANN have shown a lot of promise for use, especially in predicting the
buckling capacity and compressive strength of solidified soil, checking the performance of
structures, and finding the best materials for a job.

For example, Abarkan et al. [12] used an ANN to find the best design of circular hollow-
section stainless steel short columns and then compared their findings to Eurocode 3. This
showed that their model accurately predicted how different design parameters would affect
the columns’ ability to hold weight. Rabi et al. [13–15] applied ANN to predict the web-post-
buckling capacity of high-strength steel beams with elliptical openings, the sectional load-
bearing capacity of cold-formed circular hollow sections (CHS), and the buckling capacity
of hot-formed CHS beam-columns. Their results showed that ANN models provided
accurate predictions in terms of large-scale data analysis and performed excellently when
addressing nonlinear relationships between structural response and material properties.
Moreover, they also validated the effectiveness of ANN models with experimental data and
existing design standards, emphasizing their potential in complex structural analysis. A
study by Jweihan et al. [16] created an empirical model for the rutting-susceptibility index
(RSI) of asphalt mixtures. They used a hybrid machine-learning approach that combined
the strengths of artificial neural networks (ANN) and gene expression programming (GEP).
Their study demonstrated the potential of ANN to improve asphalt pavement design and
performance evaluation under various environmental conditions. Kewalramani et al. [17]
used ANN for the non-destructive testing of concrete compressive strength via ultrasonic
pulse velocity, showing that ANN were more effective than other methods in terms of
predicting concrete compressive strength. Yoon et al. [18] made a prediction model that was
more accurate than most regression models by looking at the complicated and nonlinear
relationships between the parts of lightweight aggregate concrete and its compressive
strength and elastic modulus. Ridho et al. [19] constructed three highly accurate ANN
models using the Levenberg–Marquardt algorithm, with recycled aggregate content as
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input and compressive strength as output. These studies indicate that ANN exhibits
significant advantages and application potential in improving mixture-design efficiency
and accuracy and predicting the mechanical properties of materials.

The relationship between the strength of solidified soil and the ratio is a complex,
non-linear one. The BP neural network, an artificial neural network, is capable of powerful
self-learning and nonlinear mapping, which makes it an effective tool for predicting the
relationship between the strength of solidified soil and the ratio. Consequently, the BP
neural network is frequently employed for the purpose of predicting the properties of
solidified soil. Li et al. [20] constructed a compressive strength prediction model for coral
concrete using BP neural network and optimized the model parameters and found that the
optimized model produced reliable results. Han et al. [21] conducted an analysis on the
impact of various fly ash dosages on the strength of concrete, leading to the establishment
of a BP-neural-network-based compressive strength prediction model for fly ash concrete.
Ma [22] created a BP neural network to predict the compressive strength of fiber-reinforced-
polymer-confined concrete and compared it with the traditional regression model. The
neural network model is more accurate and stable in its predictions. Li et al. [23] used
a BP neural network to establish a prediction model for the compressive strength and
flexural strength of hybrid fiber-reinforced concrete. These studies have achieved favorable
results, which can replace part of the test screening work, reduce the test workload, and
save human and financial resources. However, because these prediction models rely on
the mapping relationship between parameters established by concrete or cemented gravel
test data, they cannot accurately predict the strength of red mud road materials due to
insufficient red mud test data support. Currently, there are few studies on the strength
prediction of modified red mud road materials using neural network models. Zhang [24]
employed a feed-forward neural network to develop a predictive model for the strength of
red-mud-based grouting materials. The model was trained using two inputs: the amount of
raw red mud and the ratio of solidifying agents. The objective of the study was to develop
a prediction model for the strength of red-mud-based grouting materials utilized in tunnel
construction and civil-engineering-disaster prevention and control projects. However, the
model was not applicable to the strength prediction of modified red mud road materials
due to the differing performance requirements for fluidity and strength.

When it comes to optimizing the road material scheme, most scholars choose the mate-
rial scheme that exhibits the highest strength and best performance based on experimental
tests. An et al. [25] conducted an experimental study on the road performance, durability,
and environmental performance of red-mud–steel slag–cement pavement base material.
They ultimately determined two sets of optimal ratios for this material. Wu et al. [26]
employed an orthogonal test method and a linear regression model in MATLAB to derive
a strength-prediction equation for modified red mud and identify the optimal ratio. A
review of the literature reveals a lack of studies investigating the use of artificial neural
networks (ANN) for the optimization of solidifying-agent ratios. Li et al. [27] established a
BP model for optimizing SMA material schemes, taking into account the stability, fluidity,
volumetric parameters of the Marshall test, and the properties of both asphalt and minerals.
Compared to the traditional method, the artificial neural networks (ANN) can significantly
reduce time and test costs while also offering a new approach to optimize mix ratios.

To solve the problems of finding the best red mud road materials for different engineer-
ing projects, this study uses the BP neural network as a deep-learning algorithm to predict
the strength of modified red mud and suggests a way to use the trained BP model to find
the best material scheme. First, we establish an unconfined compressive strength prediction
model for modified red mud road materials, using the ratio of compound-solidifying agent
(polymer agent, fly ash, cement, speed cement), water content, and curing age as input. We
then train this model using accumulated experimental data from multiple regions over sev-
eral years. The model’s prediction performance is validated using 10 sets of experimental
data, with evaluation metrics including correlation coefficient (R), maximum and minimum
relative error, standard deviation of errors (SD), mean absolute error (MAE), mean-squared
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error (MSE), and root-mean-squared error (RMSE). Next, we use the BP strength-prediction
model to estimate a mapping set of strength with various material schemes, taking into
account the strength requirements of various road-engineering projects and the constraints
on the material components. We then calculate the material cost of each material scheme
based on the engineering market. Finally, we utilize a double-objective decision method to
optimize material schemes, aiming to achieve both strength and cost objectives. This study
offers a method for predicting the unconfined compressive strength of modified red mud
road materials within a specific range, as well as a technique for optimizing the material
scheme. Its use will reduce the amount of experimental work and offer valuable insights
for the strength prediction and material scheme optimization of modified red mud.

2. Experimental Dataset on the Strength of Modified Red Mud Road Material

2.1. Experimental Data Analysis and Selection

The experimental data on the unconfined compressive strength of modified red mud
road materials used in this study were from the experiments carried out by our team in
a couple of engineering projects located at Longkou in Shandong province, Taiyuan in
Shanxi province, and Beihai in Guangxi province of China. We experimentally investigated
the effects of the amount and material scheme of the compound-solidifying agent, water
content, and curing age on the unconfined compressive strength of the modified red mud
road materials in these tests. Table 1 displays the value ranges of each property, from which
we randomly selected 114 experimental groups for analysis in this study (Table 2), and
Figure 1 displays the frequency distribution histograms of each influence factor.

Table 1. Characteristics of the experimental dataset.

Property Minimum Value Maximum Value Average Value

Polymer agent (%) 0.05 0.54 0.35
Fly ash (%) 0 2.40 0.80
Cement (%) 0.56 11.46 6.34

Speed cement (%) 0 1.80 0.27
Water content (%) 24.10 33.40 27.25

Curing age (d) 3 11.00 5.19
Unconfined compressive

strength (MPa) 0.15 4.99 2.94

Table 2. Representative values of the experimental dataset.

Material
Scheme

Polymer
Agent (%)

Fly Ash (%) Cement (%)
Speed

Cement (%)
Curing Age

(d)
Water

Content (%)
Strength

(MPa)

S1 0.05 0.1 0.855 0 3 25 0.36
S2 0.36 0.8 6.84 0 7 29.6 3.82
S3 0.36 0 7.64 0 4 29.6 3.31
S4 0.135 0.3 2.565 0 6 25 1.27
S5 0.54 0 9.66 1.8 3 25 3.03
. . . . . . . . . . . . . . . . . . . . . . . .
S51 0.225 0.5 4.275 0 3 25 1.73
S52 0.225 0.5 2.775 1.5 3 25 0.97
S53 0.36 1.6 6.04 0 11 29.6 3.01
S54 0.09 0.2 1.11 0.6 6 25 0.61
S55 0.36 1.2 6.44 0 7 24.1 4.06
. . . . . . . . . . . . . . . . . . . . . . . .

S110 0.36 0 6.44 1.2 7 26.7 3.56
S111 0.54 2.4 9.06 0 11 29.6 4.69
S112 0.36 0 6.44 1.2 7 33.4 3.1
S113 0.045 0.1 0.855 0 3 25 0.46
S114 0.36 1.2 6.44 0 3 26.7 3.39
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Figure 1. The frequency distributions of each influence factor in the experimental group.

2.2. Influence of the Compound-Solidifying Agent

To give an illustration of the effect of each component in the compound-solidifying
agent on the unconfined compressive strength of the modified red mud, four groups of
compound-solidifying agent ratio A~D are carefully selected from the 114 data points of
experiment tests, as listed in Table 3. Specifically, we prepared A and B to compare the
effects of cement and speed cement in the compound-solidifying agent on the unconfined
compressive strength of modified red mud road material. The ratio A was polymer
agent/fly ash/cement in a ratio of 4.5:10:85.5, while the ratio B was polymer agent/fly
ash/cement/speed cement in a ratio of 4.5:10:55.5:30. Ratio B differs from A in that it
replaces 30% of the cement with speed cement. We fixed the water content at 25% and set
the curing age at 3 and 7 days. Figure 2 presents and compares the unconfined compressive
strength results for the four groups, plotting the results of the pure cement for comparison.
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Table 3. Four groups of compound-solidifying agent ratio A~D.

Ratio Polymer Agent (%) Fly Ash (%) Cement (%) Speed Cement (%)

A 4.5 10 85.5 0
B 4.5 10 55.5 30
C 4.5 15 80.5 0
D 4.5 0 80.5 15

Figure 2. Comparison of four compound-solidifying agent ratio A~D and the pure cement with
two curing ages: (a) comparison of ratios A and B; (b) comparison of ratio C, D, and pure cement.

Figure 2a demonstrates that the unconfined compressive strength of the modified red
mud road material increases proportionally with the amount of the compound-solidifying
agent. Additionally, ratio A exhibits a superior solidifying effect compared to ratio B, and
the gap between their effectiveness widens as the amount of compound-solidifying agent
increases, indicating that speed cement (in ratio B) performs worse than regular cement (in
ratio A).

We selected two solidifying agent ratios, C and D, to compare their effects on the
unconfined compressive strength of modified red mud road material with pure cement in
Figure 2b. Ratio C comprises a polymer agent, fly ash, and cement in a ratio of 4.5:15:80.5,
whereas ratio D maintains the same ratio but substitutes 15% of the fly ash with speed
cement. We set the water content of the two groups at 26.7% and the amount of the
compound-solidifying agent at 8%. Figure 2b displays the comparison results at the curing
ages of 3 and 7 days, respectively. It shows that at the early curing age, ratio D exhibits a
stronger strength than ratio C, primarily due to the faster solidifying rate of speed cement
compared to fly ash. Meanwhile, ratio C shows a little more strength than the pure cement,
meaning that a small amount of fly ash can make red mud road material stronger. At the
curing ages of 7 days, the difference in the unconfined compressive strength between ratios
C and D and C and pure cement is reduced to about 7% and 9%, respectively, suggesting
that their strengths sufficiently meet general engineering requirements. Considering both
cost and environmental benefits, ratio C, which incorporates a polymer ratio and fly ash as
a partial replacement for cement, is an optimal choice.

2.3. Data Normalization

It is notable that each influence property has different units and demonstrates a
considerable degree of variation in its range of values. Normalizing the initial input data is
necessary to eliminate the impact of these magnitude differences to ensure that all values
are scaled in a consistent interval range, between 0 and 1. In this study, the following
functions are applied for data preprocessing:

X̂i =
(Xi − Xmin)

(Xmax − Xmin)
(1)
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where Xi is the original value of the sample sequence, Xmin is the minimum value of
the sample sequence, Xmax is the maximum value of the sample sequence, and X̂i is the
normalized value.

3. BP Prediction Model for Modified Red Mud Road Material Strength

3.1. Architecture of the BP Strength Prediction Model

The BP neural network, a type of multilayer feedforward neural network, consists of
an input layer, hidden layers, and an output layer. The input layer serves as the first layer,
while the output layer is the final layer, with the hidden layers functioning as intermediate
layers. A key feature of the BP neural network is the forward transmission of signals in
conjunction with the backward propagation of errors. The network continuously adjusts its
weights and thresholds based on the predicted error values when the output layer produces
results that deviate from the expected outputs. This iterative process allows the BP neural
network to progressively approximate the desired output values [28]. Backpropagation
neural networks (BP neural networks) are very good at predicting stabilized soil strength
with the compound-solidifying agent. This is primarily due to their capacity for nonlinear
modeling, flexibility, and accuracy. The network effectively captures the complex nonlin-
ear relationships inherent in the soil stabilization process, making it suitable for various
soil types and solidifying agents. The trained BP model could be used in the optimiza-
tion of the compound-solidifying agent ratio and thereby reduce the number of physical
experiments required and the time-consuming process associated with experiments in
engineering implementation.

The input variables consist of six influence properties for modified red mud road
materials: polymer agent, fly ash, cement, speed cement, water content, and curing age.
The output variable is the unconfined compressive strength of the modified red mud
road material. Therefore, a three-layer neural network structure is established by using six
neurons in the input layer and one neuron in the output layer in Figure 3. We first determine
the number of neurons in the hidden layer by using an empirical formula to define a range,
and then we choose the optimal value based on the training and fitting results.

Figure 3. ANN architecture of unconfined compressive strength prediction model for the red mud
road material.

The empirical formula for the number of neurons in the hidden layer is as follows:

l =
√

m + n + a (2)
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where n is the number of neurons in the input layer, l is the number of neurons in the
hidden layer, m is the number of neurons in the output layer, and a is a constant between 0
and 10.

According to the empirical formula, the number of neurons in the hidden layer is
determined to be a range of 3 to 12, the training set data are used to repeatedly train the
neural network, and the number of neurons in hidden layer with the smallest mean-squared
error is selected as the optimal number of neurons in hidden layer. Table 4 displays the
results of the mean-squared error for different numbers of neurons in the hidden layer.

Table 4. The mean-squared error of different neurons in the hidden layer.

Number of Neurons in the Hidden Layer
Mean Squared Error (MSE) of the Training

Set

3 0.0327
4 0.0225
5 0.0206
6 0.0754
7 0.0175
8 0.0107
9 0.0117

10 0.0083
11 0.0188
12 0.0296

Table 4 demonstrates that, as the number of neurons in the hidden layer increases, the
mean-squared error (MSE) exhibits a trend where it first decreases and then increases. When
the number of neurons reaches 10, the MSE in the training set reaches a minimum value
of 0.0083. The increase in neurons may also result in more complex formulas, potentially
leading to overtraining of the model. Therefore, we select 10 as the optimal number of
neurons in the hidden layer, given its high accuracy with MSE. The final ANN architecture
of the unconfined compressive strength prediction model for the modified red mud road
material is 6-10-1, as shown in Figure 3.

The commonly used BP neural network training algorithms are trainlm, traingd,
traindm, trainda, and traindx, among which the one with the optimal iteration accuracy
and number of iterations is the trainlm algorithm [29]. Therefore, this study adopts the
trainlm algorithm as the B-neural-network-training algorithm.

A hyperbolic tangent sigmoid transfer function is utilized to predict the output-
parameter-based normalized values [30], as shown in Equation (3). This transfer func-
tion was chosen, as it provided accurate predictions when it was used in other research
studies [31,32]. It is one of the most widely used transfer functions when constructing
neural networks.

yj = f
(
netj

)
=

(
2

1 + e(−2netj)

)
− 1 (3)

where netj = ∑n
i=1 wijxi + biasj; xi and yj are the input and output values, respectively; ωij

and biasj are the weights and biases, respectively.
The specific principle of choosing the purelin linear function as the transfer function

of the neurons in the output layer is shown in Equation (4):

y = f

(
n

∑
i

wixi + b

)
(4)

where wi represents the weight parameter corresponding to the ith input xi of this neuron,
b represents the deviation of this neuron, and f (x) is the activation function of the neuron.
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3.2. Accuracy Metrics of Neural Network Output

This study uses a number of accuracy metrics to assess the accuracy of the output
predicted by the neural network model. These include the correlation coefficient (R),
maximum and minimum relative errors, standard deviation of the errors (SD), mean
absolute error (MAE), mean-squared error (MSE), and root-mean-squared error (RMSE).
These metrics provide a comprehensive assessment of the ANN model’s accuracy and
reliability in predicting outputs.

The correlation coefficient (R) measures the degree of correlation between the predicted
and experimental values in the sample set. As the value of R approaches 1, the accuracy
of the neural network prediction increases. The correlation coefficient is calculated using
Equation (5):

R = 1 − ∑n
=1(yi − yi)

∑n
i=1(yi − y)

(5)

where yi is the experimental value of unconfined compressive strength, yi is the predicted
value of unconfined compressive strength, y is the average of the experimental values, and
n is the amount of sample set.

We use the mean-squared error (MSE) as an evaluation index to quantify the deviation
of the predicted values from the true value in the sample set. A smaller MSE indicates
higher prediction accuracy for the neural network model [33]. The MSE is calculated using
the following formula:

MSE =
∑n

i=1(yi − yi)
2

n
(6)

Relative error is used as an evaluation index of the deviation rate between the predicted
value and the experimental value for a specific sample datum, which is calculated with
Equation (7). A lower value indicates greater credibility for the neural network model’s
predictive capabilities.

fu =
f − f0

f0
=

yi − yi

yi
× 100% (7)

The standard deviation (SD) of the errors is an important statistical measure for as-
sessing the differences between predicted values and true values. A smaller value indicates
that the model’s predictions are relatively consistent across multiple samples, thereby
demonstrating better reliability. The formula for the standard deviation is as follows:

SD =

√
1

n − 1∑n
n=1(xi − xi)

2 (8)

where xi represents the individual error values, and xi denotes the mean of the error
values.

The mean absolute error (MAE) is the average of the absolute differences between
the true values and the predicted values. It reflects the absolute magnitude of the errors,
providing a straightforward measure of the prediction accuracy. The formula for MAE is
as follows:

MAE =
1
n∑n

i=1|yi − yi| (9)

The root-mean-squared error (RMSE) is the square root of the mean-squared error.
It shows the average deviation between the predicted value and the actual value. The
formula for calculating RMSE is as follows:

RMSE =
√

MSE =

√
∑n

i=1(yi − yi)
2

n
(10)
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3.3. Training of the BP Strength Prediction Model

The 114 experimental data are randomly divided into 2 categories: the training sample
set with 104 data groups and the evaluating sample set with 10 data groups. The training
sample set are divided into 3 categories. The training dataset (70%, 72 groups) is used to
train the network and adjust according to the errors; the validation dataset (15%, 16 groups)
is used to measure network generalization and stop the training when it stops improving;
and the test dataset (15%, 16 groups) refers to data that have not been used in training or
validation to independently assess the accuracy of the trained prediction model. We set the
number of training samples at 1000, the target error at 10−7, and the learning rate at 0.01.
Figure 4 illustrates the BP-neural-network-model-training process.

 
Figure 4. Training process of the BP model.

The predicted and true values of the unconfined compressive strength are shown in
Figure 5. These values are compared in the training set, the validation set, the test set, and
the total training sample set. Figure 5 reveals a strong correlation between the predicted
and true values in the test set and the entire training samples, reaching R = 0.9186 and
R = 0.9753, respectively. This strong correlation suggests that the trained BP neural network
model performs well.

The mean-squared error (MSE) varies with the number of iterations during the training,
validation, and testing stages of the BP neural network model as shown in Figure 6. Figure 6
demonstrates that the MSE decreases at each stage as the number of iterations increases,
reaching its minimum value at 9–10 iterations. At this juncture, the MSE reaches a point
of equilibrium and exhibits no further decline with the addition of further iterations.
Notably, the MSE in the validation stage converges to 0.0076, which satisfies the accuracy
requirement. This indicates that the neural network model has been well trained and is
suitable for practical engineering applications in predicting the unconfined compressive
strength of modified red mud road materials.
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Figure 5. Comparisons between the predicted value and the experimental value in the training
process.

Figure 6. The variation in mean-squared errors in the training, verification, and testing stages with
the number of iterations.

3.4. Accuracy Evaluation of BP Strength Prediction Model

In order to evaluate the prediction accuracy of the trained BP strength prediction
model, 10 data groups from the evaluating sample set were employed. This process
compared the experimental value and the predicted results by the trained BP strength
prediction model using the same input in the evaluating sample set. Figure 7 depicts the
comparison between the predicted and actual values from the BP neural network model,
with the numbers marked on the figure representing the relative errors between the actual
and predicted values. Table 5 gives the accuracy-evaluation results, with a maximum
relative error of 12.20% and a minimum relative error of 0.21%. The average relative
error was found to be 5.58%. The standard deviation of the errors (SD) was 0.148, the
mean absolute error (MAE) was 0.119, the mean-squared error (MSE) was 0.022, and the
root-mean-squared error (RMSE) was 0.149. These accuracy results meet the engineering
prediction accuracy requirements [34]. In addition, we conducted a regression analysis to
assess the correlation between the predicted and actual values, as shown in Figure 8. The
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correlation coefficient (R) is 0.9950, indicating high prediction accuracy for the BP neural
network strength prediction model.

 
Figure 7. Relative errors of between predictions by the trained BP strength prediction model and the
experimental data with evaluating sample set.

Table 5. Prediction accuracy evaluation index.

Maximum RE Minimum RE SD RMSE MAE MSE R

12.20% 0.21% 0.148 0.149 0.119 0.0222 0.995

Figure 8. Comparisons between predictions by the trained BP strength prediction model and the
experimental data with evaluating sample set.

The total sample set, comprising the training sample set and the evaluating predicted
sample set, is employed as the test sample for the purpose of evaluating the prediction error
of the model. The trained BP neural network model is then used to predict the unconfined
compressive strength of the test sample for comparisons. The errors of the predicted values
and the values are analyzed, and the relative error and the distribution of the error range
are presented in Table 6.

As demonstrated in Table 6, 51.75% of the BP neural network prediction results
exhibit a relative error of less than 5%, while 74.56% demonstrate a relative error of less
than 10%. On the whole, it is notable that this BP prediction model for the unconfined
compressive strength of modified red mud road material tends to predict with an error of
basically less than 10%, indicating that the use of a BP neural network for this purpose is a
feasible approach.
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Table 6. Relative error distributions by the trained BP prediction model with total sample set.

Relative Error X Distribution Range BP Sample Size Relative Error as a Percentage/%

X < 5% 59 51.75
5% ≤ X < 10% 26 22.81
10% ≤ X < 15% 18 15.79
15% ≤ X < 25% 7 6.14

X > 25% 4 3.51
(grand) total 114 100

4. Material Scheme Optimization

The main process of the optimization is divided into four steps. First, the mapping
set of strength and the material scheme are calculated using the trained BP model in the
constraint conditions of the six variables h1~h6. Second, the mapping set of material cost
and the material scheme is calculated with Equation (11) for all the material schemes
in the strength-mapping set. Hence, we obtain the double-mapping set of strength and
material cost from each material scheme. Third, based on the strength needs of red mud
road materials for various road projects, the curing age h5 and its design-unconfined
compressive strength are found. Next, the mapping sets of strength and material cost are
chosen using the constraints for the curing age h5 and the strength in Table 7. Fourth, a
double-objective decision method is utilized to make an optimization of material schemes
with the target objectives of the strength and cost.

Table 7. Unit price of each variable for modified red muds road materials.

Variable Unit Price (CNY/T)

Polymer agent 850
Fly ash 20
Cement 290

Speed cement 900
1% reduction in red mud water content 2.5

4.1. Objective Material Cost Function

In this optimization, the material cost and the unconfined compressive strength of
the modified red mud are considered the objectives. The material scheme is defined as
each combination of the six variables, including polymer agent, fly ash, cement, speed
cement, curing age, and the water content. Set the material cost as C, and set the unconfined
compressive strength as S. The unconfined compressive strength is calculated using the
trained BP strength model in Section 3. The material cost function of modified red mud
road material is composed of the six variables in the BP strength model, and the cost
calculation formula for 1 ton of modified red mud road material is as follows:

C = 850h1 + 20h2 + 290h3 + 900h4 + 0h5 + 250(35% − h6) (11)

where h1 is the percentage of polymer agent, h2 is the percentage of fly ash, h3 is the
percentage of cement, h4 is the percentage of speed cement, h5 is the curing age, and h6 is
the water content of raw red mud. The material cost is considered for the first four variables
h1~h4; the curing cost of h5 is not included. According to the cost accounting in engineering
practice in the Jinan-Qingdao Expressway in China [35], the construction cost for reducing
water content of raw red mud is utilized as 2.5 CNY/T for every 1% reduction in water
content from the natural water content of 35% in average. Table 7 lists all factors and its
unit price the considered in the cost function.

4.2. Constraint Conditions for the Mapping Set

The constraint conditions are divided into four types, one is for the content of each
component in the compound-solidifying agent, h1~h4, as listed in Table 8. The second is
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the water content of the raw red mud h1 listed in Table 8, which can be reduced from 34%
to 17% in the construction process by special construction technique. The third is for the
relative error of the curing age between the prediction value h5−prediction in the BP model
and the design value h5−design in engineering, which is in the range of 3~14 d in the BP
model but usually fixed as 7 d or 14 d in an engineering project. The fourth is for the
relative error of the unconfined compressive strength of the modified red mud between
the prediction value yprediction in the BP model and the design value ydesign in engineering,
which has the minimum design standard value in the industry specification.

Table 8. Constraint conditions for the optimization.

Item of Constraint Constraint Condition

Component of the compound-solidifying agent 0.0% ≤ hi ≤ 10%, i = 1, 2, 3, 4
Red mud water content 17% < h6 < 34%

Relative error of curing age 0% <
h5−prediction−h5−design

h5−design
< 5%

Relative error of strength 0% <
yprediction−ydesign

ydesign
< 5%

4.3. Optimization Process

Assuming that the 7-day unconfined compressive strength requirement y of road
materials in a project is 2.9~3.0 MPa, about 8028 material schemes are selected from the
mapping set predicted by using the trained BP strength model, as shown in the first
five columns of Table 9. The material cost of each material scheme is calculated with
Equation (11) as listed in the sixth column of Table 9. Then, for the convenience of a double-
objective decision analysis, the strength and cost are normalized using Equation (1), as
listed in the seventh and eighth columns of Table 9.

Table 9. The mapping set of strength and material cost in a project.

Material
Scheme

Polymer
Agent

(%)

Fly Ash
(%)

Cement
(%)

Water
Content

(%)

Strength
(MPa)

Cost
(CNY/T)

Normalized
Strength

S

Normalized
Cost

C
Z

S1 0.02 1.96 4.78 33.93 2.989 17.099 0.893 0.002 442.253
S2 0.02 2.18 4.78 33.93 2.907 17.143 0.067 0.002 292.410
S3 0.08 1.75 4.78 33.93 2.970 17.567 0.699 0.010 68.821
S4 0.08 1.96 4.78 33.93 2.994 17.609 0.938 0.011 64.058
S5 0.08 2.18 4.78 33.93 2.962 17.653 0.621 0.012 59.578
S6 0.08 2.4 4.78 33.93 2.906 17.697 0.056 0.013 55.588
S7 0.02 2.4 4.98 33.93 2.981 17.767 0.808 0.014 50.654
S8 0.18 2.4 4.57 33.93 2.918 17.938 0.181 0.017 41.147
S9 0.13 1.96 4.78 33.93 2.999 18.034 0.987 0.019 37.525

S10 0.13 1.75 4.78 33.93 2.911 17.992 0.106 0.018 38.858
. . .. . . . . .. . . . . .. . . . . .. . . . . .. . . . . .. . . . . .. . . . . .. . . . . .. . . . . .. . .
S8028 0.08 0.44 5.19 20 2.902 69.519 0.020 0.967 0.730

There are two objectives in this optimization: the strength is a positive objective which
is needed to be maximized, and the material cost is a negative objective which is needed to
be minimized. A weighted-utility optimization approach is adopted in this study using the
following formula:

maxZ = w1S +
w20.7

C
(12)

where Z is the aggregate utility as the sum of the two objective utility functions, S is the
normalized unconfined compressive strength by the BP strength model, C is normalized
material cost by Equation (11), and w1 and w2 are the weights for the strength and cost,
which are set as w1 = 0.3 and w2 = 0.7 with the reference to the engineering experience.

With the substitution of normalized material cost C and the normalized unconfined
compressive strength I into the Formula (12), the mapping set Z is calculated and sorted
from maximum to minimum in Table 7. The maximum of Z is chosen from the mapping
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set Z listed in the first row of Table 7. Therefore, the optimal material scheme is the one
corresponding to the maximum Z, which is 0.02% polymer agent, 1.96% fly ash, 4.78%
cement, 0% speed cement for the compound-solidifying agent, and 33.93%water content
of raw red mud, generating a modified red mud road material with the 7 d unconfined
compressive strength of 2.987 MPa and material cost of 14.424 CNY/T. Looking carefully
at the data in Table 9, it can be seen that the aggregate utility Z is dominated by the water
content, followed by the polymer agent. To demonstrate this tendency, the water content of
the material scheme versus material cost and 7-day unconfined compressive strength in
the mapping set are plotted in Figure 9. It can be observed that with the reduction in water
content, the material cost in every strength level increases, indicating that the reduction
in water content is the most expensive procedure and high water content of 30%~33.93%
should be chosen to minimize the material cost. However, it should be pointed out that
only the material cost is considered in this study, and the other limitations of construction
conditions are neglected, for example, the construction cost of red mud with different water
content and construction schedule limit. These costs and limits should be counted in a
practical engineering project application.

Figure 9. Three-dimensional scatter plot of water content versus material cost and 7-days unconfined
compressive strength in a project.

5. Conclusions

In this study, the BP neural network was used to establish the unconfined compressive
strength of modified red mud road materials and trained by the experimental data, with
the ratio of the compound-solidifying agent (polymer agent, fly ash, cement, speed cement),
water content, and curing age as the input, defined as material scheme. Then, the mapping
set of strength and cost of each material scheme is calculated using the trained BP model in
the constraint conditions of the six variables. Finally, a double-objective decision method is
utilized to make an optimization of material schemes with the target objectives of strength
and cost. With the established BP strength model, the designer can adjust and optimize
the material scheme, including the material scheme of the compound-solidifying agent
and water content of the raw red mud according to the target strength and cost, which can
reduce the huge experimental work and save the manpower and material resources. The
main conclusions are as follows:

(1) The analysis of the influence on the unconfined compressive strength of modified
red mud road material shows that the effect of cement is more pronounced than that
of quick-hard cement, and its advantage is increasingly evident with an increase in
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amount. The addition of 15% fly ash improves the solidification effect, acting as a
substitute for cement while offering cost and environmental protection.

(2) The verification results of the trained BP model by the prediction sample set demon-
strate that the prediction model exhibits high prediction accuracy with a relative
error of less than 10%, a root mean-squared error of less than 0.04, and a correlation
coefficient approaching 1.

(3) With the trained BP model, the mapping set of strength and cost of each material
scheme is calculated in the constraint conditions of the six variables. A double-
objective decision method with a weighted utility optimization approach is utilized
to make an optimization of material schemes with the target objectives of the strength
and cost.

(4) An optimal material scheme is achieved as polymer composite:fly ash:cement:speed
cement = 0.02%:1.96%:4.78%:0%, with a 33.93% water content of raw red mud, result-
ing in a strength of 2.987 MPa and cost of 17.099 CNY/T, with the aim of achieving a
7-day unconfined compressive strength requirement of 2.9~3.0 MPa for the subbase
of extremely heavy and extra heavy traffic roads for second-class highways.
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Abstract: As marine-dredged mud and waste steel slag in coastal port cities continue to soar, the
traditional treatment method of land stockpiling has caused ecological problems. Thus, it is necessary
to find a large-scale resource-comprehensive utilization method for dredged mud and waste steel
slag. This study uses waste steel slag and composite solidifying agents (cement, lime, fly ash) to
physically and chemically improve marine-dredged mud. The physical improvement effect of the
particle size and dosage of waste steel slag was studied by the shear strength test under the effect
of freeze–thaw cycle. Then, based on the Box–Behnken design of the response surface method, the
interaction effects of the solidifying agent components on the unconfined compressive strength were
studied. Then, the water stability under dry–wet cycles and a microscopic mechanism were analyzed
by XRD and SEM tests. The results show that the waste steel slag with a dosage of 30% and a particle
size of 1.18~2.36 mm has the best improvement. The interaction between cement and lime and lime
and fly ash has a significant effect on the linear effect and surface effect of 7d unconfined compressive
strength, and the strength increases first and then decreases with the increase in its dosage. For the
14d unconfined compressive strength, only the interaction between cement and lime is still significant.
The unconfined compressive strength prediction model is established to optimize the mix ratio of the
composite solidifying agent. In the water stability, the water stability coefficients of the 7d and 14d
tests are 0.68 and 0.95, respectively, and the volume and mass loss rates are all below 1.5%, showing a
good performance in dry–wet resistance and durability. Microscopic mechanism analysis shows that
waste steel slag provides an ‘anchoring surface’ as a skeleton, which improves the pore structure of
dredged mud, and the hydration products generated by the solidifying agent play a role in filling
and cementation. The results of the study can provide an experimental and technical basis for the
resource engineering of marine-dredged mud and waste steel slag, helping the construction of green
low-carbon and resource-saving ports.

Keywords: marine-dredged mud; waste steel slag; response surface method; solidifying agent;
unconfined compressive strength; shear strength; stability analysis; microscopic

1. Introduction

With the development of coastal port cities, the amount of construction and main-
tenance of ports, waterways, oceans and coastal projects in China has doubled, and the
stock of marine-dredged mud has been increasing annually. The more common ones are
offshore dumping, land reclamation, and resource treatment. Most of the existing dumping
areas have been used for many years and are in overloaded operation, which can no longer
meet the growing demand for dumping. At the same time, due to the import of iron ore,
the steelmaking industry is developed in cities usually built on ports. Under the current
trend of protection and utilization of various resources, it is urgent to seek large-scale
comprehensive utilization of dredged mud and waste steel slag in coastal port cities.

Domestic and foreign scholars have carried out extensive exploration of the resource
treatment of marine-dredged mud [1–3]. At present, the resource utilization methods of
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marine-dredged mud mainly include the utilization of ecological restoration geotechni-
cal materials [1], solidification/stabilization (building materials) [2,3], soil utilization [4],
sea sand desalination [5,6] and so on, and among which solidification/stabilization as
building materials is a quantitative resource treatment method. Fly ash has good strength
development performance, which is equivalent to the creep and shrinkage properties of
Portland cement. The formed cementitious material structure has low permeability porosity.
Many researchers [7,8] added fly ash to the solidifying agent to improve the mechanical
properties of the solidified body. Yoobanpot et al. [9] studied the unconfined compressive
strength and other indicators of stable dredged sediments mixed with fly ash. The results
showed that the incorporation of fly ash made the unconfined compressive strength of
stable dredged sediments increase to a certain extent. Horpibulsuk et al. [10] studied the
stabilizing effect of carbide slag and fly ash on soil, and found that the addition of alkaline
waste slag can effectively reduce the sensitivity of solidified soil to water. Especially when
the dosage of the solidifying agent exceeds a fixed point, the addition of fly ash has an
effect on the long-term unconfined compressive strength, and its filling effect can increase
the compactness of solidified soil.

As a solidifying agent, cement can effectively improve the mechanical properties of
muddy soil. At present, the amount of cement in most studies is generally high, which will
lead to large carbon emissions [11]. Therefore, some scholars turn to physical improvement
to reduce the amount of cement by using aggregate [12–16]. Wang et al. [12] used recycled
fine aggregate to improve the soft soil solidified by industrial waste residue. It concluded
that the reinforcement effect can be further improved when the content of recycled fine
aggregate is less than 40%, and increases with the increase in the content. Because waste
steel slag is scleroid and hard to grind, it can be used as aggregate instead of traditional
sand and gravel to physically improve marine-dredged mud. Mozejko et al. [13] studied
the influence of the skeleton effect of waste steel slag on the mechanical properties of
solidified clay loess. It was found that when the waste steel slag content reached 12%, the
56d unconfined compressive strength of the mixed material could be increased 3~4 times.
Huang et al. [14] studied the performance of waste steel slag-miscellaneous fill base material,
and found that among the factors affecting the 7d unconfined compressive strength and
28d splitting tensile strength of waste steel slag-miscellaneous fill base material followed
the rank: waste steel slag aggregate > cement > concrete debris > solidifying agent, where
waste steel slag aggregate has a greatest influence. Wang et al. [15] studied the effect of
waste steel slag aggregate content on the road performance of cement-stabilized soil base.
It is concluded that the appropriate amount of waste steel slag can form an interlocking
effect, which significantly increases the unconfined compressive strength and splitting
strength of cement-stabilized soil. However, when the waste steel slag content exceeds
60%, the contact form of waste steel slag particles is changed, resulting in obvious volume
expansion and stress concentration damage. Kang et al. [16] investigated the improvement
effects of steel slag on soft dredged soil, and found that the strength of soft dredged clay
treated with the steel slag exhibited significant improvement over time.

These studies discussed the improvement effect on the mechanical properties of
mucky soil from the aspects of the dosage of the solidifying agent, the skeleton effect
of fly ash and waste steel slag aggregate. Most of the test methods used in the study
are based on orthogonal tests to find the optimal ratio [17,18]. However, the interaction
between multiple factors makes the orthogonal test huge. The systematic research on
the physical parameters of waste steel slag, such as content and particle size, and the
solidifying agent ratio of marine-dredged mud with improvement by waste steel slag is
relatively weak. The response surface method is widely used in various fields [19–24]. The
function model between the influence factors and the response value can be established
by the response surface method, which can help to understand the influence degree of
the influence factors on the response and the interaction between them. It can not only
study the influence of a single factor on the response, but also explore the interaction
between multiple factors. Therefore, there are many studies that use the response surface
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method to investigate the interaction of multiple factors. Shao et al. [20] carried out a
response surface test on the amount of three admixtures for the solidification of lake soft
soil, and obtained the best mix ratio of the three admixtures through interaction analyses.
Based on the response surface method, Li et al. [22] optimized the mix ratio of alkali-
activated slag–fly ash solidified muddy soil and established a strength prediction model
with high accuracy. Based on the response surface method, Wang et al. [23] studied the
mechanical properties test and durability test of modified slag composite solidified saline
soil under different dosages of desulfurization gypsum-sodium hydroxide-calcium carbide
slag. Based on the different performance prediction models of unconfined compressive
strength, tensile strength and wear resistance established by the response surface method,
the researchers [25,26] also used multi-objective optimization analyses to study the best
mix ratio parameters of comprehensive performance, and provided a method of multi-
performance index optimization design.

Based on this, the solidification test of marine-dredged mud with improvement by
waste steel slag was carried out based on the response surface method. The two-step
method was used to carry out the research. Firstly, the shear strength test of marine-
dredged mud with improvement by waste steel slag under freeze–thaw cycles was carried
out. On this basis, the Box–Behnken design model in the response surface method was
used to study the influence of the mix ratio of cement, lime and fly ash on the unconfined
compressive strength of solidified soil to obtain the optimal mix ratio. The solidification
mechanism of marine-dredged mud with improvement by waste steel slag was analyzed
by X-ray diffraction and scanning electron microscopy (SEM), which provided a reference
for the resource engineering application of waste steel slag and marine-dredged mud.

2. Test Materials and Schemes

2.1. Test Materials and Their Physical and Chemical Properties

The test scenario is the marine-dredged mud yard of Rizhao Port in Shandong Province
and the steel-making waste slag of the industrial park in the port area. The stacked marine-
dredged mud and waste steel slag with a particle size of 0~4.75 mm are used as raw
materials. The basic physical properties and chemical composition contents of marine-
dredged mud are measured, shown in Tables 1 and 2, and the particle distribution curve of
marine-dredged mud is shown in Figure 1.
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Figure 1. Cumulative distribution curve of marine-dredged mud particle size.
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Table 1. Basic physical indexes of marine-dredged mud.

Moisture Content/% Liquid Limit ωL/% Plastic Limit ωP/% Fluidity Index IL Plasticity Index IP

54.0 48.2 22.5 1.23 25.7

Table 2. Chemical compositions (%).

Samples Na2O SiO2 Al2O3 K2O Fe2O3 Br CaO MgO SO3 TiO2

Dredge 2.96 60.99 15.26 2.75 5.84 5.14 2.86 1.69 0.49 0.78
Fly ash 0.34 51.36 29.72 1.13 5.26 5.22 3.18 1.39 0.52 1.24

2.2. Test Scheme

(1) Analysis test on particle size and dosage of waste steel slag

In order to reduce the number of variables in the response surface test analyses, before
the response surface method test analyses, The direct shear test was used to study the
marine-dredged mud with improvement by waste steel slag (hereinafter, MWSS), focusing
on the influence of the particle size and dosage of waste steel slag on the shear strength
under the condition of 0, 1, 3 and 6 freeze–thaw cycles, so as to determine the optimal
particle size and dosage of waste steel slag. According to the ‘Test Methods of Soils for
Highway Engineering’(JTG 3430-2020) [27], the optimal moisture content of each test
group is obtained by a series of standard compaction tests. Referred to some related
research [28,29], in order to maximize the use of waste steel slag, the dosage of waste steel
slag is set as 30%, 35%, and 40%. The test scheme is shown in Table 3.

Table 3. Test plan for particle size and dosage of waste steel slag of MWSS.

Form
Dosage of Waste Steel

Slag/%
Particle Size of Waste Steel

Slag/mm
Freeze–Thaw
Cycles/Times

Marine dredged mud without waste
steel slag 0 0

0, 1, 3, 6
Marine dredged mud with

improvement by waste steel slag 30, 35, 40 0~1.18, 1.18~2.36, 2.36~4.75

(2) Analysis test for mix ratio of solidifying agent

Based on the response surface method, the experimental design uses the Box–Behnken
method to test the three factors and three levels of the solidifying agent mix ratio. The
response values are set as 7d unconfined compressive strength (Y7) and 14d unconfined
compressive strength (Y14) of marine-dredged mud solidified soil with improvement by
waste steel slag (hereinafter, MSWSS). The test design has 3 factors, 3 levels and 5 central
points, resulting in a total of 17 groups, as shown in Table 4. Similarly, according to the
4th item of the standard ‘Test Methods of Materials Stabilized with Inorganic Binders for
Highway Engineering’ (T 0843-2009) [30], the optimal moisture content of each test group
with the addition of solidifying agent is obtained by a series of standard compaction tests for
preparation of unconfined compressive specimens. The samples are made into a diameter
of 39.1 mm and a height of 80 mm. Since the solidified soil is usually used in subgrade
beds for low strength, the unconfined compressive strength tests are performed according
to the 24th item of the standard ‘Test Methods of Soils for Highway Engineering’(JTG
3430-2020) [27].

25



Buildings 2024, 14, 3472

Table 4. A three-factor, three-level Box–Behnken test design scheme for solidifying agent ratios.

Factor

Number
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Cement: XA/% 4 8 4 8 4 8 4 8 6 6 6 6 6 6 6 6 6
Lime: XB/% 6 6 10 10 8 8 8 8 6 10 6 10 8 8 8 8 8

Fly ash: XC/% 6 6 6 6 4 4 8 8 4 4 8 8 6 6 6 6 6
optimal moisture

content w/% 16 18 18 20 17 18 17 22 16 20 18 22 20 20 20 20 20

(3) Analysis test for phase composition and microstructure

In order to study the improvement and solidification mechanism of waste steel slag
and optimal mix ratio solidifying agent on marine-dredged mud, SEM test and XRD test
were carried out on marine-dredged mud, marine-dredged mud with improvement by
waste steel slag and marine-dredged mud solidified soil with improvement by waste steel
slag. The SEM test was carried out by Apreo S HiVac field emission scanning electron
microscope, and the magnification was set to 2000~8000 times. X-ray diffraction (XRD)
experiments were carried out by D8 Advance X-ray diffractometer. The scanning range
was 2θ = 10◦~80◦, and the rate was 4(◦)/min.

3. The Test Results and Analyses of the Influence of Waste Steel Slag Particle Size and
Dosage on Shear Strength

3.1. The Influence of Internal Friction Angle

The variation curves of the internal friction angle of marine-dredged mud with im-
provement by waste steel slag with different particle sizes are shown in Figure 2. Under the
condition of different freeze–thaw times and waste steel slag dosage, when the particle size
of waste steel slag is 0~1.18 mm and 1.18~2.36 mm, the internal friction angle is relatively
large with the improvement of waste steel slag, and when it is 2.36~4.75 mm, the internal
friction angle becomes smaller and even lower than the pure marine-dredged mud in some
case, revealing that the improvement of the internal friction angle by the particle size has
an optimal value. Careful observation of the three particle sizes shows that the particle
size of 1.18~2.36 mm has the largest internal friction angle in all studied dosages. The
possible reason may be that only a middle-sized steel slag could improve the distribution of
marine-dredged mud and thus make the action of interlocking, rubbing and rolling among
the particles of marine-dredged mud and steel slag most intense.

(a) Dosage 30% (b) Dosage 35% (c) Dosage 40% 
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Figure 2. Variation curves of internal friction angle of marine-dredged mud with improvement by
waste steel slag with different waste steel slag particle sizes under freeze–thaw cycle conditions.

The variation curves of the internal friction angle of marine-dredged mud with im-
provement by waste steel slag with different waste steel slag dosages are shown in Figure 3.
It can be seen that under different freeze–thaw times and waste steel slag particle size
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conditions when the waste steel slag dosage is 35%, its internal friction angle is lower than
in other cases. In the case of 3~6 freeze–thaw cycles of 2.36~4.75 mm particle size and
0~1.18 mm particle size, the internal friction angle of marine-dredged mud with improve-
ment by waste steel slag is lower than that of pure marine-dredged mud. For the case of
0~1.18 mm, due to the small particle size of waste steel slag, the improvement effect of pore
size and permeability of marine-dredged mud is poor, resulting in a strong capillary effect
and high moisture content of the specimens. According to the research of Cai et al. [31], the
degree of soil damage caused by freeze–thaw action will increase with the increase in soil
moisture content, so the internal friction angle will decrease slightly when the freeze–thaw
cycle is 3~6 times. For the case of 2.36~4.75 mm, due to the large particle size of waste steel
slag, the structure of the mixed soil may be a dense-suspended type when the content is
35%. Therefore, the waste steel slag aggregates have no contact with each other and cannot
form a skeleton, and thus the internal friction resistance is small. When the dosage of waste
steel slag with a particle size of 2.36~4.75 mm reaches 40%, the waste steel slag, acting as
aggregates, contacts with each other and can form a skeleton. Thus, its structural form may
be a framework–pore structure, and the internal friction angle is significantly improved.
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Figure 3. Variation curves of internal friction angle of marine-dredged mud with improvement by
waste steel slag with different waste steel slag dosage under freeze–thaw cycle conditions.

3.2. The Influence of Cohesion

The variation curves of cohesion of marine-dredged mud with improvement by waste
steel slag with different particle sizes are shown in Figure 4. In general, when the waste
steel slag dosage is small, the waste steel slag with different particle sizes has an improving
effect on the cohesion of marine-dredged mud. When the waste steel slag dosage is large,
the waste steel slag with a particle size of 2.36~4.75 mm has no improvement effect, instead
a reduction effect on the cohesion of marine-dredged mud. When the particle size of waste
steel slag is 0~1.18 mm and 1.18~2.36 mm, the cohesion of marine-dredged mud with
improvement by waste steel slag is higher than that of pure dredged mud and the other
two particle sizes. However, when the waste steel slag dosage is 40% (Figure 4c) and the
number of freeze–thaw cycles reaches 5~6 times, the cohesion decreases greatly for the case
of 0~1.18 mm particle size, while it shows a smaller decrease for the case of 1.18~2.36 mm
particle size, and the cohesion is more stable with the variation of freeze–thaw cycles. This
may be due to the fact that the electrostatic attraction, van der Waals force and cementation
of the soil are weakened by the influence of freeze–thaw cycles. However, because the
geometric stacking effect between the waste steel slag and the dredged mud particles with
a particle size of 1.18~2.36 mm is better, the apparent cohesion by the interlocking action
between particles is stronger, which makes the reduction smaller when the number of
freeze–thaw cycles is more.
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(a) Dosage 30% (b) Dosage 35% (c) Dosage 40% 
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Figure 4. Variation curves of cohesion of marine-dredged mud with improvement by waste steel slag
with freeze–thaw cycles for different waste steel slag particle sizes.

The variation curves of cohesion of marine-dredged mud with improvement by waste
steel slag with different waste steel slag dosages are shown in Figure 5. It can be clearly
seen that no matter what kind of waste steel slag particle size is used to improve the
marine-dredged mud, when the waste steel slag dosage is 30%, the cohesion improvement
effect is better than in other cases. In general, when the particle size of waste steel slag is
small (Figure 5a,b), the cohesion of marine-dredged mud is improved by different dosages
of waste steel slag. When the particle size of waste steel slag is large (Figure 5c), the waste
steel slag with a dosage of more than 35% has a damaging effect on the cohesion of marine-
dredged mud. This is because, with the increase in waste steel slag dosage and particle size,
the particle size distribution of the mixture changes greatly, from the dominant position
of clay particles to sand particles. Consequently, the electrostatic attraction and molecular
attraction between waste steel slags, waste steel slag and soil particles are reduced, and the
cementation is weakened, resulting in a decrease in cohesion [32,33].
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Figure 5. Variation curves of cohesion with freeze–thaw cycles of marine-dredged mud with im-
provement by waste steel slag with different waste steel slag dosages.

From the above analyses, it can be concluded that the optimal waste steel slag particle
size for improving the internal friction angle of marine-dredged mud is 1.18~2.36 mm, and
the dosage is 30% and 40%. On the other hand, the optimal waste steel slag particle size
for improving the cohesion of marine-dredged mud is 1.18~2.36 mm and the dosage is
30%. Therefore, the follow-up study on the mix ratio of the solidifying agent was carried
out with the improved marine-dredged mud by the waste steel slag with a particle size of
1.18~2.36 mm and a dosage of 30%.
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4. The Test Results and Analyses of the Influence of Solidifying Agent Mix Ratio on
Unconfined Compressive Strength

4.1. Response Surface Model of Unconfined Compressive Strength

The unconfined compressive strength results of marine-dredged mud solidified soil
with improvement by waste steel slag (hereinafter, MSWSS) at 7d and 14d ages are shown
in Table 5.

Table 5. Unconfined compressive strength results from response surface method tests.

Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Y7/MPa 1.5 0.8 1.4 2.2 1.6 1.0 1.7 1.7 1.5 1.4 1.3 2.4 2.2 2.5 2.7 2.3 2.4
Y14/MPa 1.5 1.4 2.0 2.8 1.8 1.8 1.7 3.2 1.9 2.8 1.3 2.3 2.3 2.7 3.0 2.5 2.9

The regression fitting analyses of the test data in Table 5 was carried out by Design-expert
10 MFC, and the response surface fitting equations Y7 and Y14 for 7d and 14d unconfined
compressive strength of MSWSS were obtained, shown in Equations (1) and (2).

Y7 = −7.235 + 0.871xA + 1.033xB + 0.671xC + 0.106xAxB
+0.013xBxC − 0.151x2

A − 0.133x2
B − 0.126x2

C
(1)

Y14 = −10.728 + 1.523xA + 1.311xB + 0.804xC + 0.131xAxB
−0.019xAxC + 0.050xBxC − 0.199x2

A − 0.130x2
B − 0.093x2

C
(2)

In order to test the significance of each influencing factor in the response surface
equation, the F distribution was used for variance analyses, and the F-value and p-value
were calculated and listed in Table 6.

Table 6. Analyses of variance for response surface model equations.

Item
Y7 Y14

F-Value p-Value F-Value p-Value

Model 35.46 <0.0001 32.37 <0.0001
A-cement 0.51 0.4984 5.49 0.0516

B-lime 50.97 0.0002 99.17 <0.0001
C-fly ash 9.57 0.0175 0.34 0.5764

AB 32.73 0.0007 33.63 0.0007
AC 0.45 0.5225 0.69 0.4348
BC 32.73 0.0007 4.88 0.0629
A2 69.83 <0.0001 81.17 <0.0001
B2 53.59 0.0002 34.73 0.0006
C2 0.0002 0.0002 17.58 0.0041

R2 0.9785 0.9765
R2

a 0.9509 0.9464
C.V./% 8.80 8.43

Adeq Precision 17.311 16.760

R2 is the correlation coefficient, R2
a is the adjustment coefficient, C.V. is the coefficient of variation.

According to the statistical principle, the significance level (α) was set to 0.05. For the
Y7 response surface model of MSWSS, the p = 0.5225 > α of AC, so the AC item is removed
from the regression equation. For the Y14 response surface model of MSWSS, the p values
of AC and BC are 0.4348 and 0.0629, both greater than α, so the items of AC and BC are
dropped from the regression equation. After this correction, the regression equations of
each influencing factor based on the coding source (xi, subscript i indicates each influencing
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factor) and the 7d and 14d unconfined compressive strengths of MSWSS are obtained. They
were coded by Equations (3) and (4):

Y7 = 2.46 − 0.0375xA + 0.375xB + 0.1625xC + 0.425xAxB
+0.425xBxC − 0.605x2

A − 0.53x2
B − 0.505x2

C
(3)

Y14 = 2.94 + 0.15xA + 0.64xB − 0.038xC + 0.53xAxB
−0.80x2

A − 0.52x2
B − 0.375x2

C
(4)

4.2. Interaction Effect of Solidifying Agent on Response Surface

The 3D response surface plots and contour maps of the interaction of different in-
fluencing factors (see Figures 6–8) are obtained using the Model Graphs module of the
Design-expert software. In these figures, (a) and (b) represent the response surface plot and
the contour map, and (c) is the interaction plane plot of two components at 7/14d, where
the dotted line is the 95% confidence interval.

(a) response surface plot 

  
(b) contour plot (c) 7d cement–lime interaction plan 

Figure 6. Response surface, contour and cross-section plots of 7d unconfined compressive strength
of MSWSS under cement–lime interaction.
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(a) response surface plot 

  
(b) contour plot (c) 7d lime fly ash interaction plan 

Figure 7. Response surface, contour and cross-section plots of 7d unconfined compressive strength
of MSWSS under lime fly ash interaction.

(a) response surface plot 

Figure 8. Cont.
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(b) contour plot (c) 14d cement–lime interaction plan 

Figure 8. Response surface, contour and cross-section of 14d unconfined compressive strength of
MSWSS under cement–lime interaction.

4.2.1. The Interaction Between Cement and Lime at 7d

From Figure 6a,b, it can be seen that within the range of the designed dosage, the 7d
unconfined compressive strength of MSWSS first increases and then decreases with the
increase in lime and cement. More specially, in Figure 6c, when the lime dosage is set at 6%,
the 7d unconfined compressive strength of MSWSS increases first and then decreases with
the increase in cement dosage, and it reaches the highest at 5~6% of the cement dosage.
When the lime dosage is set at 10%, the influence trend of cement dosage is similar to
that of lime at 6%, but the corresponding to the highest point of the model increases (7%),
and the overall strength is higher than that of 6% lime dosage. By analyzing the influence
mechanism of this interaction, it can be interpreted that because marine-dredged mud,
cement and fly ash contain a large amount of SiO2 and Al2O3, and the lime releases Ca2+

and OH− in the solidification process, which increases the alkalinity in the system [34]. It
accelerates the fracture of Si-O and Al-O bonds in marine-dredged mud, cement and fly
ash, and promotes the increase in C-S-H (hydrated calcium silicate) and C-A-H (hydrated
calcium aluminate). Both products can wrap soil particles and accelerate the granulation
between waste steel slag and marine-dredged mud. These formed aggregates are bonded
together to form a denser skeleton structure so that the strength shows an increasing trend
at low cement dosages. On the other hand, as the cement dosage increases, a high-alkali and
high-calcium environment is created, resulting in the rapid formation of C-S-H and C-A-H
hydration products and the encapsulation of incompletely reacted aluminosilicate raw
materials [35]. Moreover, C-A-H will expand significantly during the hydration process,
resulting in the contact surface between dredged mud and waste steel slag not being closed,
so that the strength will be reduced.

4.2.2. The Interaction Between Lime and Fly Ash at 7d

From Figure 7a,b, it can be seen that the 7d unconfined compressive strength of
MSWSS first increases and then decreases with the increase in lime and fly ash. The reason
is similar to the interaction between lime and cement. It is to increase the alkalinity and
calcium dosage of the reaction system to increase the formation rate and amount of C-A-H,
etc. [35]. Among them, fly ash can produce aluminosilicate and calcareous components,
and accelerate the formation of C-A-H in the early stage of the reaction. However, with the
increase in lime and fly ash dosage, C-A-H is rapidly formed and wrapped in unreacted
cement and dredged mud, leading to incomplete contacts, which has an inhibiting effect
on the reaction. As a result, the strength will show a downward trend. It can be concluded
from Figure 7c that when the dosage of fly ash is 4%, the 7d unconfined compressive
strength of MSWSS first increases and then decreases as the lime increases. When the
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dosage of fly ash is 8%, the 7d unconfined compressive strength of MSWSS first increases
and then tends to be stable with the increase in lime. According to Figure 7c, the 95%
confidence interval of the 8% variation curve of fly ash shows a downward trend when
the lime dosage is 9%~10%. Therefore, it can be speculated that when the lime dosage is
high enough, the unconfined compressive strength will show a trend of first increasing and
then decreasing.

4.2.3. The Interaction Between Cement and Lime at 14d

It can be seen from Figure 8a,b that the 14d unconfined compressive strength of
MSWSS increases first and then decreases with the increase in cement and lime dosage,
which is similar to the trend at 7d. Combined with Figures 6c and 8c, the maximum
peak value of the unconfined compressive strength of MSWSS at 14d increases by about
26.8% compared with that at 7d. This is due to the fact that as the age increases, the
hydration reaction of the components in the solidified soil is more sufficient, and more
C-A-H hydration products are generated, which has a more significant filling effect on the
void of MSWSS. At the same time, the highest point of the 14d unconfined compressive
strength model with 10% lime dosage appears in the range of 7%~8% cement, which is
about 1% higher than the highest point of the 7d unconfined compressive strength model
(in the range of 6%~7%). The highest point of the 7d model with 6% lime dosage also has
a similar effect to the highest point of the 14d model (from about 5% cement dosage to
5%~6%). It can be inferred that with the increase in curing age, the hydration reaction,
carbonation reaction and pozzolanic reaction continue and consume more solidifying
agents. Therefore, the dosage of a solidifying agent at the highest point of the unconfined
compressive strength model increases.

4.3. Optimization Analyses of Solidifying Agent Mix Ratio

According to the analyses of response surface, cement, lime and fly ash comprehen-
sively affect the strength of the MSWSS, and there is an optimal mix ratio of the three to
achieve the best effect of synergistic enhancement of multiple solid wastes. The response
surface model is optimized in the Design-expert software. The mix ratio optimization
process in the software is shown in Table 7. The first scheme (serial number 1) is the optimal
scheme given by the software, that is, the optimal mix ratio of cement, lime and fly ash is
5.60%, 10.00%, and 7.96%.

Table 7. Mixing ratio optimization results.

Number Cement/% Lime/% Fly Ash/% UCS (7d)/MPa
UCS

(14d)/MPa
Usability

1 5.604 10.000 7.963 2.285 2.710 0.829
2 5.608 10.000 7.980 2.283 2.707 0.829
3 5.609 10.000 7.943 2.291 2.718 0.829
4 5.604 10.000 7.984 2.280 2.704 0.829
5 5.587 10.000 7.944 2.283 2.708 0.829
6 5.581 10.000 7.972 2.275 2.697 0.829
7 5.610 10.000 7.999 2.279 2.703 0.829
8 5.628 10.000 7.942 2.297 2.727 0.829
9 5.608 10.000 7.905 2.298 2.728 0.829
10 5.658 10.000 7.900 2.315 2.751 0.828
11 5.455 10.000 7.971 2.230 2.635 0.827

With the optimal mix ratio, the 7d strength of the MSWSS can reach 2.29 MPa, and the
14d strength can reach 2.71 MPa. According to the ‘Code for Design of Highway Asphalt
Pavement’(JTGD50-2017) [36], the inorganic binder stabilized materials used as the subbase
of extremely heavy, extra heavy and heavy traffic roads for expressways and first-class
highways should have a minimum 7d unconfined compressive strength of 2.0 MPa. With
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the optimal mix ratio of the solidifying agent, the 7d unconfined compressive strength of
MSWSS can not only meet the engineering requirements of expressways and first-class
highways but also significantly improve the resource utilization rate of waste steel slag and
marine-dredged mud. Therefore, the practical engineering application of marine-dredged
mud could also be further promoted, with significant environmental and economic benefits.

In order to clarify the accuracy and applicability of the optimized response surface
model, the experimental response value (measured value) and the model prediction value
are compared, as shown in Figure 9. The external studentized residuals are used to detect
outliers in regression diagnosis in Figure 10, calculated with the remaining n-1 observations
after deleting the ith observation, which should be less than 4.81963 in this test. According
to Figure 10, the absolute value of the external studentized residuals. It can be seen from
Figures 9 and 10 that the maximum error between the measured and predicted values of 7d
and 14d unconfined compressive strength of MSWSS is 3.795% and all external studentized
residuals are less than the max value, indicating that the optimized response surface model
has high accuracy.

 
(a) 7d (b) 14d 

Figure 9. Comparison of measured and predicted 7d and 14d unconfined compressive strength
of MSWSS.

  
(a) 7d (b) 14d 

Figure 10. Deviation between measured and predicted 7d and 14 unconfined compressive strength
of MSWSS.

5. Stability Analyses

Based on the optimal mix ratio of the solidifying agent, the water stability and dry–wet
cycle experiments of MSWSS were carried out. The water stability coefficients and the
compressive strength characteristics, mass loss rate and volume loss rate under dry–wet
cycles were studied.

34



Buildings 2024, 14, 3472

5.1. Water Stability Analyses

In the ‘soil solidified admixture’(CJ/T486-2015), the water stability coefficient is de-
fined as the Equation (5).

γωx =
Rωx

R0x
× 100 (5)

where γωx is the water stability coefficient of x d, %. Rωx is the unconfined compres-
sive strength with normal conditions for (x − 1) d and water soaking for 1d. R0x is the
unconfined compressive strength of the normal condition x d specimens.

The results of water stability analyses are shown in Figure 11. Among them, the test
group number of MWSS without solidification is WSNS, and the test group numbers of
MSWSS at the age of 7d and 14d according to the optimal mix ratio of the solidifying agent
are M7 and M14, respectively. For WSNS, it is seriously dispersed in the water-soaked state,
resulting in its immersion strength of about 0 and poor water stability. The water stability
coefficient changes greatly from WSNS to M7. It indicates that the hydration products
are formed in MSWSS, such as C-S-H and C-A-H, which can cement the waste steel slag
and marine-dredged mud particles, and keep them from collapsing in water. At the same
time, the hydration products can fill the pores of MSWSS, and reduce the porosity and
permeability of the solidified soil, so that MSWSS has excellent water stability. According
to the research of Horpibulsuk et al. [10], the addition of lime to the soil can reduce the
water sensitivity of the soil. Under the combined effect of these factors, the MSWSS has a
significant change in water stability compared to the MWSS.
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Figure 11. Water stability coefficients of MSWSS.

5.2. Compressive Strength Characteristics Under Dry–Wet Cycle

Under the condition of dry–wet cycle 0~6 times, the variation of 7d and 14d uncon-
fined compressive strength of MSWSS is shown in Figure 12. The loss rate of unconfined
compressive strength in dry–wet cycle is defined as the rate of unconfined compressive
strength compared to the initial strength without cycle. At the age of 7d, the unconfined
compressive strength decreases slowly in the first three times of dry–wet cycle, and de-
creases sharply at the fourth time, and then decreases slowly. The strength loss rate before
4 dry–wet cycles is less than 0.3, while it increases rapidly and reaches 0.37 at 4 dry–wet
cycles. Therefore, the turning point at 7d is in the fourth cycle. At the age of 14d, the
strength loss rate of the first cycle is more than 0.3, which is significantly reduced. This is
because the first dry–wet cycle has the greatest influence on the specimens, and the cyclic
action causes cracks in the specimens [37]. Thereafter, the strength shows a slight increase,
which may be due to the fact that as the number of dry–wet cycles increases, the unreacted
solidifying agent and the marine-dredged mud in the specimen are fully hydrated, and the
cementitious products fill the pores in the specimen, thereby increasing the strength [38].
In addition, the increase in unconfined compressive strength of the solidified soil and the
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damage caused by dry–wet cycles is a dynamic equilibrium process [39]. The reaction
between the cementitious material generated by hydration and water continues during
the dry–wet cycle process [40], especially during the wet stage. At this point, the strength
loss caused by the dry–wet cycle is not sufficient to offset the strength growth from the
hydration reaction, resulting in an increase in the compactness and strength of the solidified
soil [41].
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Figure 12. Influence of dry and wet cyclic effects on 7d and 14d unconfined compressive strength
of MSWSS.

5.3. Mass and Volume Loss Rate Characteristics Under Dry–Wet Cycle

Under the condition of 0~6 dry–wet cycles, the curves of mass loss rate and volume
loss rate for MSWSS at 7d and 14d are shown in Figures 13 and 14. Among them, the mass
loss rate and volume loss rate are that with a certain number of cycles compared with the
initial mass and volume without any cycle. The volume and mass loss rates at 7d and
14d are all below 1.5%. This indicates that the MSWSS has certain dry and wet resistance
and good durability. The mass loss rate at 7d and 14d is negative before three dry–wet
cycles, because the specimens store a small amount of free water during the dry–wet cycle.
From the point of view of the volume variation, the volume loss rate at 7d shows a steady
strong upward trend, while at 14d, it changes dramatically below three dry–wet cycles
and becomes smooth at larger cycles. This is because the longer the curing time, the more
thorough the hydration reaction and the denser the solidified soil. Therefore, the time point
of the sharp volume loss is relatively backward, and the volume loss is severe when the
dry–wet cycle is 3~4 times.
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Figure 13. Variations of mass loss rate for MSWSS.
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Figure 14. Variations of volume loss rate for MSWSS.

When the number of dry–wet cycles is large, the unconfined compressive strength of
MSWSS is closely related to the dry–wet effect of the environment. With the increase in
the number of dry–wet cycles, the appearance of the specimens at 14d shows almost no
damage, indicating that the curing age has a great influence on the micropores of marine silt
solidified soil. When the curing age is high, the dry–wet cycle mainly affects the micropore
structure of the specimens.

6. Microscopic Mechanism Analyses

Figure 15 shows the microscopic morphology of pure marine-dredged mud, MWSS
(waste steel slag content is 30%, particle size is 1.18~2.36mm) and MSWSS (optimal solid-
ifying agent mix ratio) specimens magnified by 2000 times. Compared with (a) and (b),
it can be found that the pure marine-dredged mud shows the phenomenon of internal
looseness, large pores and widening cracks. While the structure of MWSS is obviously
tighter, the waste steel slag particles provide a large number of ‘anchoring surfaces’ for
marine-dredged mud with rough shape, and porous and multi-angular edges. This im-
proves the pore structure of dredged mud and makes the compact. However, due to the
lack of solidifying agent, there are still obvious cracks. Comparing (b) and (c), it can be
clearly seen that the MSWSS has a denser structure. There are a large number of white
flocculent cementation products adhered to the particles, which strengthens the bonding of
the interface transition zone between waste steel slag and marine-dredged mud. So that
the number and width of cracks are reduced, forming an integral structure.

In order to observe the micromorphological changes of MSWSS more carefully, the
SEM analyses under 4000 and 8000 times is given in Figure 16. It can be seen clearly that a
large number of flocculent, agglomerated and fibrous white gels are formed in the structure
of MSWSS. The fibrous zeolite-like amorphous gel product named as hydrated calcium
silicate (C-S-H) and plate-like Ca(OH)2 crystals are observed. At this time, the waste
steel slag particles, acting as ‘anchoring surfaces’ for cementation, are tightly wrapped
by the solidifying gel product, which strengthens the interface transition zone of the two
soil particles. Although there are still a small number of pores that have not been fully
connected, the overall network gel has been formed. The fibrous C-S-H gel is interspersed
in the microscopic pores, constraining the unhydrated waste steel slag and dredged mud
particles in the form of a network. Thereby it can enhance the structural integrity and
improve the macroscopic properties of the solidified soil.
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(a) pure marine-dredged mud (b) MWSS 

 
(c) MSWSS 

Figure 15. SEM analyses of pure mud, unsolidified MWSS and MSWSS at 2000×.

  
(a) 4000× (b) 8000× 

Figure 16. SEM analyses of MSWSS at 4000 and 8000 times.

The XRD analyses for pure marine-dredged mud and MSWSS specimens were car-
ried out for main mineral compositions, shown in Figure 17. It can be seen that the
marine-dredged mud mainly contains silicate minerals such as quartz (SiO2) and calcium
zeolite (CaAl2Si3O10•3H2O). For the MSWSS, a large number of quartz diffraction peaks
were found to disappear, indicating that reactions of the cement, lime and fly ash take
place and generate hydration products including hydrated calcium silicate and hydrated
calcium aluminate.
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Figure 17. XRD pattern of MSWSS.

Specifically, according to the relevant studies [42,43], the XRD pattern of MSWSS
shows new diffraction peaks of hydrated silicate (C-S-H) and hydrated aluminosilicate (C-
(A)-S-H) at the position of 2θ = 18◦~35◦, and a new diffraction peak of hydrated aluminate
(C-A-H) at the positions of 2θ = 40.23◦ and 44.23◦. These observations confirm the formation
of hydration products such as C-A-H, C-S-H, and C-(A)-S-H during the solidifying process.
This shows that in the composite cementitious system, the hydration reaction between
cement, lime and fly ash is not just a simple superposition of their respective reactions. On
the contrary, there is a synergistic effect between them. It can quickly form the skeleton
structure of MSWSS, which is conducive to the further improvement of the strength. The
existence of this synergistic effect also explains the significant interaction observed in the
interaction analyses of cement, lime and fly ash in the response surface test. Therefore, the
proportion of each component needs to be precisely controlled, and the mix ratio can be
optimized by response surface analyses to obtain the best performance of MSWSS.

In order to verify the above analyses, SEM-EDS on the MSWSS was analyzed, as shown
in Figure 18. According to Figure 18b,c, it is found that MSWSS contains a large amount
of Al, Si and O elements at three points 1, 2 and 3 in Figure 18a. Especially at point 2, in
addition to the above elements, a large amount of calcium (Ca) was detected. This finding
shows that more reticular C-A-H and C-S-H structures are produced in MSWSS. With the
filling and cementation effect of these hydration products, soil particles are connected to
each other more closely, and a dense network structure is formed inside the soil, resulting
in a whole network of gels.

Through the comprehensive analyses of SEM, SEM-EDS and XRD, we can fully confirm
the existence of hydration products such as hydrated silicate, hydrated aluminate and
hydrated calcium aluminosilicate, which play a role of adhesion and cementation in the
main internal structural forms of MSWSS.
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(a) Point 1 EDS analyses results (b) Point 2 EDS analyses results (c) Point 3 EDS analyses results 

Figure 18. SEM-EDS analyses of MSWSS at 8000 times.

7. Conclusions

In order to improve the engineering performance of marine-dredged mud, waste steel
slag and composite solidifying agents (cement, lime and fly ash) were used for physical and
chemical improvement. Direct shear test under freeze–thaw cycles, unconfined compressive
strength test based on response surface method, water stability test under dry–wet cycles
and the microscopic mechanism tests were carried out to investigate the improvement
effect. The main conclusions are as follows:
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1. The 1.18~2.36 mm waste steel slag with 30% dosage has the best improvement effect
on the shear strength of the marine-dredged mud.

2. The 7d and 14d unconfined compressive strength response surface regression models
were established. And the interaction analyses show that cement and lime, lime and
fly ash at the 7d age and cement and lime at the 14d age have significant influence.

3. The optimal mix ratio of the composite solidifying agent is 5.60%, 10.00%, and 7.96%,
respectively, for cement, lime and fly ash. With this ratio, the unconfined compressive
strength of MSWSS at 7d and 14d can reach 2.29 MPa and 2.71 MPa. The maximum
error is 3.795%.

4. The water stability coefficients of 7d and 14d are 0.68 and 0.95, respectively, and the
volume and mass loss rates under 0~6 dry–wet cycles are all below 1.5%, indicating
that MSWSS has certain dry–wet resistance and good durability.

5. The microscopic analyses demonstrate that the improvement of waste steel slag lies
in the provision of a large number of ‘anchoring surfaces’, which improves the pore
structure of marine-dredged mud. The products such as hydrated calcium silicate
and hydrated calcium aluminate by the solidifying agent play the role of filling and
cementation, which makes the soil particles connect with each other to form a dense
network structure.
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Abstract: At present, construction waste recycled aggregates only partially replace natural aggregates
to prepare road-based materials. This study addressed this limitation and experimentally investigated
the mechanical properties of cement-stabilized macadam base materials utilizing a construction waste
recycled aggregate. The feasibility of using these raw materials to prepare cement-stabilized macadam
bases was established via experimental validation. Subsequently, compaction tests were conducted to
ascertain the maximum dry density and optimum moisture content in the mixture. The mechanical
characteristics were further examined using unconfined compressive strength tests, analyzing and
discussing the influences of varying cement dosages and curing periods on the material strength.
The results indicate that the properties of the recycled aggregates satisfied specification requirements,
demonstrating satisfactory mechanical properties. The unconfined compressive strength with a 7-day
curing period and a 5% cement content fulfilled the technical standards for expressway-grade heavy
and extremely heavy traffic, while that with a 6% cement content (with an added curing agent) met
these requirements after just 1 day. Additionally, the curing agent enhanced the early strength of
the recycled aggregate base material. This study has broken through the technical bottleneck of low
content of recycled aggregate, achieved 100% replacement of natural aggregate, and promoted the
sustainable development of the industry.

Keywords: construction waste; road engineering; cement-stabilized macadam base; mechanical
properties; comparative analysis

1. Introduction

Urbanization has surged with the rapid expansion of China’s economy, leading to
the rapid proliferation of demolition and reconstruction projects targeting numerous di-
lapidated structures, aged buildings, and obsolete infrastructure. This surge has, in turn,
substantially increased the generation of construction waste. As of 2020, construction waste
emissions have surpassed 5 billion tons, creating significant environmental challenges [1].
Concurrently, there has been exponential growth in the scale of infrastructural development.
Gravel and other materials are commonly employed in cement-stabilized macadam bases
in highway engineering construction. At the same time, due to the large amount of CO2
produced in the production of cement, the use of a large amount of cement in the project
has also caused irreversible damage to the ecological environment. However, the current
scenario is marked by the soaring prices of natural resources, exacerbating the conflict
between environmental conservation and the sustainable advancement of engineering
projects. Consequently, it is necessary to explore alternatives to mitigate this issue.
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Currently, there is an emphasis on utilizing construction waste in the production
of cement-stabilized macadam base materials [2,3]. Recycled aggregates are prepared to
re-place natural aggregates in the formulation of road cement-stabilized macadam bases
via crushing and screening processes [4–7]. This transformation of construction waste into a
valuable resource significantly enhances its utilization efficiency, curtails engineering costs,
alleviates the strain on natural building material extraction, and mitigates environmental
degradation [8].

A large number of scholars have fully studied the composition and physical properties
of recycled aggregate from construction waste and reached a series of similar conclusions.
Shah et al. [9] investigated the physical properties of recycled aggregates of concrete waste
and revealed their excellent particle size distribution, durability, and shape. Kolay and
Akentuna [10] and Bestgen et al. [11] conducted comparative analyses on the properties of
recycled aggregates versus natural aggregates, establishing the similarity in their physical
and mechanical characteristics. Hansen et al. [12] assessed the performance of recycled
aggregates using primary concrete crushing tests with varying water–cement ratios. Their
findings indicated a relationship between the water absorption rate and particle size,
while the water–cement ratio showed no significant correlation with the water absorption
rate. Hasaba et al. [13] observed that the water absorption of recycled aggregates of
waste concrete ranging from 4.75 mm to 26.5 mm in particle size was approximately 7%.
However, for recycled aggregates with particle sizes below 4.75 mm, the water absorption
was approximately 11%, consistent with Hansen’s results.

On the basis of previous studies, many researchers began to explore the preparation
of stabilized materials from recycled aggregate and compared and analyzed some possible
influencing factors. Jeselay H. C. Reis et al. [14], Ding et al. [15], and Esfahani [16] examined
the influence of the recycled aggregate content on the strength characteristics of road base
materials, noting a significant impact on their mechanical properties, but does not give
an appropriate particle content index. Luo et al. [17] conducted unconfined compressive
strength tests on construction waste materials, analyzing the effects of cement dosage and
age on compressive strength. Yang et al. [18] studied the influence of the recycled aggregate
content and different admixtures instead of natural aggregates on the crack resistance of
recycled aggregate base materials. The researchers paved a test road to verify the material’s
feasibility. Nhieu et al. [19] studied the influences of the cement content, natural latex
content, and other factors on the performance of a cement-stabilized recycled concrete
aggregate as a pavement base material, analyzing the material’s basic performance from
a microscopic perspective. Due to the complex composition and other characteristics of
recycled aggregate, the research results have limitations, and the main research object is
not 100% content. Increasing the content of recycled aggregate plays a decisive role in the
large-scale consumption of construction waste.

There is a lack of research on the 100% replacement of natural aggregates with con-
struction waste recycled aggregates. Meng [20] investigated the feasibility of utilizing a
100% construction waste recycled aggregate in cement-stabilized materials. However, the
analysis did not consider the various factors influencing the materials’ mechanical proper-
ties. Rey et al. [21] used a construction waste recycled fine aggregate (mainly comprising
a 0~8 mm recycled concrete aggregate) to prepare cement-stabilized base materials. The
mechanical properties and durability were studied, and the effects of the particle size and
aggregate source were analyzed. Therefore, focusing on construction waste with multiple
components, this study developed a technology for the 100% replacement of natural ag-
gregates with construction waste recycled aggregates to prepare road base materials and
analyzed the influences of various factors, such as the curing age and cement content, on
the materials’ strength via relevant experiments. This study first evaluated the feasibility of
preparing a cement-stabilized macadam base with selected raw materials via experiments.
Subsequently, compaction tests were conducted to ascertain the maximum dry density and
optimum moisture content with different mix proportions. Finally, unconfined compressive
strength tests were employed to investigate the mechanical characteristics of recycled ag-
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gregate road base materials. This study analyzed and discussed the influences of differing
dosages of cementitious materials (5% and 6%) and various ages (1 d, 3 d, 7 d, 14 d, and
28 d) on the strength of the recycled aggregate base materials. Furthermore, the influence
of the curing agent content on the early strength of recycled aggregate base materials was
analyzed by adding a curing agent to develop early-strength materials. At the same time,
144 standard specimens were prepared for the frost resistance test, and the frost resistance
of the material was analyzed. This study provides a new and reliable method for the large-
scale consumption of construction waste and has positive significance for promoting the
sustainable development of infrastructural construction. After the large-scale promotion
and application of this research, it can absorb construction waste on a large scale, protect
the ecological environment, and 100% replace natural materials can relieve the mining
pressure of natural materials and promote the sustainable development of the industry.

This study solved the problem of a 100% content of construction waste recycled
aggregates in municipal road base materials. However, the cement content is high. Despite
solving the environmental problem of construction waste, the excessive use of cement
also causes environmental problems. The problem of reducing the cement content will be
further studied to promote sustainable infrastructural development.

2. Research Scheme and Test Method

2.1. Testing Material

The recycled aggregate from construction waste employed in this study originated
from Qingdao construction solid waste. The solid waste mainly comprised waste concrete,
bricks, and a small number of ceramic tiles. It was categorized into three specifications
based on particle size: a recycled fine aggregate with a particle size range of 0~5 mm, and
two specifications of recycled coarse aggregate with particle size ranges of 5~10 mm and
10~25 mm, respectively, as depicted in Figure 1. The recycled aggregate of construction
waste was equipped with a perfect aggregate production line, ensuring its storage stability,
local availability, and material applicability. Shanshui brand 42.5 R ordinary Portland
cement was utilized. A powdered inorganic curing agent produced by a manufacturer in
Shandong was used. The initial setting time was 215 min, the final setting time was 295 min,
the compressive strength was 43.5 MPa, and the flexural strength was 9.6 MPa. The curing
agent was based on Portland cement and other active materials as the main components
and mixed with various activators, water retention agents, and polymer materials.

  
(a) (b) 

 
(c) 

Figure 1. Construction waste recycled aggregates: (a) 0~5 mm recycled fine aggregate; (b) 5~10 mm
recycled coarse aggregate; and (c) 10~25 mm recycled coarse aggregate.
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2.2. Research Program

In this study, a recycled road base material was designed utilizing construction waste
mixed recycled aggregate with cement as the stabilizing agent. The aggregate consisted
entirely of recycled construction waste aggregate. According to the requirements of me-
chanical properties and durability specifications, the design idea of gradually reducing
the number of cementitious materials, and the local construction conditions, 5% and 6%
cement contents were selected. Based on the local construction experience in Qingdao and
the characteristics of the curing agent, a curing agent with a dosage of 2‰ is selected. This
study’s experimental group design was based on the characteristics of recycled aggregates
and practical engineering experience. The performance indices of the raw materials were
analyzed via various tests. Subsequently, compaction tests were conducted to determine
the maximum dry density and optimum moisture content across the different mix ratios.
Finally, the specimens were prepared according to the compaction test data, and the me-
chanical properties of the recycled aggregate road base material were studied with the
unconfined compressive strength test. The influences of different dosages of cementitious
materials (5% and 6%) and various ages (1 d, 3 d, 7 d, 14 d, and 28 d) on the early strength of
the recycled aggregate base were analyzed and discussed, alongside the impact of increas-
ing the curing agent dosage on the early strength of the recycled aggregate base material.
At the same time, 144 standard specimens were prepared for the frost resistance test, and
the frost resistance of the material was analyzed.

Four groups of samples, namely, A1, A2, B1, and B2, were designed. The cement–
recycled aggregate mix ratios of the cement-stabilized recycled aggregate were set as 5:100
and 6:100. Additionally, a test group incorporating a curing agent was included, with the
dosage set at 2‰ of the total mass of the cementitious material and recycled aggregate.
The specific sample mixes are detailed in Table 1. In the compaction test, two groups
were set up in the A1 and B1 test groups, five tests were set up for each group of dry
density measurements, and ten test boxes were set up for each water content group. In
the unconfined compressive strength test, 13 specimens were prepared for each of the
1 d, 3 d, 7 d, 14 d, and 28 d test conditions. The A2 and B2 groups with the curing
agent were prepared with the same amount. A total of 260 specimens were set up in the
unconfined compressive strength test. The study also conducted frost resistance tests,
preparing 18 standard specimens for each group and standard curing for 28 days, of which
9 were freeze-thaw specimens and 9 were non-freeze–thaw comparison specimens. A total
of 144 specimens were tested for frost resistance.

Table 1. Sample mix ratios.

Numbering
42.5 R Ordinary

Portland Cement
(%)

Curing
Agent (‰)

Recycled Aggregate (%)

0~5 mm 5~10 mm 10~25 mm

A
A1 5 0 24 26 50
A2 5 2 24 26 50

B
B1 6 0 24 26 50
B2 6 2 24 26 50

2.3. Test Method

The performance of the raw materials was assessed according to the test methods
outlined in the ‘Highway Engineering Aggregate Test Procedure’ (JTG E42-2005) [22], ‘High-
way Pavement Base Construction Technical Rules’ (JTG/TF20) [23], and ‘General Portland
Cement’ (GB175-2007) [24] to evaluate their suitability for road base applications. The
compaction tests for the A1 and B1 test groups were conducted using the heavy compaction
method outlined in the test procedure for inorganic binder-stabilized materials for high-way
engineering (JTG E51-2009) [25]. The specimens for the unconfined compressive strength
test were prepared using a pressure testing machine, as shown in Figure 2a. Building on this,
the unconfined compressive strength test method for inorganic binder-stabilized materials
outlined in the ‘Highway Engineering Inorganic Binder-Stabilized Material Test Procedure’
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(JTG_E51-2009) [25] was employed to ascertain the unconfined compressive strength of the
inorganic mixtures with varying mix ratios (cement–recycled aggregate = 5:100 and 6:100)
and different curing ages (1 d, 3 d, 7 d, 14 d, and 28 d), as displayed in Figure 2b. Based on
actual engineering experience and construction methods, compare the construction costs of
recycled aggregate and natural aggregate, and analyze the economic benefits. At the same
time, the research carried out the frost resistance test according to the test specification to
understand the material performance more comprehensively.

  
(a) (b) 

Figure 2. Representative photos of test: (a) specimen compaction; (b) unconfined compressive
strength test.

3. Raw Material Analysis

3.1. Recycled Aggregate

To detect and evaluate the physical properties of the recycled aggregates from con-
struction waste, samples were extracted from several representative recycled aggregates
following construction waste disposal. Upon observation of the aggregates’ appearance
characteristics, the recycled coarse aggregate, unlike the natural coarse aggregate, exhibited
a substantial accumulation of aged cement mortar on its surface. The particles possessed
more edges and corners, presenting a rough surface, and were interspersed with a higher
proportion of brick particles. This discrepancy is fundamental to distinguishing recycled
aggregates from natural aggregates.

As per the testing methodology specified in the ‘Highway Engineering Aggregate Test
Procedures’ (JTG E42-2005), three specifications of recycled aggregate were sieved, and
two groups of recycled aggregate for each specification were analyzed, to investigate the
gradation of directly crushed recycled coarse aggregates. The average passing percentage
across the three specifications is depicted in Figure 3. This figure demonstrates that the
gradation composition of the recycled aggregate was suboptimal, with relatively concen-
trated particle sizes and approximately 90% of the 5~10 mm aggregate concentrated at
approximately 5 mm.

There is currently no standardized basis for the grading criteria of recycled aggregate
base subbase particles. A comprehensive approach was adopted, drawing on the grading
requirements for cement-stabilized graded aggregates outlined in the ‘Technical Rules for
Construction of Highway Pavement Base’ (JTG/TF20) and the principle of multiscale sol-id
particle close packing. This approach fully integrated the characteristics of the recycled
aggregate, including a complex composition, numerous microcracks, a high crushing index,
and elevated water absorption.
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Figure 3. Screening results for three specifications of recycled fine aggregate.

The three specifications of recycled aggregate were intermixed to adjust the grada-
tion, aiming to achieve a synthetic gradation closely aligned with the median gradation
stipulated by the specifications. Based on the screening outcomes and specification man-
dates, the proportion of the synthetic graded crushed stone aggregate (0~5 mm:5~10
mm:10~25 mm = 24:26:50) was determined. The refined distribution of the recycled aggre-
gate percentages is illustrated in Figure 4.

Figure 4. Adjusted recycled aggregate passing percentages.

According to the test method outlined in the ‘Highway Engineering Aggregate Test
Regulations’ (JTG E42-2005), various properties including the crushing index, water ab-
sorption, water content, needlelike particle content, apparent density, bulk density, and
mud content of the recycled aggregates were examined and compared against the technical
criteria specified in the ‘Highway Pavement Base Construction Technical Rules’ (JTG/TF20-
2015). The results are presented in Tables 2 and 3. The tables demonstrate that the physical
properties of the recycled aggregate without cementitious binding materials meet the tech-
nical requirements of the ‘Technical Specification for Construction of High-way Pavement
Base’ (JTG/TF20-2015) for base aggregates. This indicates its potential suitability as a
substitute for natural aggregates in road base applications.
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Table 2. Test results for physical properties of recycled coarse aggregates.

Index
Technical

Requirement

5~10 mm Recycled
Coarse Aggregate

10~25 mm Recycled
Coarse Aggregate Test Method

Measurement Results

Apparent density
(kg/m3) —— 2519 2505 T0304

Bulk density (kg/m3) —— 1230 1220 T0309
Crush value (%) ≤22 —— 20.9 T0316

Water absorption (%) —— 8.8 4.0 T0307
Water content (%) —— 1.9 0.79 T0305

Sil content (%) ≤1.2 0.2 0.2 T0310
Fat elongated particle

content (%) ≤18 2.6 16 T0312

Table 3. Test results of physical properties of recycled fine aggregate.

Index Technical Requirement
0~5 mm Recycled Fine

Aggregate Test Method
Measurement Results

Apparent density (kg/m3) —— 2431 T0328
Bulk density (kg/m3) —— 1424 T0331

Crush value (%) ≤30 23.0 T0350
Water absorption (%) —— 8.9 T0330

Water content (%) —— 4.3 T0332
Sil content (%) ≤3.0 2.8 T0333

3.2. Cement

The cement samples’ principal chemical compositions and mechanical and physical
properties were evaluated following the procedures outlined in ‘General Portland Cement’
(GB175-2007). The cement’s setting time and the cement mortar’s strength were determined
per GB/T1346 and GB/T17671, respectively. The outcomes are detailed in Tables 4 and 5.
The tables show that the measured parameters align with the specifications outlined in
‘General Portland Cement’ (GB175-2007).

Table 4. Chemical composition of cement.

SiO2 Al2O3 Fe2O3 CaO MgO SO3 R2O
Ignition

Loss

22.13 5.80 3.93 61.22 1.86 2.62 0.67 1.52

Table 5. Physical and mechanical properties of cement.

Specific
Surface Area

(m2/kg)

Density
(g/cm3)

Setting Time (min) Break-Off Strength (MPa) Compressive Strength (MPa)

Initial Set Final Set 3 d 28 d 3 d 28 d

348 3.11 269 366 6.2 8.1 34.4 53.5

Compared with the technical specifications, the crushing value, water absorption,
and other indicators of recycled aggregate meet the specifications. The properties of
raw materials meet the specification requirements, and it is feasible to prepare road base
stabilization materials.
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4. Test Result Analysis

4.1. Moisture–Density Test

Two tests are set for each mix proportion, and the results are taken as the average of
the two tests.

(1) Cement–synthetic recycled graded aggregate = 5:100
Based on the proportion of aggregate synthesis, the aggregate mass of a single spec-

imen was determined to be 5500 g (0~5 mm: 1320 g; 5~10 mm: 1430 g; and 10~25 mm:
2750 g), while the cement mass was 275.0 g. Compaction tests were conducted with water
contents ranging from 8% to 12%. The average values of the optimum water content and
maximum dry density from the two tests were computed. The optimum water content
was 10.55%, with a corresponding maximum dry density of 1.981 g/cm3. The compaction
curve depicted in Figure 5 exhibits an approximately parabolic trend.

Figure 5. Compaction curve (cement content 5%): (a) the first group; (b) the second group.

(2) Cement–synthetic recycled graded aggregate = 6:100
According to the aggregate synthesis ratio, the aggregate mass of a single specimen

was 5500 g (0~5 mm: 1320 g; 5~10 mm: 1430 g; and 10~25 mm: 2750 g), while the cement
mass was 330.0 g. Compaction tests were conducted with water content ranging from 9.5%
to 12.5%. The average values of the optimum water content and maximum dry density
from the two tests were computed, resulting in an optimum water content of 10.82%.
The maximum dry density was 2.006 g/cm3. The compaction curve depicted in Figure 6
exhibits an approximately parabolic trend.

Figure 6. Compaction curve (cement content 6%): (a) the first group; (b) the second group.
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4.2. Unconfined Compressive Strength Test

The test groups A1, A2, B1, and B2 were evaluated following the test method for
the unconfined compressive strength of inorganic binder-stabilized materials outlined in
the ‘Test Specification for Inorganic Binder Stabilized Materials for Highway Engineering’
(JTG_E51-2009 T0805). The failure modes of the 260 test specimens were approximately
the same. Figure 7 depicts the two specimens with obvious failure modes. The surfaces
of the specimens significantly fell off, after which the specimens had an ‘upper and lower
symmetrical triangle’ shape. The middle parts also significantly fell off. The specimens
contained oblique longitudinal cracks. A main crack ran throughout the whole of each
specimen at approximately 70–80 degrees, which was key to the specimens’ failure. The
knocked-out specimens contained many microcracks, which caused the specimens to fall
off again, and they could not bear the due pressure. The average values of all the results
measured in each test condition of each group are shown in Table 6.

Figure 7. Crushing of representative test pieces (on the left is the A1 group test piece, and on the
right is the B1 group test piece).

Table 6. Unconfined compressive strengths of cement-stabilized recycled graded aggregates (MPa).

Instar

Test Group Number
A1 A2 B1 B2

1 d 2.69 3.07 4.60 6.55
3 d 3.55 3.86 6.84 7.67
7 d 5.13 5.22 8.70 8.76

14 d 6.03 6.05 9.22 9.35
28 d 6.31 6.44 9.87 10.02

Figure 8 illustrates the strength comparison between the recycled aggregate bases
at various ages with consistent curing agent quantities and varying cement amounts.
The cement-stabilized recycled aggregate base demonstrated commendable mechanical
properties. With a cement content of 5%, the 7-day unconfined compressive strength met
the technical specifications for heavy and extremely heavy traffic on highways, as outlined
in the ‘Highway Pavement Base Construction Technical Rules’ (JTG/TF20-2015). Upon
increasing the cement content to 6%, the 1-day strength of group B1 without a curing agent
approached 5 MPa. The 1-day strength of group B2 with a curing agent reached as high
as 6.55 MPa. Increasing the cement content from 5% to 6% significantly enhanced the
unconfined compressive strength of the cement-stabilized recycled aggregate base.

Using the 7-day age as an example, the strength of Group B1 surpassed that of
Group A1 by 69.5%, while the strength of Group B2 exceeded that of Group A2 by 67.8%.
Comparing Figures 8a and 8b, the increase in the unconfined compressive strength with age
was more pronounced without a curing agent, whereas it remained relatively consistent
over time with a curing agent. On the premise of meeting the technical performance
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and maintaining the ecological environment, 5% cement content is the best choice for the
preparation of the material.

Figure 8. The influence of the cement content on the strength of the recycled aggregate base: (a) A1—B1
test group; (b) A2—B2 test group.

Figure 9 presents the strength comparison between the recycled aggregate bases at
different ages with varying quantities of the curing agent and consistent cement amounts.
Adding the curing agent effectively enhanced the early strength of the recycled aggregate
base, with significant increases observed at 1 day and 3 days and marginal increases
after 7 days. This phenomenon arises from the curing agent’s ability to expedite cement
hydration and react with cement to generate C-S-H and promote ettringite formation,
thereby enhancing the base structure’s compactness. Consequently, the later strength
primarily relies on the cement, resulting in a minor increase in strength with the same
cement quantity.

Figure 9. The influence of curing agent on the strength of recycled aggregate base: (a) A1–A2 test
group; (b) B1–B2 test group.

Comparing Figure 9a with Figure 9b, adding the curing agent substantially boosted
the early strength of the cement-stabilized recycled aggregate base with a cement content of
6%, with 42.3% and 12.1% strength increases at 1 day and 3 days, respectively. Conversely,
the increase was relatively minor with a cement content of 5%. This discrepancy primarily
stemmed from the curing agent’s ability to promote a more comprehensive reaction of
the cementitious system with a sufficient cement quantity. When 5% cement content is
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selected, the curing agent can not be added because the early strength improvement is
relatively small. When 6% cement content is selected, whether to add a curing agent can be
considered according to the actual demand. Even if no curing agent is added, the material
can also be used as the base stabilization material of municipal roads. When the curing
agent is added, the early performance of the material is far from meeting the technical
requirements. In municipal road construction, 100% recycled aggregate can alleviate the
shortage of natural materials and the ecological deterioration caused by quarrying.

Figure 10 shows the test results of frost resistance. It can be seen from Figure 10a that
the mass loss rate of the base course specimens with two kinds of cement content after
freezing and thawing is less than 5%. The original strength of the specimen with 6% cement
content is higher, so the mass loss rate is lower than 5% cement content. The freeze-thaw
mass loss rate of the test group with the curing agent was slightly lower than that of the
test group without the curing agent, indicating that the curing agent can improve the
compactness and cohesion of the recycled aggregate base. It can be seen from Figure 10b
that the residual compressive strength ratio of recycled aggregate base specimens after
freeze-thaw is greater than 70%. When the cement content is 6%, the residual compressive
strength of the specimen after five freeze-thaw cycles at the age of 28 days is 81%, which is
higher than that of the 5% cement content. There is a direct linear relationship between the
residual compressive strength and the original strength. The test group with high initial
strength has high strength after freeze-thaw. The addition of the curing agent improves the
frost resistance of recycled aggregate base. The materials with two kinds of cement content
showed good frost resistance.

Figure 10. Frost resistance test results: (a) mass loss rate of the specimen after freezing and thawing;
(b) Residual compressive strength ratio of the specimen after freezing and thawing.

Qingdao municipal road engineering mainly uses a semirigid base, and the thickness of
the structural layer is large, which has a large demand for aggregate. The use of construction
waste recycling materials to prepare various materials for municipal road engineering has
the characteristics of a large amount of construction waste, strong operability, and stable
product performance. Taking the construction of a two-way 8-lane urban expressway as
an example, the road project is estimated based on the design thickness of the Cement-
Stabilized Graded Crushed Stone Subbase of 20 cm and the design thickness of the base
course of 20 cm. It can absorb about 30,000 tons of recycled aggregate per kilometer, saving
27,000 tons of natural coarse aggregate and 3000 tons of natural fine aggregate of the same
quality. According to the price data of natural sand and stone in China in June 2023, the
average price of natural coarse aggregate (granite 10–25 mm) is 95 yuan/ton, the average
price of natural coarse aggregate (granite 5–10 mm) is 95 yuan/ton, and the average price
of natural fine aggregate (0–5 mm) is 115 yuan/ton. The total amount of natural sand and
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stone used in the project is about 2.91 million yuan. However, at present, the comprehensive
estimated unit price of such recycled aggregate is 60 yuan/ton, and the total amount of
recycled sand and stone used in the project is about 1.8 million yuan, reducing the cost of
raw materials by 38.1% year-on-year, with significant economic benefits.

5. Conclusions

A construction-waste-recycled aggregate can replace only part of a natural aggregate.
To address this problem, the mechanical properties of cement-stabilized macadam base
materials prepared via the 100% replacement of a natural aggregate with a construction-
waste-recycled aggregate were examined in this study. Physical and chemical tests on
the raw materials were carried out to evaluate the feasibility of various raw materials
for preparing a cement-stabilized macadam base. A compaction test was carried out to
determine the maximum dry density and optimum moisture content in different mix ratios.
Finally, an unconfined compressive strength test was carried out by preparing a test piece
to study the mechanical characteristics of the recycled aggregate road base material. The
influences of different dosages of cementitious materials and different ages on the strength
of the recycled aggregate base were analyzed and discussed, alongside the improvement in
the early strength of the base material with the curing agent. At the same time, the standard
specimens were prepared for the frost resistance test. The conclusions are as follows:

1. The physical and chemical properties of the raw materials meet the requirements of
relevant specifications and are feasible for preparing road cement-stabilized macadam
base materials.

2. The material exhibits good mechanical properties. With a cement content of 5%, the
7-day unconfined compressive strength meets the technical requirements for heavy
and extremely heavy traffic on highways. With a cement content of 6%, the 1-day
strength approaches the technical requirements. The higher the cement content, the
better the mechanical properties.

3. Incorporating a curing agent effectively enhanced the early strength of the recycled
aggregate base. The unconfined compressive strength significantly increased with
the increase in the cement content. This phenomenon is attributed to the more
comprehensive reaction of the cementitious system facilitated by a sufficient cement
content.

4. The material has good frost resistance, with a mass loss rate of less than 5% after
freeze-thaw, and a residual compressive strength ratio of over 70%.

This study achieved the 100% replacement of a natural aggregate with a recycled
aggregate of construction waste to prepare road base materials, meeting the requirements
of relevant specifications. Nevertheless, the cement content is high, which increases the
environmental problems caused by cement despite solving the problem of environmental
pollution from construction waste. Future research should focus on reducing cement
content, reducing dependence on cement materials, and reducing the large amount of CO2
generated from cement production. In this study, it can be seen that curing agents can
improve the mechanical properties and frost resistance of materials. Therefore, new types
of curing agents can be explored to achieve the preparation of base stabilization materials
with low cement content. Under the premise of lower cement content, using a large amount
of recycled aggregate to prepare stable materials, large-scale consumption of construction
waste, breaking the technological bottleneck of industry development, and promoting
green and sustainable development of the industry. While consuming construction waste
on a large scale, attention should also be paid to the necessity of low cement content.
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Abstract: Recent studies on microencapsulated self-healing cementitious materials have primarily
focused on the particle size and preparation methods of the microcapsules. However, there has
been limited attention paid to the microscopic aspects, such as the selection of curing agents and the
curing duration of these materials. In this study, urea-formaldehyde resin/epoxy resin E-51 micro-
capsules were synthesized through in situ polymerization. This research investigates the feasibility
of self-healing from a molecular mechanism perspective and evaluates the repair performance of
microencapsulated self-healing cement mortar with varying microcapsule concentrations, curing
agent types, and curing ages. The findings demonstrate that the microcapsule shells bond effectively
with the cementitious matrix, with radial distribution function peaks all located within 3.5 Å. The
incorporation of microcapsules enhanced the tensile strength of the modified cement mortar by
116.83% and increased the failure strain by 110%, indicating improved adhesion and mechanical
properties. The restorative agent released from the microcapsule core provided greater strength
after curing compared to the uncured state. Although the overall strength of the microencapsulated
self-healing cement mortar decreased with higher microcapsule concentrations, the repair efficiency
improved. The strength recovery rate of 28-day aged modified cement mortar had a significant
improvement with the addition of X and Y curing agents, respectively.

Keywords: self-repair; microcapsules; molecular dynamics; cement mortar; mechanical properties

1. Introduction

Since its inception in 1824, Portland cement has become the most extensively used
construction material globally, favored for its cost-effectiveness and durability [1]. With
China’s rapid economic and technological advancements, the demand for cement concrete
in infrastructure projects such as highways, high-speed railways, and airports has surged.
Despite its high compressive strength, cement concrete is susceptible to cracking under
external loads and environmental factors. These cracks not only propagate and form
significant structural weaknesses but also facilitate the ingress of aggressive ions like Cl−,
SO4

2−, and CO3
2−, which accelerate the degradation of both the cement matrix and the

embedded steel reinforcement [2]. The corrosion products can reach 4–6 times the volume
of the rebar and the volume increase causes internal tension to the concrete on the surface
of the corrosion material; when the tensile stress exceeds the tensile strength of the concrete,
the concrete will further produce cracking and spalling damage [3].
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It can be seen that the presence of cracks is a key factor affecting the service life of
cement concrete [4]. In order to extend the service life of cement concrete and to ensure its
safe service during its economic life, the periodic inspection and maintenance of cement
concrete is usually required. Figure 1 illustrates the relationship between maintenance and
structural performance during the service life of cement concrete. At present, there are
more mature repair techniques for the developed macro cracks in cement concrete, such as
the grouting method, secondary reinforcement, and the application of surface functional
coatings mentioned in EN1504:2004/2013, ACI562-16, and ACI546R-14 [5–7].

Figure 1. Relationship between building performance and its service life [8].

However, the existing cement concrete crack repair techniques have certain defects.
First, the grouting method can only repair larger macro cracks and easy to run slurry
problems affecting the structural aesthetics at the same time; therefore, the repair effect
is difficult to guarantee [9]. Second, the secondary reinforcement method is only for the
repair of larger cracks and the deterioration of the shedding part of the repair process
in order to enhance the bonding effect between the old and new concrete. It is used
to expand the cracked surface, increase the roughness, aid with reinforcement planting,
improve the strength of the concrete and other measures, labor intensity, high construction
requirements, pollution and other problems [10]. Coating surface functional coatings can
somewhat enhance the performance of cement concrete resistance to infiltration, corrosion,
and other properties. High construction requirements, pollution and other problems [10]
must also be considered. Coating surface functional coatings can improve the permeability
of cement concrete, corrosion resistance, and other properties to a certain extent, but
coating surface functional coatings can not achieve the repair of internal cracks in cement
concrete and there are problems such as rapid aging and the possibility of this falling
off [11]. For example, in the European Union, 20% of cement concrete repairs fail within
5 years, 55% fail within 10 years, and 25% fail within 25 years of service, and the major
cause leading to the failure of cement concrete repairs is cracking damage [12]. This, in
turn, leads to a continuous cycle of repetitive repairs and life cycle cost accumulation. It
is estimated that cement concrete production cost is 65–80 USD/m3, but its maintenance
and repair cost during its service life is about 147 USD/m3 [13]. In the United States [14],
the maintenance of cement concrete structures for transportation infrastructure such as
bridges and pavements costs nearly $4 billion per year; in Australia [15], the maintenance
and repair cost of cement concrete for transportation infrastructure is close to $550 million
per year; and in Europe, nearly 50% of the annual construction budget is spent on the
maintenance and repair of existing cement concrete infrastructure.
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The traditional crack repair technology of cement concrete is difficult to meet the
development needs of low-carbon and long-life cement concrete. Especially for cement
concrete in harsh service environments and under the strong action of traffic dynamic load,
it is more necessary to control the emergence and expansion of microcracks in cement
concrete from the source. Inspired by the self-healing phenomenon of natural biological
materials, people began to explore a variety of biomimetic self-healing intelligent materials,
using self-healing technology, which can automatically detect and eliminate the hidden
danger of micro-cracks in the material in a timely manner to maintain the performance of
the material, ensure its safety, and prolong its service life. Since self-healing technology
was introduced into cementitious materials, the cementitious self-healing materials have
made great developments. The existing bionic intelligent self-repair cementitious materials
are mainly divided into hollow fiber self-repair cementitious materials, mineral self-repair
cementitious materials, microbial self-repair cementitious materials, shape memory alloy
self-repair cementitious materials, electrochemical deposition self-repair cementitious
materials, microcapsule self-repair cementitious materials and so on, according to the
principle of repairing technology, among which microcapsule self-repair method is the
most promising method for realizing engineering large-scale repair in the bionic intelligent
self-repair methods of many cementitious materials. Among them, the microcapsule
self-repair method is a bionic intelligent self-repair method which is most promising for
realizing the large-scale popularization and application of engineering.

Therefore, this paper carries out research on the performance of self-healing cement
mortar with microcapsules. Firstly, using the in-situ polymerization method, the micro-
capsules for self-repairing cement mortar were prepared; then, using molecular dynamics
theory, molecular dynamics characterization between the capsule core/capsule wall-cement
matrix was carried out; finally, the influence of the design parameters on the repairing effect
of microcapsule self-repairing cement mortar was studied. The findings aim to provide a
foundation for the optimal design of microcapsule-enhanced self-healing cement concrete
and offer insights into the development of low-carbon, long-life concrete solutions.

2. Materials and Methods

2.1. Raw Material Characteristics
2.1.1. Microcapsule

The core material of the microcapsule, serving as the primary repair agent, should
exhibit excellent stability, fluidity, alkali resistance, and rapid reaction capabilities. The
microcapsule’s wall not only stores the core material but also needs to bond effectively
with the cementitious material, requiring properties such as robust sealing and adhesion.
Commonly used in civil engineering for crack repair, Bisphenol A type epoxy resin E-51
offers good adhesion, corrosion resistance, high strength, and minimal shrinkage upon
curing. Urea-formaldehyde resin, chosen for the capsule wall, provides superior mechanical
properties, heat resistance, and compatibility with cementitious materials, synthesized via
solution polymerization in an aqueous dispersion medium. The core material was a diluted
mixture of epoxy resin E-51 and n-butyl glycidyl ether in a 100:17.5 ratio. Triethanolamine
solution was used as the catalyst, sodium dodecylbenzenesulphonate solution as the active
agent (0.5% concentration), and custom-developed X-type and Y-type curing agents were
employed to enhance the toughness of the bonding materials.

2.1.2. Cement Mortar

The experiment utilized ordinary silicate cement (P.O42.5 grade) detailed in Tables 1
and 2, which outline its primary components and properties. River sand with a fineness
modulus of 2.6 (Zone II) served as the fine aggregate, with key technical specifications
in Table 3. The study employed homemade A-type and B-type curing agents, along with
urea-formaldehyde resin/epoxy resin E-51 microcapsules.
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Table 1. Basic properties of P.O42.5 grade ordinary silicate cement.

Water Consumption for
Standard Consistency

(%)

Flexural Strength (MPa) Compressive Strength (MPa)

3 d 28 d 3 d 28 d

28 ≥3.5 ≥6.5 ≥17 ≥42.5

Table 2. Basic indexes of P.O42.5 grade ordinary silicate cement.

Performance
Indicators

Density
(g/cm3)

80 μm Sieve
Residue (%)

Content of
CaO (%)

Content of
SiO2 (%)

Content of
Al2O3 (%)

MgO in
Clinker

(%)

Fineness
(%)

Stability
Condensation Time (min)

Condensation Congeal

standardised
requirements - - - - - - ≤10.0

eligible
(voter
etc.)

≥180 ≤600

experimental 3.15 0.3 62.4 21.7 6.6 2.24 3.5
eligible
(voter
etc.)

210 250

Table 3. Technical specifications of fine aggregates.

Characterisation
Apparent Density

(kg/m3)
Bulk Density

(kg/m3)
Voids

(%)
Moisture Content (%)

Mud Content
(%)

request >2500 >1350 <47 4%~6% ≤2.0
measured value 2614 1761 35.5 4.35% 0.4

2.2. Preparation Method
2.2.1. Microcapsule Preparation Process

The preparation of urea-formaldehyde resin-epoxy resin E-51 (UF-E) microcapsules is
shown in Figure 2. The preparation involves several stages: (1) Prepolymerization: urea
and a 37 wt% formaldehyde solution are mixed in a 2:3 molar ratio. After dissolving the
urea, triethanolamine is gradually added to adjust the pH to 8–9. The mixture is then
stirred at 70 ◦C for 40 min and cooled to room temperature. (2) Emulsification: a 0.5%
sodium dodecylbenzene sulfonate solution is prepared with distilled water and the pH
is adjusted to 7. This solution is mixed with the diluted epoxy resin E-51, stirred at 50
◦C for 1 h to form a homogeneous emulsion. (3) Acidification: the pH is adjusted to 2–4
using dilute sulfuric acid over 2 h, maintaining a temperature of 50 ◦C. (4) Vesicle Wall
Formation: as copolymerization progresses, the urea-formaldehyde resin precipitates and
deposits on the emulsion droplets, forming and thickening the capsule wall. (5) Curing
and Precipitation: the mixture is maintained at 50 ◦C and stirred for 1.5 h. Deionized water
is added gradually to manage the viscosity. The resin solidifies into a non-soluble mesh,
which is then filtered, dried, and sieved to obtain the microcapsules.

Figure 3 shows the surface morphology of microcapsules at different pH values and
core/wall mass ratios. As can be seen from Figure 3, the lower the pH value, the denser
and smoother is the capsule wall of the UF-E microcapsules. The particle sense gradually
weakened, the three-dimensional network structure formed by the copolymerization re-
action was more solid and close, and the capsule wall was more solid. When the mass
ratio of the capsule core/capsule wall was 1:1, the polymerization reaction rate of the
urea-formaldehyde resin was moderate, the deposition on the surface of the capsule core
droplets was more uniform, the surface of the formed capsule wall was dense and smooth,
the degree of agglomeration of the urea-formaldehyde resin was low, and the encapsulation
effect of the capsule core material was good, with the encapsulation rate reaching 55.59%.
There was also less adhesion between the microcapsules. Therefore, for the microcap-
sules with an average particle size of 495.56 μm prepared when the reaction system was
pH = 2 the reaction temperature was kept at 50 ◦C, and those with a mass ratio of capsule
core/capsule wall of 1:1 were more suitable for the self-repair of cement-based materials.
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Figure 2. Schematic diagram of the process of preparing UF-E microcapsules.

Figure 3. Surface morphology of microcapsules at different pH values and core/wall mass ratios.

2.2.2. Cement Mortar Sample Preparation

(1) Mixing ratios

To isolate the self-healing effects of the microcapsule bonding material, the experiment
excluded coarse aggregates and other admixtures. The cement mortar’s fixed mixing ratio
was water:cement:sand = 1:2:6. Microcapsules were added based on a percentage of the
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cement’s mass, with each curing agent (X and Y) constituting 50% of the microcapsules’
mass in the same batch. The mixing ratio of the self-healing cement mortar was as shown
in Table 4.

Table 4. Mortar mixing ratios.

Groups Water/g Cement/g Sand/g Microencapsulation/g X/g Y/g

W1 225 450 1350 0 0 0
W2-1 225 450 1350 9 4.5 0
W2-2 225 450 1350 9 0 4.5
W3-1 225 450 1350 18 9 0
W3-2 225 450 1350 18 0 9
W4-1 225 450 1350 27 13.5 0
W4-2 225 450 1350 27 0 13.5

(2) Cement mortar test piece preparation

The mixing process began with blending the cementitious material, curing agents,
and water in a mortar mixer. The microcapsules were introduced once the cement slurry
was uniform, followed by sand after 2 min, and then mixed for an additional 3 min. The
homogeneous mixture was then cast into 40 mm × 40 mm × 160 mm molds in two stages.
After 24 ± 2 h, the specimens were demolded and maintained at standard conditions
(20 ◦C ± 2 ◦C and 90% RH) until the specified test age, followed by natural drying in a
ventilated, shade-free environment (as shown in Figure 4).

 
Figure 4. Self-healing mortar repair performance and effect of specimens during indoor film curing.

2.3. Test Methods
2.3.1. Molecular Dynamics Simulation Method

The interfacial properties between the microcapsule shell and the cement matrix,
as well as between the encapsulated restorative and the cement matrix, are crucial for
the self-healing efficacy of microcapsule-based systems. Gaining insights into these mi-
croencapsulated interfaces, particularly at the microscopic level, is challenging through
experiments alone. Molecular dynamics (MD) simulations, which employ classical me-
chanics to model atomic motions and statistical mechanics to assess system properties,
are instrumental in this research. This study utilizes MD to analyze the interfacial proper-
ties between the capsule components and the cement matrix, focusing on key hydration
products like calcium silicate hydrate (C-S-H).
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(1) Cyst wall-cement matrix modelling

The modeling process for the vesicle wall-cement matrix is depicted in Figure 5.
Tobermorite 14Å, with its interlayer structure resembling C-S-H, is used for modeling. The
chemical formula for tobermorite 14Å is Ca5 Si O616 (OH)2-7H2 O. A urea-formaldehyde
resin chain with seven repeating units (n = 7) is modeled to represent the organic component.
The composite structure of C-S-H and urea-formaldehyde resin is then constructed as a
super unit, optimizing the molecular arrangement for stability and interaction analysis.

Figure 5. Flow of cyst wall-cement matrix model construction.

(2) Sac-core-cement matrix modelling

The modeling process for the sac-core-cement matrix, shown in Figure 6, involves
reducing the viscosity of E-51 epoxy resin using a diluent (BGE) to facilitate its penetration
into cracks. The molecular structures of both the uncured and cured states of the epoxy
resin are modeled in layers with tobermorite 14Å, reflecting the structural complexity
of C-S-H. The entire composite structure is optimized for stability and analyzed under
uniaxial tensile conditions to evaluate the interfacial properties and the effects of different
curing agents.

(3) Indicators for the evaluation of calculation results.

The evaluation of MD simulation results utilizes several indicators:

• Bulk and Young’s Moduli: these measure the material’s deformation properties.
• Radial Distribution Function (RDF): this function indicates the probability density of

atomic proximity, providing insights into the potential for bonding at the interface.
• Relative Concentration: this metric assesses the concentration of each molecular

component along an axis, revealing interactions within the layered structure.
• Stress-Strain Curves: these curves demonstrate how the microcapsule repair materials

influence the mechanical strength of the cement matrix.
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Figure 6. Flow of the sac-core-cement matrix modelling process.

2.3.2. Self-Healing Function Detection

To evaluate the self-repair capabilities of the microcapsules in the cement mortar, it
was necessary to pre-damage the specimens by introducing microcracks. This simulates
the natural damage that triggers the microcapsules’ self-healing response, differentiating it
from the natural healing mechanisms of standard cementitious materials.

The three-point bending method is a primary technique for inducing controlled struc-
tural cracks into cementitious materials due to its simplicity and the ability to control crack
size. In this study, we performed a three-point bending test on prismatic cementitious
specimens to introduce pre-damage. The deformation of each specimen was measured
using two linear variable differential transformers (LVDTs) positioned at the center of
the specimen’s bottom on both the front and back sides. The crack size was regulated by
monitoring the bending strain at the specimen’s base.

Previous research indicates that pre-compression with at least 60% of the maximum
compressive stress (σmax) can generate micro-cracks within the structure. Additionally, the
stress at the crack tip can rupture the microcapsules, releasing a repair agent to fill these
micro-cracks. To ensure adequate tip stress for microcapsule rupture, the specimens were
pre-compressed to 70% of their damage load. The pre-damage procedure involved loading
specimens, aged to their maintenance period, on an electro-hydraulic servo universal
testing machine. The loading rate was maintained at 2400 N/s ± 200 N/s. After reaching
70% of the original specimen’s destructive load, the loading was halted, maintained for
180 s, and then released to complete the pre-damage process. Post-damage, the specimens
were stored in a standard curing box for 7 and 28 days.
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Ultrasonic testing, which is more effective in hardened concrete (4000~5000 m/s)
compared to water (1480 m/s) or air (350 m/s), was employed to assess the repair efficacy
of microcapsules (as shown in Figures 7 and 8). The study designed three experimental
conditions: original, damaged, and repaired, as depicted in Figure 9. The original condition
involved testing specimens immediately after 28 days of standard curing post-molding.
The damaged condition involved testing immediately post-pre-damage, and the repaired
condition involved testing immediately after 28 days of standard post-repair curing.

 

Figure 7. Ultrasonic tester for self-repairing cement mortar specimens.

 

Figure 8. Ultrasonic detector detection equipment.

 

Figure 9. Self-healing mortar specimen ultrasonic testing flowchart.
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2.3.3. Test Programme for the Effectiveness of the Repair

To evaluate the impact of microcapsules on the internal damage repair and mechani-
cal property recovery of cement mortar specimens, flexural and compressive tests were
conducted. Variables included the age of curing (7, 14, 28 days), specimen conditions
(original, damaged, repaired), and repair age (7, 28 days), following the ISO 679:2009 [16].
The original compressive strength (F0), immediate post-damage strength (Fs), and post-
repair strengths at 7 days (F7) and 28 days (F28) were recorded in MPa. The effectiveness
of the repair was quantified using strength recovery and repair rates, calculated as per
Equations (1)–(4).

7 d strength recovery rate : ηi7,x =
F7

F0
× 100% (1)

28 d strength recovery rate : ηi28,x =
F28

F0
× 100% (2)

7 d strength repair rate : ηS7,x =
F7 − FS

Fs
× 100% (3)

28 d strength repair rate : ηS28,x =
F28 − FS

Fs
× 100% (4)

ηi7,x and ηi28,x are the strength recovery rates in % of after 7 d or 28 d of repair of self
repairing mortar specimens after pre-damage at x% microencapsulation dosage respectively.
ηS7,x and ηS28,x are the strength recovery rates in % after 7 d or 28 d repair at of pre-damaged
self-healing mortar with x% of microencapsulation, respectively.

2.3.4. Pore Size Distribution Test Method

A MicroMR23-025V NMR tester (Suzhou Newmax Analytical Instruments Co., Ltd.,
Suzhou, China) was used to determine the pore size distribution of the comparison samples
and the self-repairing microencapsulated cement mortar after standard maintenance for
28 d. The size of the mortar specimen was 30 mm × 15 mm × 10 mm. The size of the
mortar specimen for NMR test was 30 mm × 15 mm × 10 mm. Before the test, the surface
of the mortar specimen was wiped clean and then placed in a vacuum drying oven for
24 h. Then, the sample was taken out and placed in a vacuum pressurized device to be
saturated with water. The vacuum time was 60 min, the pressurized strength was 20 MPa,
and the saturation time was 24 h. Then, the specimen was taken out and put into the
instrument to carry out the test of the pore size distribution, and the resonance frequency
was 23.40%. The resonance frequency was 23.40 MHz, the temperature was 32.00 ± 0.02 ◦C,
the diameter of the probe was 25 mm, and the pore size distribution was calculated by
applying Equation (5).

1
T2

= ρ

(
S
V

)
pone

(5)

where: T2—relaxation time;
ρ—surface relaxation rate (70 μm/ms);
s/v—pore surface area volume ratio.

2.3.5. Rapid Chloride Diffusion Method

In accordance with the rapid chloride migration coefficient method (RCM method), the
chloride diffusion coefficient of the comparison sample and the self-repairing microcapsule
cement mortar after 28 d of standard maintenance were tested by using the RCM-6T chlo-
ride diffusion coefficient tester (Beijing Numerical Intelligence Yilong Instrument Co., Ltd.,
Beijing, China). Before testing, the mortar specimen block was cut into φ 100 mm × 50 mm
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samples. The chloride diffusion coefficient of the mortar was calculated according to
Equation (6).

DRCM =
0.0239 × (273 + T)L

(U − 2)t

⎛
⎝Xd − 0.0238

√
(273 + T)LXd

U − 2

⎞
⎠ (6)

where: DRCM—diffusion coefficient of chloride ions in mortar (10−12 m2/s);
U—loading voltage (V);
T—mean value of the initial and ending temperatures of the anode (◦C);
L—thickness of the mortar specimen (mm);
Xd—average depth of penetration of chloride ions (mm);
t—duration of the whole experimental test.

3. Results and Discussion

3.1. Interfacial Contact Properties and Microscopic Remediation
3.1.1. Cyst Wall-Cement Matrix

(1) Moduli of the composite structure

The bulk, shear, and elastic moduli of the bladder-cement matrix composite are
detailed in Table 5. Notably, the Young’s modulus is highest in the y-direction, likely due to
the stability of silicate chains and the disruption of the hydrogen bonding network in other
directions. The moduli for the T14Å-urea-formaldehyde ester composite are lower than
those of pure tobermorite 14Å, indicating that microcapsule addition increases porosity
and slightly diminishes the material’s mechanical properties. This reduction in elastic
modulus at the microscopic level is attributed to increased interatomic distances, leading
to decreased binding energy. However, this also suggests enhanced ductility due to greater
elastic deformation.

Table 5. Bulk modulus, shear modulus, and elastic modulus of T14Å-urea-formaldehyde ester models.

Modelling
Bulk Modulus

(GPa)
Shear Modulus (GPa)

Modulus of Elasticity (GPa)

x y z

T14Å-urea
formaldehyde ester

26.8332 9.0122 24.6834 37.5336 20.878

(2) Radial Distribution Function (RDF)

As shown in Figure 10, the RDF of tobermorite 14Å-urea-formaldehyde resin exhibits
sharp peaks below 3.5 Å, indicating strong chemical bonding with the cementitious material,
predominantly through electrostatic interactions between Ca2+, O2−, and N− ions. This
bonding is crucial for the material’s structural integrity, contrasting with the weaker
Coulombic and Van der Waals’ forces.

(3) Stress-strain behavior

The stress-strain curve for the z-direction (Figure 11) reveals three distinct phases:
elastic, yield, and failure. The tensile strength of the tobermorite 14Å-urea-formaldehyde
resin composite reaches 2.19 GPa, surpassing the 1.01 GPa of pure tobermorite 14Å. This
enhancement is attributed to the urea-formaldehyde resin’s ability to mitigate crack prop-
agation, thereby increasing the material’s strength. Additionally, the failure strain of the
composite is 0.44, compared to 0.20 for pure tobermorite 14Å, indicating improved ultimate
strain due to the inclusion of microcapsules.
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Figure 10. Radial distribution function of 7 Tobey mullite 14Å-urea-formaldehyde resin.

 

Figure 11. Stress-strain behavior for 8 Tobey mullite 14Å-urea-formaldehyde resin model.

3.1.2. Core-Cement Matrix

(1) Relative concentration

Figure 12 illustrates the relative concentrations in the composite model, highlighting a
reduction in the model’s length along the z-direction. Specifically, Figure 12a shows atom
distribution in the second layer ranging from 50.74 to 61.92 Å, with no distribution in the
first and third layers. Conversely, Figure 12b reveals atom distribution in the second layer
from 26.81 to 34.33 Å, and in the first and third layers from 0 to 34.98 Å and from 25.35 to
59.23 Å, respectively. These distributions indicate that the atoms in the three-layer structure
have interpenetrated post-simulation, suggesting enhanced interactions between the core
material and the cement matrix.
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Figure 12. Relative concentration distributions before and after molecular dynamics calculations
(structural layers 1 and 3 are C-S-H layers and structural layer 2 is an epoxy resin layer): (a) Relative
concentration distribution of the model before simulation, (b) Relative concentration distribution of
the model after simulation.

(2) Stress-strain curve

Figure 13 presents the stress-strain curves for three composite models derived from
simulations. The maximum strains observed are 0.19, 0.34, and 0.27 for models with
n = 0, X, and Y, respectively. Notably, the strain in the cured epoxy-cementitious material
(with X or Y) is higher compared to the pure Tobermorillonite 14Å model (0.20), while the
uncured model shows a slight reduction in strain. This underscores the significant impact
of epoxy resin curing on the mechanical properties of microencapsulated self-healing
cementitious materials.
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Figure 13. Stress-strain curves for three composite models.
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(3) Radial Distribution Function

Figure 14 displays the radial distribution functions (RDF) for the three models. The
interaction between Tobermorite 14Å and epoxy resin primarily occurs through Ca ions in
Tobermorite 14Å and N and O atoms in the epoxy resin. In the uncured n = 0 model, where
N atoms are absent, the interaction is limited to Ca-O, resulting in weaker interatomic
forces compared to the other models. The first RDF peak positions for Ca(T)-O(ex) atoms
in the n = 0, X, and Y models are at 2.33 Å, 2.17 Å, and 2.16 Å, respectively, indicating
stronger interactions in the cured models. Additionally, the interaction between Ca ions
and N atoms is enhanced in the cured models, particularly when Y is used as the curing
agent, leading to more pronounced directional interactions.
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Figure 14. Radial distribution functions for three models: (a) n = 0, (b) X (c) Y.

3.2. Structural Damage Repair Effect

The impact of microcapsule doping on ultrasonic propagation speed is depicted
in Figure 15. It is observed that the speed decreases as the microcapsule concentration
increases, with the lowest speed at 6% doping. This reduction is attributed to the micro-
capsules causing phenomena such as the reflection and bypassing of the ultrasonic waves
within the cement mortar, which increases the path of propagation and attenuates the
energy, thereby reducing the wave speed.
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Figure 15. Ultrasonic wave velocity of microencapsulated self-healing cement mortar under original
working conditions.
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Figures 16 and 17 show the ultrasonic waveforms for undamaged cement mortar
specimens under normal conditions, displaying regular and complete sinusoidal patterns,
indicating no internal structural damage.

  
(a) 0% (b) 2% 

  
(c) 4% (d) 6% 

Figure 16. Waveforms of microencapsulated self-repairing cement mortar under original working
conditions (X).

  
(a) 0% (b) 2% 

Figure 17. Cont.
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(c) 4% (d) 6% 

Figure 17. Waveforms of microencapsulated self-repairing cement mortar under original working
conditions (Y).

From Figures 18–20, it can be seen that the ultrasonic sound velocity of the damaged
cement mortar specimen decreased significantly compared with that of the original work-
ing condition, that the waveforms were also distorted to different degrees, and that the
waveforms were incomplete. As shown in Figures 18 and 19, the most significant difference
is the change of the direction of the first wave of the waveform. The first wave is changed
from downward to upward, which fully proves that defective damage has been produced
inside the specimen structure.

Under 28 days of repair conditions, the acoustic properties of microencapsulated
self-healing cement mortar specimens are shown in Figures 21–23. Although the ultrasonic
speed has not fully returned to the original condition, the waveforms are more uniform
and complete, and the speed is improved. This suggests that the microcapsules continue
to function under varying temperatures, filling microcracks and maintaining the integrity
of the repair material, which exhibits good low-temperature toughness and resistance to
temperature-induced stress.
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Figure 18. Comparison of ultrasonic velocities at 5 raw/damaged working conditions.
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(a) 0% (b) 2% 

  
(c) 4% (d) 6% 

Figure 19. Waveforms of microencapsulated self-healing cement mortar under damage conditions
(curing agent-X).

  
(a) 0% (b) 2% 

Figure 20. Cont.
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(c) 4% (d) 6% 

Figure 20. Waveforms of microencapsulated self-healing cement mortar under damage conditions
(curing agent-Y).
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Figure 21. (a,b) Comparison of ultrasonic velocities under original/damaged/repaired working
conditions.
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Figure 22. Cont.
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(c) 4% (d) 6% 

Figure 22. Waveforms of microencapsulated self-healing cement mortar under repair conditions
(curing agent-X).
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Figure 23. Waveforms of microencapsulated self-healing cement mortar under repair conditions
(curing agent-Y).
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3.3. Effect of Initial Strength of Cement Mortar

The stress-time curves for flexural and compressive tests of specimens at various ages
are shown in Figures 24 and 25.
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Figure 24. Initial flexural strength of each test group at different ages.
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Figure 25. Initial compressive strength of each test group at different ages.

These curves reveal that the initial strength of both the compressive and flexural
strength decreases with the incorporation of microcapsules, and the decrease in the initial
strength of the specimen increases gradually with the increase in the amount of microcap-
sule incorporation, as shown in Figure 23. The effect is more pronounced on compressive
strength than on flexural strength.

The decrease in the initial strengths is due to the mechanical properties of the micro-
capsules being inferior to those of the aggregate, reducing the overall component ratio
in the cement matrix. The microcapsules act as fillers, creating numerous pores within
the matrix. Microscopic analysis shows that the modulus values of the cementitious-urea-
formaldehyde ester composite are lower than those of pure cement, indicating a reduction
in the bonding energy and overall mechanical properties due to increased porosity. How-
ever, this also results in increased elastic deformation, enhancing the material’s ductility.

Figures 26 and 27 also indicate that the initial strength of the cement mortar increases
with specimen age, attributed to the enhanced hydration and densification of the cement
matrix over time, which is further aided by the filling effect of the microcapsules.
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Figure 26. X initial strength at various ages with different microcapsule dosage.
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Figure 27. Y initial strength at various ages with different microcapsule dosages.

3.4. Influence of Cement Mortar Strength on the Effectiveness of Repair
3.4.1. Experimental Group without Microcapsule Incorporation

The strength recovery and repair rates of the W1 group specimens after 7 and 28 days
of maintenance are depicted in Figure 28.

These rates decline as the maintenance period increases. At 7 and 14 days, the strength
values showed some recovery after maintenance, with recovery rates of 107.81% and
115.03% at 7 days, and 102.65% and 106.46% at 14 days, respectively. The repair rates
were 8.97% and 16.27% at 7 days, and 4.13% and 8.0% at 14 days. However, at 28 days,
the strength decreased rather than increased post-maintenance, indicating a negative
repair rate.

Cementitious materials exhibit inherent self-repair capabilities, though these are lim-
ited. Early in the maintenance period, unhydrated cement particles can rapidly hydrate
upon damage, aiding strength recovery. Beyond 28 days, the hydration level is high, re-
ducing the availability of unhydrated particles to contribute to repair, and thus failing to
restore strength after damage.
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Figure 28. Strength recovery rate and strength repair rate of group W1 specimens after conserva-
tion repair.

3.4.2. Test Group with Microencapsulation

Figures 29–32 illustrate the strength repair effects of self-repair mortar specimens with
microcapsules across various maintenance periods.

The microcapsules release a core repair agent upon damage, which reacts with the
curing agents in the cementitious material to form a bond and restore strength. This process
is confirmed by molecular mechanisms showing independent and concurrent repair actions
from unhydrated cement hydration and microcapsule-based repair.
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Figure 29. Strength recovery and repair rate of specimens of different ages after 7 d self−repair (X).
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Figure 30. Strength recovery and repair rate of specimens of different ages after 7 d self−repair (Y).

 
(a) Strength recovery rate (b) Strength repair rate 

7 14 21 28
95

100

105

110

115

120

125

St
re

ng
th

 re
co

ve
ry

 ra
te

 (%
)

Curing period (d)

 W1
 W2-1
 W3-1
 W4-1

7 14 21 28
-5

0

5

10

15

20

25

30

St
re

ng
th

 re
pa

ir 
ra

te
 (%

)

Curing period (d)

 W1
 W2-1
 W3-1
 W4-1

Figure 31. Strength recovery and repair rate of specimens of different ages after 28 d self−repair (X).

In groups W2-1, W3-1, and W4-1, using curing agent-X, the strength recovery rates
after 7 and 28 days were 111.34% and 113.98%, 115.49% and 116.22%, and 111.91% and
121.63%, respectively. The rates were more stable over time compared to the non-microcapsule
groups, likely due to the microcapsules compensating for the reduced number of unhy-
drated cement particles in the older specimens.

Groups W2-2, W3-2, and W4-2, using curing agent-Y, showed higher strength recovery
rates than those using X, attributed to Y’s liquid form ensuring more uniform distribution
and integration within the mortar.

The optimal microcapsule dosages varied with age and curing agent type. For agent
X, the best results were at 4.0% dosage at 7 days, 6% at 14 days, and 2% at 28 days. For
agent Y, 4% was optimal at 7 days, with 6% being most effective at both 14 and 28 days.
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Figure 32. Strength recovery and repair rate (Y) of specimens of different ages after 28 d selfhealing.

3.5. Microscopic Morphology of Cement Mortar Containing Microcapsules

The scanning electron microscopy results of cement mortar containing self-healing
microcapsules are shown in Figure 33.

Figure 33. Scanning electron microscopy results of cement mortar containing microcapsules.

It can be seen in the figure that the self-repairing microcapsules are well embedded
inside the structure of the cement matrix and well preserved without rupture during the
mixing and molding process of the cement mortar. At the same time, the microcapsules can
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rupture at the right time when the cement structure is damaged, releasing the self-repairing
agent stored inside for rapid repair of the damaged microcracks.

3.6. Effect of Microcapsules on the Pore Structure of Cement Mortar

The pores in concrete are categorized as harmless pores (below 20 nm), less harmful
pores (20 nm~100 nm), harmful pores (100 nm~200 nm), and polyhazardous pores (above
200 nm).

Figure 34 shows the pore size distribution of cement mortar doped with different
dosages of self-repairing microcapsules after 28 days of standard curing. As shown in
Figure 34, the proportion of harmless or less harmful pores (pore size distribution of
0–0.1 μm) in the comparison sample (W1) after 28 days of standard maintenance was
65.17%, while the proportion of pores larger than 0.1 μm was 34.83%.
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Figure 34. Pore size distribution of cement mortars with different dosages of microencapsulated
cement mortars.

The proportion of harmless pores or less harmful pores in cement mortars (W2-2,
W3-2 and W4-2) mixed with microcapsules according to the standard curing of 2%, 4% and
6% of the cement mass for 28 days was 74.11%, 83.38% and 59.3%, respectively, and the
proportion of pores larger than 0.1 μm was 25.89%, 16.62% and 40.7%, respectively. As
can be seen from Figure 34, compared with the comparison sample (W0), the proportion
of pores larger than 0.1 μm in cement mortar (W2-2) with 2% of cement mass dosed with
microcapsules decreased by 25.67%, and the proportion of pores larger than 0.1 μm in the
cement mortar (W3-2) with 4% of cement mass dosed with microcapsules decreased by
52.28%. This indicates that the proportion of pores larger than 0.1 μm in the cement mortar
decreases with the increase of microcapsule dosage from 0 to 4%, which implies that the
densification of the cement mortar is improved. This is because the cement mortar is a kind
of mixture prepared by a variety of different particle size materials; after molding, there
will be a certain number of pores if the appropriate amount of microcapsules is added in
the preparation process. Some of the pores inside the cement mortar can be filled so that the
internal structure of the cement mortar is more dense, thus reducing the proportion of holes
with a diameter greater than 0.1 μm in the cement mortar. From Figure 15, it can also be
found that when the dosage of microcapsules in the cement mortar is increased from 4% to
6% (W4-2), the proportion of holes larger than 0.1 μm in the cement mortar rises by 16.85%
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compared to the comparison sample (W1). This indicates that when more microcapsules
were added, the number of internal pores in the cement mortar was increased to a certain
extent, which decreased the compactness of the cement mortar.

3.7. Effect of Microcapsules on the Impermeability of Cement Mortar

Figure 35 shows the chloride diffusion coefficients of cement mortars with different
dosages of self-repairing microcapsules after 28 days of standard curing. As can be seen
from Figure 35, the chloride ion diffusion coefficient of the comparison sample (W1) after
28 days of standard curing was 20.32 × 10−12 m2/s, whereas the chloride ion diffusion
coefficients of the cement mortars doped with 2%, 4%, and 6% of microcapsules by weight
of cement (W2-2, W3-2 and W4-2) were 18.58 × 10−12 m2/s, 15.95 × 10−12 m2/s, and
22.18 × 10−12 m2/s after 28 days of standard curing, respectively. The chloride diffusion
coefficients of cement mortar (W2-2) with 2% of microcapsule doping decreased by 8.56%
and that of cement mortar (W3-2) with 4% of microcapsule doping decreased by 21.51%
compared with the comparison sample (W1). This is because cement mortar is a mixture
of materials with different particle sizes, and a certain number of pores will exist inside
the cement mortar after molding and maintenance. Adding the appropriate amount of
microcapsules in the preparation process can fill some of the pores inside the cement
mortar and increase the compactness of the internal structure of the cement mortar, which
improves the impermeability of the cement mortar and leads to a decrease in the chloride
ion diffusion coefficient of the cement mortar. However, when the doped microcapsules
rose to 6% (W4-2), the chloride ion diffusion coefficient of the cement mortar increased
by 9.15% compared with the comparison sample. This indicates that when excessive
microcapsules are added to cement mortar, the number of internal pores of cement mortar
is increased to a certain extent which decreases the densification of cement mortar, thus
leading to a decrease in the impermeability of cement mortar.
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Figure 35. Chloride diffusion coefficients of cement mortars with different dosages of microencapsu-
lated cements.

4. Conclusions

(1) Urea-formaldehyde resin/epoxy resin E-51 microcapsules were successfully synthe-
sized via in-situ polymerization with optimal conditions identified for particle size,
morphology, and encapsulation rate. The microcapsules made under the optimal
conditions had a dense and smooth morphology, with an encapsulation rate of 55.59%
at an average particle size of 495.56 μm.
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(2) The microcapsule wall and the cured core material exhibit strong interfacial contact
with the cementitious material, enhancing ductility and providing significant strength
support, whereas the uncured core material diminishes mechanical properties.

(3) Microcapsule-enhanced cement mortar demonstrates a superior self-repair capability
compared to ordinary cement mortar, although its initial strength is reduced with
higher microcapsule dosages.

(4) The repair effectiveness of microencapsulated self-healing cement mortar diminishes
over time due to the ongoing hydration of cement particles and the release of the
repair material from the capsule core. However, the self-healing effect remains stable
over a longer period compared to ordinary cement mortar, which shows a nearly
linear decline in repair capability.

(5) The incorporation of microcapsules will have a significant effect on the flexural
strength and compressive strength of the mortar. The effect on the compressive
strength is greater the larger the dosage, the initial strength value of the cement
mortar decreases more; the loss of strength of the cement mortar when using the Y
curing agent is less than that of the use of the X curing agent, and the strength of the
cement mortar with the use of the Y curing agent is more recovered.
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Abstract: Phosphogypsum-based materials have gained much attention in the field of road infrastruc-
ture from the economic and sustainable perspectives. The Three-point bending test, the Four-point
bending test and the Semi-circular bending test are three typical test methods applied for fracture
energy measurement. However, the optimal test method for fracture energy evaluation has not been
determined for phosphogypsum-based materials. To contribute to the gap, this study aims to analyze
and compare the three test methods for fracture energy evaluation of phosphogypsum materials based
on the peridynamic theory. For this purpose, the load–displacement, vertical displacement–Crack
Mouth Opening Displacement (CMOD) and fracture energy of the phosphogypsum-based materials
were measured and calculated from the three test methods. The simulated load–displacement and
vertical displacement–CMOD by PD numerical models, with different fracture energy as inputs,
were compared to the corresponding tested values according to simulation error results. The results
showed that the Four-point bending test led to minimized errors lower than 0.189 and indicators
lower than 0.124, demonstrating the most optimal test method for the fracture energy measurement of
phosphogypsum-based material. The results of this study can provide new methodological references
for the selection of material fracture energy measurement tests.

Keywords: phosphogypsum-based material; bending test; road infrastructure; fracture energy
measurement; peridynamic theory

1. Introduction

Phosphogypsum, as a raw material of base layers, is one of the primary concerns
for road technology from the economic and sustainable perspectives [1,2]. Most studies
have focused on the mix design and mechanical characterization of phosphogypsum.
Some scholars verified that phosphogypsum mixed with crushed rocks, clay, lime, fly ash
and curing agents in certain proportions could be a substitute for traditional semi-rigid
bases [3–5]. However, limited analysis has been carried out on the crack resistance of phos-
phogypsum-based base materials, while extensive investigations have been conducted on
the performance of traditional semi-rigid base materials [6,7]. To promote the widespread
application of phosphogypsum as a semi-rigid base for road construction, it is imperative
to concisely characterize the crack resistance of phosphogypsum-based material.

The fracture energy is a critical parameter of materials in evaluating the ability to
resist damage-induced cracking. Moreover, Mode I cracks are the most common form of
base materials. Thus, Mode I fracture energy represents the focus of fracture research [8].
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Currently, three experimental methods are conducted for obtaining Mode I fracture energy,
including direct tension testing [9], indirect tension testing [10], and bending testing [11,12].
Among the three test methods, an appropriate cracking test method for accurately measuring
the fracture energy of phosphogypsum has not yet been determined. In this study, identifying
the most suitable method for acquiring fracture energy will not only provide a reliable
experimental methodology, but also propose a guideline for further research on the fracture
failure mechanisms of phosphogypsum and the rational design of structures.

Theoretically, fracture energy derived from crack initiation tests on standardized
cross-sections should exhibit uniformity. However, the results obtained from different
tests vary in practice [13]. Such discrepancies may stem from dissimilarities in energy
dissipation, deviations in crack propagation from the principal tensile stress direction, and
other factors [14,15]. To address these root causes, Zhang et al. [16] investigated kinetic
energy dissipation, crack propagation trajectories, and deformation energy beyond the
fracture surface during loading. These critical sources of error were thoroughly scrutinized,
serving as the foundation for selecting experimental methods. Nonetheless, this research
paradigm, grounded in extensive theoretical groundwork and experimental methodologies,
presented formidable challenges and substantial cost.

To tackle these deficiencies, another approach to evaluate optimal fracture energy
was proposed in this study, grounded in numerical simulation. Accurate fracture energy
values, as inputs of damaged numerical models, can significantly enhance the accuracy
of numerical simulation outcomes, rendering them more faithful to practical damage
scenarios [17]. If fracture energy data measured from a specific test type can effectively
accommodate all fracture test methods within numerical models, it means the test method
is the most optimal method for fracture energy evaluation. This approach, underpinned
by insights gleaned from numerical model results fueled by fracture energy, explores the
veracity of fracture energy data with avoiding the test errors.

Regarding traditional damaged numerical models, numerical outcomes are influenced
not only by fracture energy but also by additional factors, including tensile strength, cri-
teria for crack propagation deflection, and handling of singular regions [18,19]. This fact
indicates that fracture energy is insufficient as the sole input parameter for traditional
numerical models. In light of this challenge, this study adopts peridynamic (PD) as the ana-
lytical framework, as the fracture energy is the only input characterizing the entire material
damage process [20]. This theory has developed from its initial applicability to models
for linear elastic–brittle materials to diverse theoretical models suitable for non-linear
elastic–brittle, elastic–plastic, viscoelastic, and viscoplastic materials [21–23]. Moreover, it
has demonstrated successful application in the fracture testing of engineering materials
such as asphalt mixtures and cement concrete with excellent simulation outcomes [24,25].

Based on the above background, few studies focused on selecting a suitable fracture
energy testing method for phosphogypsum-based materials among different test modes.
Thus, this study addresses this gap, as well as delving into the difference in fracture energy
between these tests, based on PD simulation. In this study, suitable test methodologies for
phosphogypsum materials across various fracture energy testing scenarios are delineated,
employing numerical simulations and aiming to provide an optimal fracture energy testing
method. The fracture energy of phosphogypsum-based specimens will be measured by
the Three-point bending test [26], the Four-point bending test [27], and the Semi-circular
bending test [28] and will be the input for peridynamic numerical simulations. The optimal
fracture energy testing method will be determined by analyzing the simulation error
between tested and simulated results.

2. PD Theory

Peridynamic is a method based on the concept of non-local interactions, and describes
the mechanical behavior of materials by solving spatial integral equations. To provide
theoretical and technical support for determining the optimal test method in the following
sections, this section briefly introduces the theory of PD and its numerical implementation
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process. Firstly, the form of the motion equations is introduced. Secondly, the specific
form of the force density function in the motion equations is provided, which are the
fundamental equations of the PD theory. Finally, the methods for solving the equations in
the numerical computation process are explained.

2.1. Kinematic Equation

The two-parameter bond-based PD model was selected due to its capacity to address
the limitations associated with fixed Poisson’s ratios in traditional bond-based models. Ad-
ditionally, it offers notable computational advantages compared to state-based models [29].

As depicted in Figure 1a, at any time instance t, each particle xk within a spatial
domain R encompasses a family domain with a radius of δ. Within this domain, other
material points are interconnected to the central point in a bond-like fashion, facilitating the
transmission of forces. The specific formulation of motion equations for the two-parameter
model is derived from the principle of virtual work, shown in Equation (1) [30]:

ρ
∂2u(xk, t)

∂t2 =
∫

H fc
(
u
(

xj, t
)− u(xk, t), xj − xk, θk, θj

)
dVxj + b(xk, t),

I
∂2θ(xk, t)

∂t2 =
∫

H fκ

(
u
(

xj, t
)− u(xk, t), xj − xk, θk, θj

)
dVxj + M(xk, t)

(1)

where ρ represents material density, I denotes moment of inertia; u signifies the displace-
ment of material points, and θ represents the rotation angle of material points; b stands
for body force density, and M represents external torque; fc and fκ, respectively, represent
normal bond force and tangential bond force.

 
  

(a)  (b)  

Figure 1. PD model. (a) The schematic diagram of the PD constitutive model. (b) The integration
domain of bond fracture.

2.2. Force Function

In this study, the phosphogypsum-based materials used for road base layer were
assumed as ideal elastic–brittle materials [31]. Subsequently, the ensuing discussion in-
troduces the theoretical framework of the elastic–brittle model within the context of the
two-parameter bond-based PD.

In bond-based PD models, the constitutive force function solely delineates the radial
displacement and radial force interactions among material points, thereby inadequately
capturing the comprehensive motion state of these points. In contrast, the two-parameter
model discerns between shape alterations and volume variations by concurrently incor-
porating axial forces resulting from axial deformation and bending moments arising from
rotational deformation between material points. This approach effectively addresses the
constraint of fixed Poisson’s ratio [29]. The definitions of the normal bond force and
tangential bond force are as follows:
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→
f c〈u′ − u, X′ − X〉 = c

→
s 〈u′ − u, X′ − X〉,

→
f κ〈u′ − u, X′ − X〉 = κ

→
β 〈u′ − u, X′ − X〉

(2)

where
→
f c and

→
f κ represent normal bond force and tangential bond force, respectively, and

c and κ are the PD parameters in axial direction and tangential direction, respectively;
→
s

represents the bond stretch, and
→
β represents the change in the bond rotation.

Following the principle of equal strain energy density, the relationship expression
between PD parameters and Young’s modulus E, as well as Poisson’s ratio ν, can be derived.
The specific expressions are detailed in Table 1, with a comprehensive derivation process
provided in ref. [32].

Table 1. Parameters of the PD Model.

Model Parameters Three-Dimensional Plane Stress Plane Strain

c 6E
πδ3(1 − 2v)(1 + v)

6E
πδ3t(1 − v)

6E
πδ3t(1 + v)(1 − 2v)

k E(1 − 4v)
4πδ2(1 − 2v)(1 + v)

E(1 − 3v)
6πδt(1 − v2)

E(1 − 4v)
6πδt(1 − 2v)(1 + v)

2.3. Failure Criterion

Combining Silling and Askari’s derivation of fracture criteria [33], the fracture energy
of the material is expressed as follows:

GPD = 2h
∫ δ

0

∫ δ

z

∫ arccos
z
ξ

0

(
1
2

cs2
0ξ +

1
2

κβ2
0ξ

)
ξdϕdξdz (3)

where S0 represents the critical bond stretch, and β0 represents the critical bond rotation, as
illustrated in Figure 1b.

For a Mode I crack, the material undergoes tensile failure, and the energy at this
juncture is solely attributed to the energy derived from normal bond deformation. Conse-
quently, the critical bond stretch for tensile failure is determined as follows:

s0 =

√
4GI

hcδ4 (4)

where GI represents the experimentally measured type I fracture energy of the material,
and h represents the material thickness.

In summary, three mandatory mechanical parameters, the Young’s modulus, Poisson’s
ratio, and fracture energy, are required for PD numerical model simulations. The acquisition
of these parameters will be elaborated upon in Section 3.

2.4. Numerical Method

To obtain the solution of the PD motion equations, it is necessary to discretize the
spatial domain occupied by the material into a finite number of material points during the
numerical computation process. Thus, the spatial integral form of the motion equations
is transformed into a discrete sum form. For the two-parameter model, according to
Equation (1), its motion equations can be discretized as [34]:

ρ
∂2u

(
xn

i , t
)

∂t2 =
p
∑

j=1
fc

(
u
(

xn
j , t

)
− u

(
xn

i , t
)
, xn

j − xn
i , θn

i , θn
j

)
Vxj + b

(
xn

i , t
)
,

I
∂2θ

(
xn

i , t
)

∂t2 =
p
∑

j=1
fκ

(
u
(

xn
j , t

)
− u

(
xn

i , t
)
, xn

j − xn
i , θn

i , θn
j

)
Vxj + M

(
xn

i , t
) (5)

89



Buildings 2024, 14, 2181

The time iteration in this study adopts an explicit finite difference method, where
the differentiation of displacement with respect to time is converted into a finite differ-
ence formula. The velocity and acceleration at any time step are represented by the
following equations:

∂2un
i

∂t2 =
un+1

i − 2un
i + un−1

i
Δt2 ,

∂un
i

∂t
=

un+1
i − un−1

i
2Δt

(6)

Based on Equation (6), after obtaining the acceleration of a material point at the nth
time step, the velocity and displacement at the next time step can be computed.

∂un+1
xi

∂t
=

∂2un
xi

∂t2 Δt +
∂un

xi

∂t
,

un+1
xi

=
∂un

xi

∂t
Δt + un

xi

(7)

where Δt represents the time step length during the numerical computation process.
The selection of time step length is crucial in explicit time differencing. To obtain

convergent computational results, the time step must satisfy certain stability conditions.
The choice in this study is based on the work of Silling and Askari [30].

2.5. Simulation Result Processing Method

In order to simulate the bending experiment of phosphogypsum-based material in
PD theory, virtual material layers are set at the top and bottom of the sample. During the
loading process, the virtual material layers will bear the reaction forces applied by the
actual materials, and the relationship between the axial force P and the vertical component
Fi

y of the PD force density is expressed as follows:

P =
∣∣∣∑N

i=1 Fi
yVi

∣∣∣ (8)

where N represents the total number of material points in the virtual layer.

3. Methodology

In order to ascertain the fracture energy of phosphogypsum and furnish the material
parameters for the numerical model delineated in Section 4, this section introduces the
preparation of phosphogypsum specimens, the mechanical test process, and establishment
of numerical models.

3.1. Materials and Sample Preparation

In this study, the phosphogypsum-based material applied for the road base layer is
the pre-treated material with optimized water content, as determined and studied within
the framework of the project titled “Research on Environmentally Friendly and Durable
Phosphogypsum-Based Assembled Road Pavement Material and Structure”.

As presented in Figure 2, the preparation process of this material was divided into
five steps: First, the phosphogypsum powder was completely mixed with water for about
1.5 min until the lumps disappear. Second, the mixed phosphogypsum material was
poured into beam and cylindrical molds and pressed for 15 min into a mold. Third, using
a demolding machine, beam specimens with dimensions of 50 mm × 50 mm × 200 mm
and cylindrical specimens with dimensions of Φ150 mm × 100 mm were formed. Fourth,
the demolded specimens were cut into beam-shaped and semi-circular specimens with
dimensions of 50 mm × 50 mm × 100 mm and Φ150 mm × 40 mm, respectively. Then,
pre-cut cracks of 10 mm and 15 mm, respectively, were made at the midspan of the beam-
shaped and semi-circular specimens for better control of the crack propagation path. Lastly,
all specimens were cured at 20 ◦C for seven days before testing.
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Figure 2. The flowchart of specimen molding process.

3.2. Tests

The bending test is a commonly utilized and effective method for evaluating the
fracture performance of brittle materials [35]. In this study, Three-point bending, Four-point
bending, and Semi-circular bending tests were performed for characterizing the fracture
energy of phosphogypsum-based materials. Additionally, the uniaxial compression tests
were conducted to measure Young’s modulus and Poisson’s ratio of the phosphogypsum-
based materials. Each type of experiment is conducted with six parallel tests, and the three
groups with the least variability are selected as the experimental results. The instruments,
test parameters, and procedures employed in the compression and bending tests are
outlined as follows.

3.2.1. Bending Test

The bending tests were performed by a servo-pneumatic Mechanical Testing System
(MTS) with a capacity of 50 KN, produced by Cooper Technology (Borken, Germany). The
MTS exerted a controlled linear axial load with a steady rate of 0.2 mm/min to ensure the
quasi-static loading.

The illustration of the bending tests is shown in Figure 3. The beam specimen dimen-
sions refer to the recommendations for fracture energy testing in the “Test Methods of
Materials Stabilized with Inorganic Binders for Highway Engineering” (JTG 3441-2024) [36].
The semi-circular specimen dimensions follow the International Society for Rock Mechanics
(ISRM) guidelines for Semi-Circular Bend (SCB) testing [37]. During the loading process,
vertical displacement and vertical load were recorded in the MTS, CMOD was measured
by a YYJ-12/10 clip gauge produced by the Central Iron & Steel Research Institute, Beijing,
which was used to form the load–displacement curve and the displacement–CMOD curve.
The fracture energy is the area below the load–displacement curve until the specimen is
broken, and describes the energy released during cracking.

Gf =
W

Alig
(9)

where W is the fracture’s work and Alig is the ligament area, defined as:

Alig = (r − a)xh (10)

where r is the specimen radius or height, in m, a is the notch length, in m, and h specimen
thickness, in m.
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(a)

  
(b)

  
(c)

Figure 3. Various types of bending tests: (a) Three-point bending test; (b) Four-point bending test;
(c) Semi-circular bending test.

3.2.2. Uniaxial Compression Test

The uniaxial compression test was performed using the Wdw-300 Series Computerized
Electronic Universal Testing Machine manufactured by Kexin (Shenzhen, China). The
machine is capable of exerting a linear axial load. Four strain gauges were affixed vertically
and horizontally on opposite sides of the specimen. According to the “Test Methods of
Materials Stabilized with Inorganic Binders for Highway Engineering” (JTG 3441-2024),
the UC modulus test was conducted in a displacement-controlled loading mode at a
constant rate of 1 mm/min. The decision to use prismatic specimens is due to challenges in
measuring Poisson’s ratio with cylindrical specimens.

The illustration of the UC test is shown in Figure 4. The UC test determines the
Young’s modulus and Poisson’s ratio uniaxially, as it measures the stress σy(t) and the
strain εx(t) and εy(t), which is expressed as follows:
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E =
σy(t)
εy(t)

, ν = − εx(t)
εy(t)

(11)

  
(a) (b) 

Figure 4. Process of material parameter testing: (a) Prismatic specimen; (b) Uniaxial compression
test.

In the UC test, the value of axial stress, axial strain and transverse strain were recorded,
which constitute the stress–strain curves and bi-directional strain curves. The value of
stiffness from the linear segment of the stress–strain curve determined the elastic modulus
of the UC test specimen at a certain test condition. The peak value of axial strain and
transverse strain were chosen for calculating the Poisson’s ratio.

3.3. Numerical Model Establishment

To fulfill the aim of identifying the optimal fracture energy testing approach in this
study, this section established distinct PD numerical models for the Three-point bending
test, the Four-point bending test, and the Semi-circular bending test. The fracture energy
data garnered from varied bending tests served as the input parameters in their respective
numerical models. Subsequently, the simulated outcomes were compared to the actual test
results for analyses.

The virtual experiments conducted in this study were addressed as plane stress
problems. Two rectangular plates measuring 50 mm × 200 mm and one semi-circular plate
with a diameter of Φ150 mm were configured. They were discretized into particles, forming
a simple cubic lattice with Δx = 0.5 mm and δ = 3.015Δx. Cracks of 10 mm and 15 mm were,
respectively, set at the midspan of the rectangular plates and the semi-circular plate by
truncating the PD bonds. The schematic diagram of the virtual model is shown in Figure 5.

To achieve a more precise simulation of the phosphogypsum-based material in this
study, all material property parameters utilized in the model were derived from the ex-
perimental tests conducted in Section 3.2. The loading and support areas consisted of
6 × 6 particles. For boundary conditions, a constant loading rate of 0.2 mm/min was
applied downward at the upper boundary. Through a combined optimization test en-
suring integral stability and computational efficiency, the time step was established as
Δt = 1.33 × 10−6 s in this study. Considering the fracture energy results from the three
types of bending tests, the critical bond stretch was computed by Equation (4). Subse-
quently, three critical bond stretch values were sequentially input into every numerical
model to explore the simulation outcomes of each type of virtual test under varied fracture
energy inputs. In this study, the load–displacement curve and the displacement–CMOD
curve were used for test scheme comparison.
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(a)

(b)

(c)

Figure 5. Virtual test schematic diagram: (a) Three-point bending virtual test; (b) Four-point bending
virtual test; (c) Semi-circular bending virtual test.

4. Results and Discussion

This section constitutes the core of determining the optimal testing method. Firstly, the
experimental results were presented and analyzed. Subsequently, by inputting the material
parameters obtained in Section 3 into the PD numerical model, the simulation results for
various virtual bending tests under different fracture energy inputs were obtained. Finally,
three error metrics were selected to compare the test results and the simulation results. The
optimal test was selected based on a comprehensive analysis of simulation error analyses.

4.1. Test Results
4.1.1. Load–Displacement Curves and Fracture Energy

Figure 6a–c show the three sets of load–displacement curves for the phosphogypsum-
based specimens under three types of bending tests. The pre-peak curves of the Four-point
bending test demonstrated a linear ascending trend. In contrast, the pre-peak curves of
the Three-point bending test and the Semi-circular bending test showed an exponential
uptrend. Specifically, the slope gradually increased as the curve progresses and approaches
the peak point, indicating a gradual acceleration of the upward trend. For the three tests,
the curve experienced a sudden decline after the peak point, which signifies the occurrence
of fracture. This phenomenon verifies the brittle nature of the phosphogypsum materials
and the assumption of the ideal elastic–brittle materials. With the increase in load, the
stress concentration at the specimen crack leads to the appearance of small cracks, which
rapidly propagate into through cracks. The sudden decline after the peak point indicated
that this process was brief. The rapid transition from microcrack generation to through
crack formation in brittle materials emphasizes the criticality of crack-resistant design for
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engineering brittle materials. The averaged results of the calculated and analyzed test
outcomes, encompassing fracture energy, failure load, and failure opening displacement,
are presented in Table 2. The fracture energy data revealed significant disparities of
approximately 10–12% in the results across different tests, surpassing the variability within
each test type. Among the three tests, the Semi-circular bending test resulted in highest
value in fracture energy, followed by Four-point bending and Three-point bending. This
fact is connected with the stress distribution and crack propagation paths, which are
influenced by the shape and size of the specimen, as well as the loading method.

 
(a) (b) 

 
(c) (d) 

Figure 6. Bending tests results: (a) Load–displacement curve of Three-point bending test; (b) Load–
displacement curve of Four-point bending test; (c) Load–displacement curve of Semi-circular bending
test; (d) Load–displacement curve of three bending tests.

Table 2. Bending tests results.

Types Peak Load/KN
Failure

Displacement/mm
Failure

CMOD/mm
Fracture

Energy (J/m2)

Three-point bending 1.009 0.4512 0.014 91.58

Four-point bending 1.286 0.3377 0.017 109.33

Semi-circular bending 1.691 0.5027 0.021 130.25

4.1.2. Displacement–CMOD Curves

Figure 7 summaries the displacement–CMOD curves obtained from the three types
of bending tests. The displacement–CMOD curve of the Four-point bending test showed
a linear rise at the beginning and kept stable after 0.017 mm. However, the pre-peak
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segments of the curves for the Three-point bending test and the Semi-circular bending test
grew with a gradually decreasing slope. Moreover, the Semi-circular bending test led to
deepest vertical displacement compared to the Four-point bending test and the Three-point
bending test. These results are consistent with the results of load–displacement curves.

Figure 7. Displacement–CMOD curves.

4.1.3. Young’s Modulus and Poisson’s Ratio

Figure 8 depicts the load–displacement curve and bi-directional strain curve derived
from the uniaxial compression test. Young’s modulus and Poisson’s ratio are individually
calculated by analyzing the linear segments with curves. As a result, 3.3 GPa and 0.29 were
calculated and used for the Young’s modulus and Possion’s ratio of phosphogypsum-based
materials, respectively. The stress–strain curve exhibited a brief yielding phase, followed by
a rapid decrease upon surpassing the elastic limit. This is consistent with the characteristics
of elastic–brittle materials.

(a) (b) 

Figure 8. Uniaxial compression test results: (a) Load–displacement curve; (b) Biaxial strain curve.

4.2. Comparison between the Three Tests Based on PD Simulation
4.2.1. Numerical Results

Figure 9a–c illustrate the comparison between the simulated load–displacement curves
under different fracture energy index inputs and the test results for various bending
tests. The selected interval for the simulation results correspond to the range where the
load demonstrates a stable increasing trend. Upon analyzing the simulated curves, it is
shown that variations in fracture energy influenced the endpoint of the pre-peak curve,
while the curve’s trend was hardly affected by the changes in fracture energy. This result
suggests that the characteristics of the pre-peak curve, particularly the linear segment, are
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primarily dependent on Young’s modulus and Poisson’s ratio for the same type of fracture
test. Additionally, the Four-point bending test resulted in similar load–displacement
curves between the simulated and test results among the three tests, followed by the
Three-point bending test. However, the simulated results of the Semi-circular bending
test were significantly different from the test results compared to that of the other tests,
which indicates that the evolving traits of the Semi-circular bending test curve is partially
characterized by the numerical model.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 9. The comparison between simulation results and experimental results under different
fracture toughness conditions: (a) Load–displacement curve of Three-point bending test; (b) Load–
displacement curve of Four-point bending test; (c) Load–displacement curve of Semi-circular bending
test; (d) Displacement–CMOD curve of Three-point bending test; (e) Displacement–CMOD curve of
Four-point bending test; (f) Displacement–CMOD curve of Semi-circular bending test.
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Figure 9d–f show the comparison between the simulated results and the actual ex-
perimental results of the vertical displacement–CMOD curve. The curves under different
fracture energy input values exhibited a similar changing trend to the load–displacement
curves, entering the failure stage successively after undergoing approximately the same
trend. Among them, the simulated results of the Semi-circular bending model captured the
trend of curvature change during the experimental process, corresponding to the simulated
results of the load–displacement curve.

By comparing experimental and simulation results, it is observed that there are dis-
crepancies in the rising stage between the experimental and simulated results for both the
Three-point bending and Semi-circular bending tests according to the load–displacement
curves or the displacement–CMOD curves. The main reason for the error is believed to be
the difference between the selected constitutive model and the actual material characteris-
tics. The ductility characteristics of the phosphogypsum-based material used in this study
can be reflected in the descending section of Figure 8a. However, the bond-based brittle
peridynamic constitutive model neglects the ductility of cementitious materials. Addition-
ally, the consistency between the test results and the simulation results of the Four-point
bending test suggests that the loading method of symmetrical double pressure heads can,
to some extent, take the ductility characteristics of the material into consideration.

4.2.2. Quantitative Comparison between the Three Test Methods Based on Simulation Error

To quantitatively evaluate the fitting degree between the simulated curve and the actual
experimental curve, this study introduces three parameters: Peak error, Difference error,
and Absolute error [38]. Peak error reflects the accuracy of the value at the peak, that is, the
accuracy of the value at the failure point. Difference error represents the error of the peak
of the curve on the abscissa. Absolute error reflects the accuracy of the simulation results
throughout the process. The results of the above three types of errors can be seen in Figure 10.
The lower values of Peak error, Difference error and Absolute error indicate a better fitting
degree between the simulated curve and the actual experimental curve, and vice versa.

Figure 10. The schematic diagram of error definition.

Figure 11 displays the heatmap of the three parameters between the simulated results
and the test results. The depth of color corresponds to the magnitude of the error value. In
the coordinates, T, F, and S represent the Three-point, Four-point, and Semi-circular bending
tests, respectively. For example, the coordinate (G(T), Accuracy(F)) means the error value
between the simulated and experimental results of the Four-point bending test when using
the fracture energy obtained from the Three-point bending test as the input into the numerical
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model. Most of the values on the main diagonal are the smallest in their respective rows,
and the value at the center point is generally the smallest on the main diagonal. These
results indicate that the fracture energy measured in each test ensures the accuracy when
simulating the corresponding experiment, and the Four-point bending simulation has the
highest precision. The two ends of the sub-diagonal have the largest values, implying that
the fracture energy results obtained from the Three-point bending test and the Semi-circular
bending test are not suitable for each other’s numerical models for the materials. From
the perspective of row distribution, the second row in each graph has relatively smaller
values compared to the other rows, suggesting that the fracture energy measured from the
Four-point bending test can achieve relatively high simulation accuracy for all test types.
These facts preliminarily indicate that using the fracture energy obtained from the Four-point
bending test as the input for the numerical models of different types of tests generally leads
to relatively higher simulation accuracy. To make a more informed selection of the optimal
experimental plan, this study supplemented three additional judgment criteria.

  
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 11. Error between simulated and experimental results: (a) Absolute Error of the P-δ Curve;
(b) Absolute Error of the δ–CMOD Curve; (c) Difference Error of the P-δ Curve; (d) Difference Error
of the δ–CMOD Curve; (e) Peak Error of the P-δ Curve; (f) Peak Error of the δ–CMOD Curve.
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The rationale for selecting the optimal experimental plan for obtaining fracture energy
is as follows: The fracture energy data should not only serve the numerical model of the
bending test, from which the data are obtained effectively, but also be applicable to other
bending test numerical models. Additionally, when this fracture energy data are used as
input, the difference in simulation accuracy between the numerical models of different types
of tests should not be too large. Otherwise, it can be inferred that the fracture energy data
are not capable of serving numerical models of different types of bending tests. Based on
this premise, this study relies on three indicators which were used for characterizing the
simulation error to select the best experimental plan.

Indicator 1 represents the simulation error between the test results and the numerical
model results, where the input fracture energy is obtained from the corresponding test.
Indicator 2 indicates the average of two simulation errors between the test results and the
numerical model results, where the input fracture energy is obtained from the other two tests.
Indicator 3 represents the discrepancy of three simulation errors between the test results and
the numerical model results, where the input fracture energy is obtained from the three tests.

Figure 12 summarizes the ranking sequences for all indicators. It is obviously observed
that the fracture energy of the Four-point bending test generally resulted in the smallest
values for indicators 1, 2, 3 of the three errors among the three tests. Additionally, the fracture
energy of the Three-point bending test resulted in smallest value for Indicator 3 of Peak error.
The above facts demonstrate that the Four-point bending test is the most suitable test for
fracture energy characterization.

Figure 12. Cont.
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Figure 12. Summary of indicators: (a,c,e) Three Indicators calculated from the error values of the p-δ
curves. (b,d,f) Three Indicators calculated from the error values of the CMOD-δ curves.

5. Conclusions

This study aims to analyze and compare the three bending tests based on the peridy-
namic theory and the numerical simulation method. According to the attained results, the
conclusions are drawn as follows:

1. Regarding the phosphogypsum-based materials, there were significant differences
in the load–displacement curves, displacement–CMOD curves and fracture energy
between different bending tests, resulting in a variation of approximately 10–12% in
the obtained material fracture energy.

2. The simulated load–displacement and displacement–CMOD values were consistent
with the test results based on the elastic–brittle PD model. And the results of load–
displacement and fracture energy of the three tests were in good agreement with that
of the displacement–CMOD of the three tests.

3. The three error and indicator analyses indicate that the Four-point bending test is the
best test method for fracture energy evaluation, followed by the Three-point bending
test and the Semi-circular bending test.

Given that road base materials are commonly assumed to exhibit elastic–brittle behav-
ior, this study adopts a peridynamic elastic–brittle constitutive model. It is worth noting
that different conclusions may arise when employing alternative constitutive models. More-
over, peridynamic theory has also developed a criterion that controls the entire process
of material damage based on tensile strength. Future research based on this criterion is
recommended to investigate the optimal methods for tensile strength evaluation.
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Abstract: The strong alkalinity of red mud and the heavy metals it contains pose a serious threat to the
environment. This study investigated the possibility of applying red mud as a solid waste material in
road construction to mitigate the problem of red mud accumulation. Red mud was modified using
titanium gypsum and phosphogypsum as curing agents. The effects of varying gypsum types and
mixing ratios on the mechanical properties and heavy metal leaching of the resulting red mud-based
materials were assessed using percussion tests, unconfined compressive strength measurements,
scanning electron microscopy (SEM), and continuous heavy metal leaching tests. The results showed
that the optimal moisture content for titanium gypsum–cement-stabilized red mud (RTC) exceeds that
of phosphogypsum–cement-stabilized red mud (RPC), with RTC exhibiting a lower maximum dry
density compared to RPC. When the gypsum admixture was within 10%, the strength of the RPC was
higher than that of the RTC at the same and curing time. The reticulation in RPC-10 was denser. The
cumulative heavy metal releases from both RTC and RPC were within the permissible limits for Class
III groundwater discharge standards. Based on the comprehensive test results, RPC is identified as the
superior modified red mud material, with an optimal mix ratio of red mud/phosphogypsum/cement
of 87:5:8.

Keywords: red mud; gypsum; mechanical properties; microstructure; heavy metal leaching

1. Introduction

The rapid development of transportation construction in China has led to an increasing
demand for roadbed filling materials in recent years. Since traditional roadbed materials
consume a large amount of non-renewable soil resources, research on the use of solid
wastes as roadbed fill materials has attracted widespread attention. China is a large
alumina-producing country, and for every 1 ton of alumina produced, approximately
0.6 to 2.0 tons of red mud is generated [1]. The annual discharge of red mud is close
to 150 million tons, and the cumulative discharge has exceeded 1.3 billion tons, making
red mud the largest pollutant discharged from alumina plants. At present, the global
red mud reserves are estimated to have exceeded 3 billion tons, the average utilization
rate of red mud in the world is 15%, and the utilization rate of red mud in China is only
4% [2]. Red mud is highly productive, strongly alkaline, has a high risk of pollutant
migration, and contains radioactive and toxic substances, and its massive accumulation not
only occupies land resources but also leads to serious social and ecological environmental
problems [3–5]. Therefore, there is an urgent need to find a suitable treatment for red mud,
which can be solidified and used as roadbed filler, to realize the sustainable development
of the alumina industry and reduce the impact of red mud on the socio-economic and
ecological environment.

At present, domestic and foreign scientists’ research on the resource utilization of
red mud has three main directions: firstly, the mining and extraction of valuable metals;
secondly, the production of building materials such as building bricks; and thirdly, the
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use of red mud as an adsorbent for wastewater treatment, especially for radioactive metal
ions [6–9]. There are also some studies on the use of red mud as an adsorbent for heavy
metal ions to treat soils contaminated with heavy metals. Xie et al. [10] investigated the
stabilizing and curing effects of a red mud–fly ash composite curing agent on Cu2+ con-
taining loess, and the results showed that this composite curing agent was able to rapidly
adsorb Cu2+, and at the same time, it enabled the Cu2+ to form Cu(OH)2 precipitation in an
alkaline environment, which effectively inhibited the migration of Cu2+. Santona et al. [11]
and Liang et al. [12] also stated in their studies that red mud can effectively reduce the
solubility of heavy metals in contaminated soils. In addition, Sutar et al. [13] stated in their
study that the application of red mud in construction materials, pollution control, and metal
recycling all require quite high conditions and need to consider the risk of introducing new
pollutants; therefore, more in-depth studies on red mud are needed, as well as a compre-
hensive assessment of the chemical and biological impacts it produces. Sarath et al. [14]
replaced red mud with fly ash added gypsum to the mix and set up a mix ratio for strength
and heavy metal leaching tests, which illustrated that fly ash and gypsum can significantly
increase the strength of red mud and reduce the leaching of most heavy metals. Li et al. [15]
stated that the degradation of bonding behavior due to the chloride-induced corrosion
of steel strands is critical for the serviceability of prestressed concrete structures. Zhang
et al. [16] studied the leaching of heavy metals from fly ash-based cementitious materials
containing arsenic. Tests have shown that the solidification/stabilization technology for
municipal solid waste incineration can effectively reduce the leaching of heavy metals from
most fly ash-based cementitious materials containing arsenic.

The physical properties and composition of red mud are similar to those of soil,
and the use of cured red mud as a roadbed filler can provide an effective way for the
comprehensive utilization of red mud. Li et al. [17] investigated the synergistic effects
of industrial solid wastes in ternary cementless composites based on red mud, ultra-fine
fly ash, and ground granulated blast-furnace slag. The results showed that the addition
of RM to the cementless composite led to reduced fluidity and compressive strength, as
well as prolonged setting times. Deelwal [18] showed that red mud is denser and stronger
compared to soil, and the cohesion of red mud is higher than that of conventional clay
materials, so it can be used as a geotechnical material such as backfill, road base material,
and embankment material, and it can be further stabilized by using lime, gypsum, and fly
ash to improve its strength. Shi et al. [19] and Yu [20] verified the feasibility of cement–lime–
phosphogypsum-cured red mud applied to road subgrade through indoor tests of road
properties such as unconfined compressive strength and splitting resistance. Li [21] selected
cement, lime, and phosphogypsum as the curing agents, using the indoor test and field
test on the curing of red mud used as a roadbed filler. The results showed that the curing
agent could improve the performance of red mud very well, but the improvement effects
were greatly influenced by the admixture. The comprehensive use of cement, lime, and
phosphogypsum curing of red mud is better than the curing of cement only, which can also
cause excessive thermal fatigue [22]. Pu et al. [23] showed in their study that gypsum can
improve the engineering utilization of soils and can be more effective when it is synergistic
with cement. Li et al. [24] demonstrated experimentally that the Ca2+ in gypsum can react
with silicate to form calcium silicate hydrate (C-S-H) or silica–aluminate groups, which
improve the mechanical properties of terracotta-based grouting materials. Suo [25] and his
workers used red mud and desulfurization gypsum to prepare cementitious materials, and
their experiments proved that the addition of red mud and desulfurization gypsum can
improve the performance of composite soils, and that the optimum ratio of desulfurization
gypsum and red mud is 2:2. Zhang et al. [26] and Zhang et al. [27] investigated the
mechanical properties of composite fillers using red mud and desulfurization gypsum
as raw materials, and the results showed that red mud and desulfurization gypsum can
promote the hydration reaction and improve the strength of the modified materials. In the
above study, it can be seen that there is a great risk in using pure red mud as a roadbed
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filler, and because of the technology and cost, the utilization rate of red mud is very low.
Therefore, there is a significant problem in terms of large-scale consumption.

In view of these, this paper selected titanium gypsum and phosphogypsum as curing
agents, designed material mixing ratios, and investigated the effects of different gypsums
and mixing ratios on the mechanical properties of red mud-based materials using indoor
tests such as compaction tests, unconfined compressive strength, and SEM to explore the
feasibility of using red mud-based materials for road filling materials. Meanwhile, since
the geotechnical environmental evaluation of red mud is difficult and there is no mature
research and relevant standard specification, this paper derives the data related to the
leaching of heavy metal ions from red mud-based materials through the continuous heavy
metal flume leaching test and evaluates the environmental safety of the groundwater of
red mud used as a filling material based on the “Standard for groundwater quality” (GB/T
14848-2017) [28]. Finally, the test results were analyzed to propose the optimal material
mix ratio that meets both the mechanical requirements of road subgrade materials and the
requirements of groundwater standards. This provides a basis for applying red mud to
road construction and solving the problem of red mud stockpiling.

2. Materials and Methods

2.1. Materials
2.1.1. Red Mud

The red mud used in the tests was selected from the Shandong Binzhou Beihai red
mud dump. The original red mud was air-dried red mud, and its appearance was red
lumps. Depending on the quality of the red mud required for the tests, the lumpy red
mud was first air-dried, pulverized in a pulverizer, then dried at 105 ◦C to a constant
weight and ground through a 0.075 mm square hole sieve. Its basic physical properties
were investigated. The basic physical properties are shown in Table 1.

Table 1. Basic physical properties of red mud specimens.

Plastic Limit/% Liquid Limit/%
The Natural Moisture

Content/%
Optimum Moisture

Content ω/%
Maximum Dry
Density/g·cm−3 pH

27.4 17.21 35.9 24.1 1.82 10.49

The chemical composition and content in the red mud specimens from the Beihai were
detected using X-ray fluorescence spectrometry, as shown in Table 2. The mineral composi-
tion of red mud mainly includes SiO2, Fe2O3, Al2Si2O5(OH)4, Mg2CO3(OH)2(H2O)3, and
AlO(OH).

Table 2. Main chemical composition and content of red mud.

Composition SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2O K2O Other

Content/wt% 28.09 25.54 19.81 1.71 0.29 2.15 10.17 0.31 11.43

2.1.2. Titanium Gypsum

The titanium gypsum required for the tests came from Jinan Yuxing Chemical Co., Ltd.
(Jinan, China) and was sticky, reddish, and shaped like clay. The chemical composition
and content in the titanium gypsum specimens was detected using an X-ray fluorescence
spectrometer, as shown in Table 3. The mineral composition of the titanium gypsum mainly
consisted of CaSO4-2H2O, Fe2O3, and SiO2.
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Table 3. Main chemical composition and content of titanium gypsum.

Composition CaO SO3 Fe2O3 TiO2 SiO2 Na2O Al2O3 Other

Content/t% 27.43 34.42 9.28 5.49 4.34 1.13 1.37 0.786

2.1.3. Phosphogypsum

The phosphogypsum powder used for the tests was from Linyi Schkofen Chemical Co.
Ltd., (Linyi, China) and its appearance was a light gray powder. The chemical composition
and content in the phosphogypsum specimens were detected using X-ray fluorescence
spectrometry, as shown in Table 4. The main mineral compositions of the phosphogypsum
were CaSO4-2H2O, SiO2, etc.

Table 4. Main chemical compositions and contents of phosphogypsum.

Composition SO3 P2O5 Al2O3 SiO2 CaO Other

Content/% 52.29 1.23 1.02 6.76 37.53 1.17

2.1.4. Cement

The ordinary silicate benchmark cement used in the tests was from Qufu Zhonglian
Cement Co., Ltd. (Qufu, China) and had a dark gray appearance. The basic physical
properties of the benchmark cement are shown in Table 5, and the chemical composition
analysis results are shown in Table 6. The main mineral compositions of the cement were
C3S, C2S, C4AF, and CA.

Table 5. Physical properties of benchmark cement.

Fineness
0.08/% 1

Specific Surface
Area m2/kg

Density
g/cm3

Solidification Time (min) Flexural Strength (MPa)
Compressive

Strength (MPa)

Initial Set Final Set 3 days 7 days 3 days 7 days

0.4 345 3.12 95 156 6.3 7.8 28.0 39.5
1 Percentage of sieve residue from a 0.08 mm square-hole sieve.

Table 6. Chemical composition and content of benchmark cement.

Composition SO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O f-CaO 1 Cl− Other

Content/% 20.12 5.12 3.62 63.56 2.07 2.38 0.53 0.75 0.015 2.06
1 Calcium oxide in a free state.

2.2. Specimen Preparation

A fixed cement admixture of 8%, along with titanium gypsum and phosphogypsum
admixtures of 0%, 3%, 5%, 7%, and 10%, were used to prepare standard-sized specimens
with a diameter of 39.1 mm and height of 80 mm at room temperature and pressure.
The mass of the specimen was calculated according to the optimum moisture content
and maximum dry density obtained from the compaction test results. The specimens
were prepared according to 96% compaction. After the specimens were made, they were
sealed in a Ziplock bag and placed in the curing room. The temperature of the curing
room was controlled at 20 ± 2 ◦C, the relative humidity was controlled at 95%, and the
curing ages were 7 d, 14 d, and 28 d. The specimen preparation process is shown in
Figure 1. The titanium gypsum–cement-stabilized red mud matrix composites (RTC) and
phosphogypsum–cement-stabilized red mud matrix composites (RPC) mix ratios are shown
in Table 7.
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Figure 1. The specimen preparation process.

Table 7. RTC and RPC mix ratios.

Number

Admixture/%

Number

Admixture/%

Red
Mud

Titanium
Gypsum

Cement
Red
Mud

Phospho
Gypsum

Cement

RTC-0 92 0 8 RPC-0 92 0 8
RTC-3 89 3 8 RPC-3 89 3 8
RTC-5 87 5 8 RPC-5 87 5 8
RTC-7 85 7 8 RPC-7 85 7 8

RTC-10 82 10 8 RPC-10 82 10 8

2.3. Experimental Methods
2.3.1. Compaction Test

The compaction test was carried out using a standard (electric) compaction apparatus,
and a compaction cylinder with an inner diameter of 10 cm and a height of 12.7 cm was
selected according to the heavy compaction test method of soil in the “Test Methods of
Soils for Highway Engineering” (JTG 3430-2020) [29]. The test was carried out three times,
and the average value was taken as the test result.

2.3.2. Unconfined Compressive Strength

The unconfined compressive strength test was carried out based on “Test Methods
of Soils for Highway Engineering” (JTG 3430-2020) [29]. The microcomputer-controlled
electronic universal testing machine (WDW-S100 type) was used to control the loading
speed of 1 mm/min. The specimens were prepared according to the compaction degree of
96%, and the unconfined compressive strength test was carried out when the curing age
reached 7 d, 14 d, and 28 d, respectively. Three parallel specimens were set up for each
group, and the average value was taken as the result of unconfined compressive strength.

2.3.3. Scanning Electron Microscopy (SEM)

The equipment used in this experiment was the ApreoSHiVac field emission scanning
electron microscope. Before the experiment, the test block was knocked to the appropriate
size, and a block sample with a relatively smooth surface was taken and dried to a constant
weight in an oven at 105 ◦C. After removing the sample, it was placed in a drying tower
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until the sample was cooled to room temperature. The carbon conductive adhesive was
first affixed to the sample stage, and then the sample was fixed to the conductive adhesive
to ensure that the sample was firmly affixed to the sample stage. After fixing the sample, the
sample was sprayed with gold, then the sample was observed and analyzed by selecting
the appropriate magnification.

2.3.4. Continuous Flume Leaching Test

According to the block leaching test specification NEN 7375-2004 [30], a block sample
of 4 cm × 4 cm × 16 cm was made using pure water in the laboratory as the leaching
solution with a liquid–solid ratio of 10 L/kg. Eight consecutive cycles of leaching tests
were conducted on the cement-stabilized red mud materials (RTC-0, RPC-0, and RC) and
gypsum–cement-stabilized red mud matrix composites with different admixtures. At the
end of each leaching stage, we measured the concentration of heavy metals in the leach
solution. To minimize the experimental error, three groups of parallel tests were set up,
and the test results were averaged to further analyze the leaching pattern of the heavy
metals [31]. Figure 2 shows the continuous water tank leaching test setup in this paper,
and Table 8 shows the leaching solution replacement time of the continuous water tank
leaching test.

 

Figure 2. Continuous flume leaching test setup.

Table 8. Leach solution replacement time.

Leach Stage
Leach Solution Replacement Time

Cumulative Time/d Interval Time/h

1 0.25 6
2 1 18
3 2.25 30
4 4 42
5 9 120
6 16 168
7 36 480
8 64 672

The following is the method of data processing used for the continuous flume leaching
test NEN 7375-2004 [32]:

(1) The amount of a component leached Ei obtained for each stage i is shown in
Equation (1):

Ei =
Vi × Ci

md
(1)

109



Buildings 2024, 14, 1979

In the equation:

Ei: the amount of a component leached in the leaching stage i, mg/kg;
Ci: concentration of a component in the leach solution at leaching stage i, mg/L;
md: mass of sample dry matter in the column, kg.

(2) The leaching concentration E∗
i of a component obtained for each stage i is shown

in Equation (2):

E∗
i =

Vi × Ci
f × A

(2)

In the equation:

E∗
i : leaching concentration of a component at leaching stage i, mg/m2;

Vi: volume of leach solution at leaching stage i, L;
Ci: concentration of a component in the leach solution at leaching stage i, μg/L;
f : a conversion factor, 1000 μg/mg;
A: surface area of the sample.

(3) The cumulative release of a component Un is calculated as shown in Equation (3):

Un =
8

∑
i=1

Ei (3)

In the equation:

Un: cumulative leaching of a component in stages 1–8, mg/kg;
Ei: the amount of a component leached at the leaching stage i, mg/kg.

3. Results and Analysis

3.1. Comparative Analysis of Optimum Moisture Content and Maximum Dry Density

The RTC and RPC with different mixing ratios were subjected to compaction tests
to obtain their optimum moisture contents and maximum dry densities. as shown in
Table 9. Figure 3 shows the compaction characteristic curves of the cement-stabilized
red mud-based materials with different gypsum types and different mixing ratios. Based
on the figure, the optimal moisture content was less affected by the gypsum type and
material ratio, and the optimal moisture content of the different gypsum-modified red mud
composites was concentrated at 22~27%. In Figure 3a, the peak of the compaction curve
gradually shifted to the lower right with the increase in the titanium gypsum admixture,
the maximum dry density of RTC decreased with the increase in the titanium gypsum
admixture by 0.11 g/cm3, and the optimum moisture content increased with the increase in
the titanium gypsum admixture by 0.87%. In Figure 3b, the peak of the compaction curve
shifted irregularly with the increase in the phosphogypsum admixture. In this case, the
optimum moisture content of RTC is slightly greater than that of RPC, and the maximum
dry density of RTC is slightly less than that of RPC, which is caused by the fact that the
water absorption of titanium gypsum is slightly greater than that of phosphogypsum.

Table 9. Compaction test results of composites with different mix ratios.

Number
Maximum

Dry Density
(g/cm3)

Optimum
Moisture

Content/%
Number

Maximum
Dry Density

(g/cm3)

Optimum
Moisture

Content/%

RTC-0 1.92 22.39 RPC-0 1.92 22.39
RTC-3 1.91 22.66 RPC-3 1.90 22.59
RTC-5 1.89 22.92 RPC-5 1.93 21.85
RTC-7 1.84 23.10 RPC-7 1.89 22.26

RTC-10 1.81 23.26 RPC-10 1.88 22.24
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(a) (b) 

Figure 3. Compaction curves of samples with different gypsum and mix ratios. (a) RTC compaction
curves with different mix ratios; (b) RPC compaction curves with different mix ratios.

3.2. Unconfined Compressive Strength Analysis
3.2.1. RTC Unconfined Compressive Strength Analysis

The results of the unconfined compressive strength tests of the RTC specimens are
shown in Figure 4. The compressive strength of the RTC increased with increasing additions
of titanium gypsum. When the titanium gypsum admixture was 0 wt%, there was no
significant increase in the strength of the composites from 7 d to 28 d, and a decrease
in strength was observed at 14 d. And, when the titanium gypsum admixture was 10
wt%, the 7 d strength reached 8.8 MPa, and the 28 d strength was able to reach 11.8
MPa. This indicates that the addition of titanium gypsum produces free Ca2+, SO4

2− in
the mixture. The water in the red mud contained a large amount of OH−, which can
react with SiO2 and Al2O3 in the red mud to generate reaction products such as calcium
silicate hydrated, calcium aluminate hydrated, or calcium sulfoaluminate hydrated. It
also wraps the red mud agglomerates with cement hydration products to form a more
stable cemented whole [33]. The addition of titanium gypsum and cement caused the red
mud-based composites to form a reticulated and stabilized structure with a combination of
cementitious and crystalline associations through the processes of cement hydration and
alkali excitation [34].

Figure 4. RTC unconfined compressive strength.

The ages of curing of the specimens immersed in water were 7 d (6 d in the curing
room, 1 d in the immersion), 14 d (13 d in the curing room, 1 d in the immersion), and
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28 d (27 d in the curing room, 1 d in the immersion) [35]. The unconfined compressive
strength of the RTC after immersion is shown in Figure 5. A comparison of the unconfined
compressive strength of the RTC after 7 d and 28 d of immersion was used to analyze the
influence of the soaked conditions on the strength of the red mud-based composites. The
results are shown in Figure 6.

 

(a) (b) 

Figure 5. Unconfined compressive strength after 7 d and 28 d of RTC curing. (a) Unconfined
compressive strength after 7 d of RTC curing; (b) unconfined compressive strength after 28 d of
RTC curing.

 

Figure 6. Rate of strength loss of RTC after immersion.

It can be found from the test results that when only cement was used to treat the
red mud, the strength of the modified red mud was lost more after immersion, and the
overall water stability was poor. The loss of strength reached 45% at 7 d and 40% at 28 d.
In contrast, the red mud-based composites with added titanium gypsum had a relatively
small loss of strength after immersion. The smallest loss was RTC-7, which was for 28 d,
with a loss of 22%.

3.2.2. RPC Unconfined Compressive Strength Analysis

The results of the RPC unconfined compressive strength tests are shown in Figure 7.
The admixture of phosphogypsum in the RPC had a significant effect on its strength. The
strength of the modified red mud first increased and then decreased with phosphogypsum
addition. The RPC-5 had the largest increase in unconfined compressive strength at 28

112



Buildings 2024, 14, 1979

d, with a 125.5% increase in the 28 d strength compared to RPC-0. The modified red
mud specimen with the 5 wt% phosphogypsum admixture had a maximum strength
of 12.4 MPa at 28 d. This is because the Ca2+ and SO4

2− dissolved in phosphogypsum
accelerate the chemical reaction to produce a large number of ettringite with swelling
properties. Ettringite fills the pores, and the mutual cross-linking between needle crystals
binds many of the particles together to form a spatial structure along with hydrated
calcium silicate and hydrated calcium silicate [36], which makes the structure denser and
thus improves the strength of the RPC.

 
Figure 7. RPC unconfined compressive strength.

The immersion conditions for RPC were the same as those for RTC. The unconfined
compressive strength of RPC after immersion is shown in Figure 8. A comparison of
the unconfined compressive strength of RPC after 7 d and 28 d of immersion was used
to analyze the influence of the soaked conditions on the strength of the red mud-based
composites. The results are shown in Figure 9.

 
(a) (b) 

Figure 8. Unconfined compressive strength after 7 d and 28 d of RPC curing. (a) Unconfined
compressive strength after 7 d of RPC curing; (b) unconfined compressive strength after 28 d of
RPC curing.
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Figure 9. Rate of strength loss of RPC after immersion.

As can be seen from the figure, compared to RPC-0, the red mud-based composites
with added phosphogypsum had a relatively small loss of strength after immersion. The
smallest loss was RPC-5, which was for 7 d, with a loss of 24%.

3.2.3. Comparative Analysis of RTC and RPC Unconfined Compressive Strength

Figure 10 shows the variation curves of the unconfined compressive strength with the
gypsum admixture after 7 d and 28 d for the modified red mud composites. The figure
shows that the RTC 7 d and 28 d strengths increased. Figure 10a shows that the unconfined
compressive strength of the RC was about 5.5 MPa after 7 d of curing, and the strength of
the samples increased by 14.5%, 41.8%, 45.5%, and 61.6% as the titanium gypsum admixture
was elevated to 3%, 5%, 7%, and 10%, respectively. When the phosphogypsum admixture
was not more than 3%, the RPC strength increased significantly with the admixture, and
the strength reached up to 9 MPa. The RPC strength changed slowly when the phosph-
ogypsum admixture was more than 3%. Figure 10b shows that the RTC strength grew
with the increases in the titanium gypsum admixture and reached 11.8 MPa when the
admixture reached 10%, which was an increase of 114.5% compared to the RC strength.
The RPC strength showed an increasing and then decreasing trend with the increase in
phosphogypsum admixture, and the strength reached a maximum of 12.4 MPa when the
phosphogypsum admixture was 5%, which was an increase of 125.5% compared to the RC
strength. Based on the unconfined compressive strength after 7 d and 28 d, the strength of
the phosphogypsum was higher than that of the titanium gypsum at the same admixture
and same age, and the strength of the titanium gypsum-modified red mud exhibited an
upward trend. However, when the gypsum admixture was controlled to be less than 10%,
the RPC was superior to the RTC. This was due to the addition of gypsum, which promoted
the hydration reaction within the matrix, generating a large number of ettringite (AFt) with
calcium silicate hydrate (C-S-H) cross-growth, forming a dense net structure, and refining
the internal pore size of the matrix [31]. It can be seen that the modified red mud composite
with the best strength was RPC-5. The truss structure in the building was also formed in
the RPC compared to the RTC, resulting in a higher strength of the specimen. This was
consistent with the results of the microstructure analysis of the specimen.
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(a) (b) 

Figure 10. Variation curve of unconfined compressive strength of specimens with different gypsum
admixtures. (a) Change curve of 7 d compressive strength with gypsum admixture; (b) change curve
of 28 d compressive strength with gypsum admixture.

3.3. Microstructure Analysis
3.3.1. Comparative Analysis of RC and RTC Microstructures

Figure 11 shows the SEM micrographs of the specimen sections of RC specimens
magnified by 2000 and 8000 times after 28 d of curing, respectively. The microstructures of
the hydration products of the RC specimens at the age of 28 d consisted of part of a fine
acicular material and amorphous gel, forming a spatial reticulation of the combination
of colloidal–crystalline materials. However, the structure had more cracks and a certain
number of unfilled pores. The fine acicular material was ettringite (AFt), and the amorphous
gel was a calcium silicate hydrate (C-S-H). The C-S-H structure connected some fine
particles, and the generation of these substances was the basis for the early strength
development of the filling body. The overall structure of the filled body was denser, so the
early strength was relatively high. With the increase in the age of curing, the hydration
reaction of the cement continued, the activity of the red mud was stimulated, a small
amount of AFt and a large amount of C-S-H were generated, and the crystals gradually
developed [37].

  
(a) (b) 

Figure 11. SEM micrographs of RC at different magnifications. (a) SEM micrograph of RC specimen
section at 2000×; (b) SEM micrograph of RC specimen section at 8000×.

Figure 12 shows the SEM micrographs of RTC specimens added with 5% titanium
gypsum at a magnification of 2000 times and 8000 times after 28 d of curing. It can be
seen that, with the addition of titanium gypsum, more particles with more complex shapes
and different sizes appeared, and voids still existed between the particles. But compared
with the specimens without titanium gypsum, the pores of the RTC-5 specimens became
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smaller at the age of 28 d, the number of cracks decreased, and finer acicular material
AFt appeared. The fine acicular materials began to interweave with each other, the C-S-H
gelation increased gradually, and the pores inside the specimens were gradually filled by
the hydration products, which laid a structural foundation for enhancing the specimen’s
mechanical strength.

  
(a) (b) 

Figure 12. SEM micrographs of RTC-5 at different magnifications. (a) SEM micrograph of RTC-5
specimen section at 2000×; (b) SEM micrograph of RTC-5 specimen section at 8000×.

Figure 13 shows the SEM micrographs of sections of the RTC specimens added with
10% titanium gypsum at magnifications of 2000 and 8000 times after 28 d of curing, re-
spectively. As the admixture of titanium gypsum continued to increase, a coarser and
wider AFt columnar structure was produced inside the matrix. The internal structure of
the filled body was covered by a large amount of reticulated C-S-H, which further reduced
the number of internal pores and cracks. This resulted in a dense structure, better integrity,
and increased strength. This is because the addition of titanium gypsum produced a large
number of free Ca2+ and SO4

2−, and the water in the red mud contained a large number of
OH−, which could react chemically with the SiO2 and Al2O3 in the red mud to generate
reaction products such as calcium silicate hydrated, calcium aluminate hydrated, or calcium
thioaluminate hydrated. This is the mechanism of action of the calcium-based material
curing of the red mud-based composites. The reactions are as follows [33]:

xCa(OH)2 + SiO2 + nH2O → xCaO·SiO2(n + 1)H2O (4)

xCa(OH)2 + Al2O3 + nH2O → xCaO·Al2O3(n + 1)H2O (5)

This is also consistent with the strength test results.

  
(a) (b) 

Figure 13. SEM micrographs of RTC-10 at different magnifications. (a) SEM micrograph of RTC-10
specimen section at 2000×; (b) SEM micrograph of RTC-10 specimen section at 15,000×.
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3.3.2. RPC Microstructure Analysis

Figure 14 shows the SEM micrographs of sections of the RPC specimens with the 3%
phosphogypsum admixture at magnifications of 4000 and 15,000 times after 28 d of curing,
respectively. The figure shows that a large number of hedgehog-like crystals AFt appeared
in the composites with 3% phosphogypsum added, while lumps were visible in the clusters
of AFt crystals. The structures were gradually linked into a dense whole with fewer cracks
under the connection of AFt. The addition of phosphogypsum produced free Ca2+ and
SO4

2− ions in the composite material, while the moisture in the red mud contained a
large amount of OH−. With the increased pH in the moisture, they reacted chemically
with the SiO2 and Al2O3 in the red mud to generate reaction products such as calcium
silicate hydrated, calcium aluminate hydrated, or calcium sulphoaluminate hydrated under
the joint action. Together with the cement hydration products, they wrapped red mud
aggregates, forming a more stable cemented whole [33].

 
(a) (b) 

Figure 14. SEM micrographs of RPC-3 at different magnifications. (a) SEM micrograph of RPC-3
specimen section at 4000×; (b) SEM micrograph of RPC-3 specimen section at 15,000×.

Figure 15 shows the SEM micrographs of specimen sections of tbe RPC specimens with
the 5% phosphogypsum admixture at magnifications of 4000 and 15,000 times after 28 d of
curing. As can be seen from the figure, the increase in the phosphogypsum admixture to
5% further promoted the hydration reaction between the gelling material and the active
substances in the red mud. A large amount of AFt and C-S-H grew interlaced and are
tightly wrapped by the gel, forming a dense net structure, effectively refining the internal
pore size and cracks of the matrix, and forming a truss structure like in the building, thus
increasing the strength of the specimen. RPC-5 underwent cement hydration reaction and
alkali excitation to form a stable mesh structure with a combination of cementitious and
crystalline associations [31].

Figure 16 shows the SEM micrographs of specimen sections of RPC specimens with
the 10% phosphogypsum admixture at magnifications of 4000 and 15,000 times after 28 d of
curing. As can be seen from the figure, when the phosphogypsum admixture was increased
to 10%, the pore size of the specimens increased, the number of cracks increased, and C-S-H
did not form a mesh structure, which indicates that the addition of excess phosphogypsum
affected the strength of the composites. This is because the mineral composition based on
the Bayer method of the red mud was mainly silicoaluminate. As the reaction proceeded, a
large amount of OH− was dissolved. When the pH value rose to a certain level, the Ca2+ in
the solution reacted chemically with active Si and Al2O3 to generate calcareous alumina,
katenite, etc., and the Ca2+ concentration was gradually reduced. The concentrations of
SiO4

4− and AlO2− were due to the continuous depolymerization of the alumina–silicates
in the raw material, which gradually increased, inhibiting the generation of AFt [38]. This
corresponds to the results of the unconfined compressive strength tests.
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(a) (b) 

Figure 15. SEM micrographs of RPC-5 at different magnifications. (a) SEM micrograph of RPC-5
specimen section at 4000×; (b) SEM micrograph of RPC-5 specimen section at 15,000×.

  
(a) (b) 

Figure 16. SEM micrographs of RPC-10 at different magnifications. (a) SEM micrograph of RPC-10
specimen section at 4000×; (b) SEM micrograph of RPC-10 specimen section at 15,000×.

3.4. Analysis of Heavy Metal Leaching Pattern

The results of the continuous flume leaching test after eight cycles are shown in
Table 10 and Figure 17. The cumulative releases of the heavy metals As, Mo, Zn, and Cr
were all larger, while the cumulative releases of Pb, Se, Ba, and Cu were smaller. However,
the inhibition effects of phosphogypsum on As, Mo, and Cr leaching were better than that
of the titanium gypsum, and the inhibition effects on Zn leaching were weaker than that of
the titanium gypsum. When the gypsum admixture was the same at 5%, the cumulative
release of As, Mo, and Cr in the RPC was 0.01655 mg/L, 0.02559 mg/L, and 0.00762 mg/L
lower than that of RTC, respectively, and the cumulative release of Zn was 0.00719 mg/L
higher than that of RTC. When the gypsum admixture was the same at 10%, the cumulative
release of As, Mo, and Cr in the RPC was lower than that of RTC by 0.01078 mg/L, 0.05193
mg/L, and 0.01521 mg/L, respectively, and the cumulative release of Zn was higher than
that of RTC by 0.01336 mg/L. The cumulative release of heavy metal elements through
leaching in the RTC and RPC was found to meet the discharge standards for Class III
groundwater. This is because the addition of titanium gypsum and phosphogypsum
generates AFt, which is capable of interconnecting and filling the internal structure of the
material so that the heavy metal elements in the material are encapsulated in the modified
material in the form of complexes due to precipitation or other means [39]. However,
there are long-term leaching behaviors of heavy metal elements in composites, such as
Ni, Cr, Ba, As, Se, Zn, etc. The leaching behaviors of heavy metal elements can still be
detected after several leaching cycles. This is because in the long-term leaching process,
the gel structure is slowly eroded, and the heavy metal elements in the material diffuse
into the leaching solution through the pore water. In contrast, the collodion minerals or
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nascent hydration products in the uneroded portion continue to encapsulate or adsorb
the heavy metal elements, which continue to be present in the matrix and are not fully
released [31]. This indicates that when the modified red mud material is applied to road
sub-base materials, it is necessary to carry out a long-term test on the release of heavy
metals to avoid the excessive release of heavy metals leading to environmental pollution.

Table 10. Results of continuous flume leaching tests.

Group III Groundwater RC RTC-5 RTC-10 RPC-5 RPC-10

Be (mg/L) ≤0.0002 — — — — —
Cr (mg/L) ≤0.05 0.014419 0.02709 0.02572 0.01947 0.01051
Mn (mg/L) ≤0.1 0.00158 0.00014 — — —
Co (mg/L) ≤0.05 0.00020 0.00002 0.00003 0.00002 —
Ni (mg/L) ≤0.05 0.00034 0.00015 0.00039 0.00169 —
Cu (mg/L) ≤1.0 0.00273 0.00004 0.00085 0.00080 0.00044
Zn (mg/L) ≤1.0 0.02643 0.01017 0.0052 0.01736 0.01856
As (mg/L) ≤0.05 0.09978 0.04719 0.02151 0.03064 0.01073
Se (mg/L) ≤0.01 0.00078 0.00132 0.00141 0.00129 0.00133
Mo (mg/L) ≤0.1 0.05653 0.08971 0.08766 0.06412 0.03573
Cd (mg/L) ≤0.01 0.00013 — — — —
Ba (mg/L) ≤1.0 0.00271 0.00144 0.00199 0.00204 0.00428
Hg (mg/L) ≤0.001 — — — — —
Pb (mg/L) ≤0.05 0.00767 — 0.00046 0.00013 0.00026

 

Figure 17. Cumulative heavy metal release results. Based on the above experimental results, the
cumulative release pattern of the heavy metals As, Mo, and Ba from the modified red mud composites
was analyzed.

3.4.1. Analysis of the Leaching Pattern of As

Figure 18 shows the cumulative release of As in the specimens with time and dosage
for different gypsum admixtures. Based on the figure, the cumulative release of As reaches
a steady state after the leaching time reaches 16 d. With the increase in titanium gypsum
and phosphogypsum dosing, the total cumulative release of As exhibits a decreasing
trend. For the same 5% admixture of titanium gypsum and phosphogypsum, the total
leaching of As in the composites was 8.14 mg/m2 and 5.07 mg/m2, respectively, which was
8.88 mg/m2 and 11.95 mg/m2 less than that of the specimens without gypsum addition.
For the same 10% admixture of titanium gypsum and phosphogypsum, the total leaching
of As in the composites was 3.73 mg/m2 and 1.82 mg/m2, respectively, which was 13.29
mg/m2 and 15.2 mg/m2 less than that of the specimens without gypsum addition. It can
be seen that phosphogypsum inhibits the leaching of As better than titanium gypsum with
the same amount of gypsum admixture.
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(a) (b) 

Figure 18. Variation curves of cumulative release of As with time and dosage in specimens with
different gypsum admixtures. (a) Variations in the cumulative release of As with time; (b) variations
in the cumulative release of As with admixture.

3.4.2. Analysis of the Leaching Pattern of Mo

Figure 19 shows the cumulative release of Mo in the specimens with time and dosage
for different gypsum admixtures. Based on the figure, the cumulative release of Mo entered
a slow growth phase after the leaching time reached 16 d. With increasing titanium gypsum
and phosphogypsum incorporation, the overall total cumulative release of Mo both showed
an increasing trend followed by a decreasing trend, but with differences. For the same
5% admixture of titanium gypsum and phosphogypsum, the total leaching of Mo in the
composites was 15.74 mg/m2 and 10.61 mg/m2, respectively. The composites with titanium
gypsum had a higher total amount of leaching than the composites with phosphogypsum
by 5.13 mg/m2. At the same 10% admixture of titanium gypsum and phosphogypsum,
the total leaching of Mo in the composites was 15.20 mg/m2 and 6.06 mg/m2, respectively.
The composites with titanium gypsum had a higher total amount of leaching than the
composites with phosphogypsum by 9.14 mg/m2. At the same dosage of 5%, both the
titanium gypsum and phosphogypsum promoted the leaching of Mo in the composites. At
the same dosage of 10%, the addition of titanium gypsum still promoted the leaching of
Mo in the composites, while the addition of phosphogypsum inhibited the leaching of Mo
in the composites.

 
(a) (b) 

Figure 19. Variation curves of cumulative release of Mo with time and dosage in specimens with
different gypsum admixtures. (a) Variations in the cumulative release of Mo with time; (b) variation
in the cumulative release of Mo with admixture.
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3.4.3. Analysis of the Leaching Pattern of Ba

Figure 20 shows the cumulative release of Ba in the specimens with time and dosage
for different gypsum admixtures. Based on the figure, the cumulative release of Ba entered
a slow growth phase after the leaching time reached 16 d. With increasing titanium gypsum
and phosphogypsum incorporation, the overall total cumulative release of Ba both showed
a decreasing trend followed by an increasing trend, but with differences. For the same
5% admixture of titanium gypsum and phosphogypsum, the total leaching of Ba in the
composites was 0.25 mg/m2 and 0.34 mg/m2, respectively. The composites with titanium
gypsum had a lower total amount of leaching than the composites with phosphogypsum by
0.09 mg/m2. At the same, for the 10% admixture of titanium gypsum and phosphogypsum,
the total leaching of Ba in the composites was 0.34 mg/m2 and 0.73 mg/m2, respectively.
The composites with titanium gypsum had a lower total amount of leaching than the
composites with phosphogypsum by 0.39 mg/m2. At the same dosage of 5%, both titanium
gypsum and phosphogypsum inhibited the leaching of Ba in the composites. At the same
dosage of 10%, the addition of titanium gypsum still inhibited the leaching of Mo in
the composites, while the addition of phosphogypsum promoted the leaching of Mo in
the composites.

  
(a) (b) 

Figure 20. Variation curves of cumulative release of Ba with time and dosage in specimens with
different gypsum admixtures. (a) Variations in the cumulative release of Ba with time; (b) variations
in the cumulative release of Ba with admixture.

4. Conclusions and Prospects

4.1. Conclusions

In this paper, the compaction characteristics, unconfined compressive strength, mi-
crostructure, and heavy metal leaching patterns of RTC and RPC with different gypsum
admixtures were investigated, and the optimal ratio of gypsum–cement-stabilized red mud
composites was selected. The main conclusions are as follows:

(1) The results of the compaction test showed that there were minor differences in the
optimal moisture content between RTC and RPC, while the maximum dry densities
of the two were very close to each other, at 1.91 g/cm3 and 1.93 g/cm3, respectively.

(2) Based on the unconfined compressive strength at 7 d and 28 d, when the admixture
of gypsum was controlled to be less than 10%, the RPC was better than the RTC.
When the phosphogypsum admixture was 5%, the strength reached a maximum of
12.4 MPa. RPC-5 showed a 125.5% increase in strength compared to RC.

(3) Based on the 28 d microstructure of the specimens, phosphogypsum cured better at
the optimum mixing ratio. Among them, RPC-5 had the best curing effect, with a
denser structure with fewer pores.
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(4) The cumulative releases of As, Mo, Zn, and Cr from the 8% cement-stabilized red
mud material in the continuous flume leaching experiments were larger. The cumula-
tive releases were 0.09978 mg/L, 0.05653 mg/L, 0.02643 mg/L, and 0.014419 mg/L,
respectively. The two gypsum additions had the same effect on the leaching of the As
and different effects on the leaching of Mo and Ba.

(5) Summarizing all the test results, the optimal modified red mud material that met
both the mechanical requirements of road subgrade materials and the requirements
of groundwater standards was the RPC, and the optimal mix ratio was red mud/
phosphogypsum/cement = 87:5:8.

4.2. Prospects and Limitations

(1) In this paper, only the effects of two gypsums on the mechanical properties and heavy
metal leaching of red mud-based composites were investigated when the cement was
8%. The effects of the two gypsums on the composites were not investigated when the
cement dosage was less than 8% or more than 8%. In addition, only 96% compaction
was used to prepare the specimens in this paper. The effects of other compaction
levels on the material performance characteristics were not investigated.

(2) The research in this paper only carried out indoor tests, and no work was carried out
on the experimental sections of the modified red mud. The large-scale application
of modified red mud for road construction requires long-term stability testing of
gypsum–cement-stabilized composites. The results of the heavy metal leaching tests
likewise indicate the need to analyze groundwater and soil hazards through long-term
monitoring of the cumulative releases of heavy metals from the materials.
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Abstract: In order to investigate the deformation characteristics of interbedded weak expansive
rocks in water immersion, the sandstone–mudstone interbedded structures were taken as the object
of this study. A total of 27 sets of indoor immersion tests were designed with three influencing
factors, namely, the layer thickness ratios of sandstone and mudstone (1:1, 2:1, 3:1), the occurrence
of the rock layers (flat, oblique, and vertical), and the overburden loadings (0 kPa, 12.5 kPa, and
25 kPa). Tests were conducted to obtain the deformation time series data of the samples during
the immersion loading process. Based on this, the influence pattern of each influencing factor on
the sample deformation was analyzed individually. The results show that with the increase in
overburden loading and rock inclination angle, the sample develops from expansion deformation
to compression deformation. Changes in the layer thickness ratio will not change the deformation
trend of the sample, and the decrease in the relative mudstone content will only reduce the absolute
value of the sample’s expansion and compression deformation. The deformation stability rate of
the sample under load is 5~7 times that under no load. The increase in layer thickness ratio and
rock inclination angle will lead to different degrees of attenuation of sample expansion force in the
range of 8.91~38.68% and 51.00~58.83%, respectively. The research results of this paper can provide a
meaningful reference for the design and maintenance of a high-speed railway subgrade in a weak
expansive rock area with an interbedded structure.

Keywords: subgrade engineering; weak expansive rocks; interbedded structure; indoor water
immersion test; expansion and compression deformation

1. Introduction

Layered rock mass has obvious layered structures such as a stratification plane and a
schistosity plane. As one of the special structures, interbedded rocks are characterized by
the repeated alternation of two or more lithology strata due to the continuous change in the
sedimentary environment, which is usually manifested as the difference in rock hardness [1].
Compared to a single homogeneous rock mass, interbedded rock mass exhibits a high
degree of anisotropy [2]. Due to the change in boundary conditions such as a complex
in situ stress environment, excavation, and support, and the influence of environmental
factors such as rainfall, evaporation, and the freeze–thaw cycle, its deformation and failure
mechanism is very complex. Geotechnical structures over the long-term serving in such
complex environments face severe safety challenges. Therefore, it is necessary to explore
the basic mechanical behavior and deformation failure mechanism of the interbedded rock
mass. This is of great practical significance to ensure the rational design and safe service of
geotechnical structures in such areas.
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Scholars first focused on the study of mechanical properties and deformation mecha-
nisms of interbedded rock mass. They are accustomed to conducting numerical simulation
inversion analyses of the structural damage based on experimental data, and then intro-
ducing a structural response into the calculation model, which is compared with the field
monitoring data to verify the validity of the model [3,4]. Maheshwari [5] used the elastic–
viscoelastic correspondence principle to explain the long-term viscoelastic response caused
by underground excavations in the layered rock mass, and proposed a simple calculation
method for the deformation of the layered rock mass. Wu et al. [6] conducted different
times of wet–dry cycle tests on 116 silty mudstone and silty sandstone samples. The test
results reveal the strength-weakening characteristics and mechanisms of these two types of
rocks. Through the established strength-weakening model, they discussed the influence
of the wet–dry cycle on the strength of soft–hard interbedded rock mass. In recent years,
many new techniques have been applied to the preparation and failure characterization of
interbedded rock samples. Tian et al. [7] used 3D-printing sand core technology to prepare
soft–hard interbedded rock mass samples with different inclination angles. The deforma-
tion difference between soft and hard rocks is verified by the captured digital images, and
the anisotropic failure evolution mode of soft–hard interbedded rock mass is revealed.
Luo et al. [8] explored the strain evolution and crack propagation process of soft–hard
interbedded composite rock-like samples by digital image correlation (DIC) technology. A
simplified mechanical model of interbedded rock mass under uniaxial compression has
also been established.

The stability problem of interbedded rock slopes is very prominent. Frequent ge-
ological disasters pose a great threat to the safety of engineering and personnel [9–11].
Some scholars have obtained the engineering characteristics of the slope through on-site
geological surveys. By combining indoor tests and numerical simulations, the deforma-
tion and failure mechanism of an interbedded structure slope has been explored. On
this basis, the failure evolution process of the slope is divided into stages with different
characteristics [12–15]. Safety evaluation is also the research focus in the field of slope
engineering [16]. Wyllie and Wood [17,18] verified the feasibility of the limit equilibrium
method to analyze toppling deformation by several examples of anti-dip rock slope en-
gineering. Liu et al. [19] established an independent cantilever beam model based on
the theory of fracture mechanics, and then proposed an improved calculation method for
the stability of soft and hard interbedded anti-dip rock slopes. Based on the deformation
compatibility of rock mass, Wang et al. [20] proposed a theoretical method for evaluating
the stability of soft and hard interbedded anti-dip rock slopes, namely, DCM.

The upper and lower rock masses of the interbedded surrounding rock are uneven in
hardness and poor in self-stability. The surrounding rock is easy to slide or bend along the
inclined rock surface due to excavation disturbance, resulting in a bias phenomenon. Local
stress concentration and excessive deformation will promote the initiation and propagation
of cracks. When this is serious, it will lead to shear failure of the tunnel structure [21,22].
Previous studies have mainly focused on exploring the stress distribution characteristics
and failure evolution law of tunnels in a single-lithologic layered rock mass. But a unified
understanding has not yet been formed. In recent years, research results on the large
deformation mechanism of soft and hard interbedded surrounding rock tunnels have been
emerging. Zhao et al. [23] took the Zhengzhou–Wanzhou high-speed railway mudstone-
interbedded–sandstone-bedding rock tunnel as the research object. The effects of burial
depth, bedding dip angle and spacing, and groundwater on the pressure and deformation
characteristics of the tunnel surrounding rock were investigated. They also revealed the
failure mechanism of large-span bedding tunnel lining. Based on the field monitoring data,
Liu and Chen et al. [24,25] analyzed the deformation characteristics and failure modes of
the Muzhailing tunnel. They divided the evolution process of tunnel large deformation
into five stages: premise, gestation, development, occurrence, and treatment.

The sandstone–mudstone interbedded structure is widely distributed all over the
world, especially in the southwest, northwest, central, and southern regions of China [26]. A
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large number of studies have shown that mudstone and sandstone have weak expansibility
and will expand and soften in water [27]. With the continuous growth of high-speed
railway construction mileage in the world, the problem of subgrade uplift deformation
caused by expansive rock is becoming more and more prominent. The strict requirements
of track smoothness limit the popularization and application of the ballastless track in such
areas. In recent years, some scholars have made useful explorations on the above issues.
Dai et al. [28] obtained the expansive characteristics of red-bed mudstone by taking the
subgrade of Neijiang North Railway Station as an example. They proposed a decoupling
analysis method of seepage and swelling to invert and predict the uplift deformation
of the subgrade. According to the field deformation monitoring results of the subgrade,
Wang et al. [4] analyzed the influence of the expansion rate of the subgrade filler and
mudstone foundation on the uplift response of the ballastless track. Then, they gave the
prediction method of uplift based on the numerical calculation results. Some scholars have
used a physical model test, an in situ test, and other methods in practice. On this basis,
they explored the mechanical behavior and deformation characteristics of the subgrade in
an expansive rock area under water immersion conditions [29–35].

Although there are a considerable number of research results on interbedded rock
mass, they are mainly concentrated in the fields of slope and tunnel engineering. There
are relatively few studies on the deformation response of a sandstone–mudstone interbed-
ded structure, which is often encountered in the practice of high-speed railway subgrade
engineering. In addition, the existing research is mostly limited to the influence of the engi-
neering characteristics of a single expansive rock on the deformation of the subgrade [36–39].
Few studies have been reported on weak expansive rocks, which consider the complex
deformation and damage mechanisms. In addition, in order to better control the param-
eters such as layer thickness ratio, inclination angle, and loading, most of the existing
studies used similar materials to prepare samples [40,41]. Some scholars used numerical
simulation or other methods [42] to analyze the deformation characteristics of interbedded
rock mass. However, the results obtained by these methods are difficult to truly reflect the
deformation characteristics of weak expansive rocks with an interbedded structure in a
natural state.

Based on the above problems, this study took the sandstone–mudstone interbedded
structures as the research object. This research utilized a self-designed expansion and
compression deformation characterization test equipment to design 27 sets of indoor
immersion tests. These were based on three influencing factors: the thickness ratio of
sandstone and mudstone, the occurrence of rock mass, and the overburden loading. Tests
were conducted to obtain the deformation time series data of the samples during the
immersion loading process. Based on this, the influence pattern of each influencing factor
on the sample deformation was analyzed individually. The research results are expected
to provide a valuable reference for the rational design, operation, and maintenance of a
ballastless track subgrade of a high-speed railway in a weak expansive rock area with an
interbedded structure.

2. Experimental Scheme Design

2.1. Test Equipment

The research team developed a specialized testing apparatus to investigate the expan-
sion and compression deformation characteristics of weak expansive rocks with a typical
sandstone intercalated with mudstone interbedded structure when immersed in water. This
apparatus, depicted in Figure 1, is designed to measure the expansion and compression
deformation characteristics of weak expansive rocks under applied loads. The primary
components of the equipment include a sample model box, a hydraulic loading system, a
force sensor, and an array of displacement sensors.
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Figure 1. Expansion and compression deformation characterization test equipment.

The sample model box, constructed with reference to the dimensions of a large-scale
dynamic triaxial test (300 mm × 600 mm), features an internal loading space measuring
475 mm in length, 440 mm in width, and 600 mm in height. The box is fabricated from a
double-layer steel plate, welded and fitted with a high-strength transparent plexiglass panel
bolted to the front side. This design allows for easy observation and documentation of the
layer thickness ratio, occurrence, and deformation of sandstone and mudstone interbedded
structure samples during the loading process. A 10 mm gap between the double-layer steel
plates accommodates even distribution of water permeation holes on the inner steel plate’s
surface, promoting rapid immersion and saturation of the samples in a tri-directional water
environment. Any excess water can be efficiently drained through a water valve located at
the bottom rear of the sample model box.

The hydraulic loading system is an electro-hydraulic servo with a single-channel
pseudo-dynamic loading capability. The actuator has a vertical loading capacity of 250 kN
and a stroke of ±200 mm, enabling both static and dynamic loading. A force sensor,
fabricated from alloy steel and positioned at the actuator’s extremity, accurately measures
the load applied. Additionally, a bearing plate, sized to match the sample model box, is
placed on the sample surface to transmit and distribute the vertical load. Test monitoring
data primarily include the vertical displacement of the sample surface. A 2 × 2 array of
displacement sensors is utilized, with four corresponding deformation monitoring points
located at the bearing plate’s corners. The bearing plate’s monitored vertical displacement
indirectly indicates the sample’s overall expansion and compression deformation values.
The parameters for the laser displacement sensors are detailed in Table 1.

Table 1. Laser displacement sensors parameters.

Model
Number

Measuring
Center Distance

Measuring
Range

Repeatability
Diameter of
Light Speed

Straightness
Supply
Voltage

Installation
Mode

HG-C1200 200 mm ±80 mm 70 μm About 50 μm ±0.1% F.S 24 V Support

2.2. Experiment Method

The sandstone and mudstone samples utilized in the experiment were sourced from
the section of a high-speed railway in Guangxi, which is characterized by weak expansive
rock subgrades. The samples, extracted on-site, underwent processes of hammering, air-
drying, crushing, and sieving before being set aside for use. Their fundamental physical
properties were ascertained through laboratory testing, as detailed in Table 2.

This study focuses on the interbedded structure of sandstone and mudstone as the
research subject, examining the impact of three factors: the ratio of sandstone to mudstone
layer thickness, the occurrence of rock strata, and the applied overlying load. These factors
are considered in relation to the expansion and compression deformation characteristics of
interbedded weak expansive rocks when immersed in water. To investigate each factor,
three distinct design schemes are implemented, resulting in a total of 27 experimental
groups. The specific parameters for these experiments are detailed in Table 3.
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Table 2. Fundamental physical properties of rock samples for testing.

Rocks
Samples

Natural
Water

Content
(%)

Natural
Density

(g/cm3)

Dry
Density

(g/cm3)

Particle
Density

(g/cm3)

Optimal Water
Content

(%)

Single-Axis
Compressive

Strength
(MPa)

Expansion
Ratio
(%)

Expansion
Force
(MPa)

Cohesive
Force
(MPa)

Natural Drying

Mudstone 19.17 2.07 2.47 2.77 21 0.964 20.4 1.3 0.055 11.3
Sandstone 13.19 2.30 2.60 2.69 13 0.748 6.98 0.1 0.015 30.0

Table 3. Values of experiment parameters.

Level

Investigation Factors

Thickness Ratio
(Sandstone: Mudstone)

Occurrence Loading

1 1:1 Flat Layer (the inclination angle is 0◦) 0 kPa
2 2:1 Oblique Layer (the inclination angle is 30◦) 12.5 kPa
3 3:1 Vertical Layer (the inclination angle is 90◦) 25 kPa

According to the geological survey report of the sampling site area, only the rock
mass in the range of atmospheric and immersion influence depth was considered, and
the thickness ratio of sandstone layer to mudstone layer fluctuates within the range of
0.74:1~4.56:1. In order to facilitate the experimental design and make the test results
representative [8,40,41], three levels of 1:1, 2:1 and 3:1 were selected in this study. On this
basis, the influence of layer thickness ratio on the expansion and compression deformation
of weak expansive rock with interbedded structure was investigated.

Referring to ‘TB 10102-2023 Specification for Soil Test of Railway Engineering’ [43],
sandstone and mudstone samples were individually stirred and wetted at their respective
optimal water contents during the experiment. The prepared loose rock samples were then
transformed into interbedded structure samples using static pressure method, with the
sandstone samples exhibiting a brown color and the mudstone samples a reddish-brown
hue. The concrete sample filling scheme is illustrated in Figure 2.

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 2. Sample filling scheme diagram: (a) Thickness Ratio 1:1–Flat Layer; (b) Thickness Ratio 1:1–
Oblique Layer; (c) Thickness Ratio 1:1–Vertical Layer; (d) Thickness Ratio 2:1–Flat Layer; (e) Thickness
Ratio 2:1–Oblique Layer; (f) Thickness Ratio 2:1–Vertical Layer; (g) Thickness Ratio 3:1–Flat Layer;
(h) Thickness Ratio 3:1–Oblique Layer; (i) Thickness Ratio 3:1–Vertical Layer.

129



Buildings 2024, 14, 1901

Once the sample filling is complete, water is gradually introduced into the sample
model box through the water valve until the bearing plate’s surface is submerged. Through-
out the loading process, a thin layer of water consistently covers the surface of the bearing
plate. The displacement sensor array is employed to capture the time history data of
the bearing plate’s vertical displacement changes under the influence of various factors.
These data serve as an indicator to indirectly measure the overall expansion and com-
pression deformation of the sample. Once the expansion and compression deformation
stabilize, flooding and loading can cease. Subsequently, the sample model box’s contents,
including the samples and water, are removed. The next cycle of flooding and loading
can then commence after the samples have been replenished according to the subsequent
filling scheme.

3. Analysis of Experiment Results

3.1. Orthogonal Experimental Analysis

In light of the extensive workload and the considerable time required for compre-
hensive experiments, an orthogonal experiment was employed in this study to perform
a preliminary analysis of the factors that influence the expansion and compression defor-
mation characteristics of interbedded weak expansive rocks when immersed in water. An
L9(34) orthogonal array, encompassing four factors at three levels each, was designed to
acquire the expansion and compression deformation data of the sample upon reaching
stability under the condition of a combination of all factors. Subsequently, a range analysis
of the test data was conducted, as presented in Table 4.

Table 4. Orthogonal experiment table.

Test
Number

A
(Thickness Ratio)

B
(Occurrence)

C
(Loading)

D
(Blank Column)

Expansion and Compression
Deformation Value (mm)

1 1 1 1 1 2.28
2 1 2 3 2 −0.61
3 1 3 2 3 −0.22
4 2 1 3 3 −0.06
5 2 2 2 1 −0.19
6 2 3 1 2 1.12
7 3 1 2 2 0.10
8 3 2 1 3 0.99
9 3 3 3 1 −0.20

K1 1.450 2.320 4.390 1.890
K2 0.870 0.190 −0.310 0.610
K3 0.890 0.700 −0.870 0.710
k1 0.483 0.773 1.463 0.630
k2 0.290 0.063 −0.103 0.203
k3 0.297 0.233 −0.290 0.237
R 0.193 0.710 1.753 0.427

The effect curve, as depicted in Figure 3, is derived from the data presented in Table 4.
Figure 3 clearly illustrates that the loading is the predominant factor influencing the

expansion and compression deformation of sandstone intercalated with mudstone. This is
followed by the occurrence and the thickness ratio. As these factors increase, the samples
tend to undergo compression deformation. It is evident that as the ratio of sandstone
to mudstone layer thickness increases, the mudstone content diminishes progressively.
Consequently, the interior content of the hydrophilic clay minerals also decreases, which
is manifested in the reduced expansion deformation of the water-saturated sample. The
overlying load significantly inhibits the water-immersed expansion deformation of weak
expansive rocks. Thus, with an increase in the loading, the expansion deformation of the
weak expansive rocks with an interbedded structure also gradually diminishes. When the
loading value escalates to match the expansive force of the sample, the expansion defor-
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mation reaches zero; if the loading continues to rise, the sample undergoes compressive
deformation. Among these nine sets of experiments, the minimum value for deformation
is −0.61 mm (indicating compression deformation), while the maximum value is 2.28 mm
(indicating expansion deformation), with a minimum absolute value of −0.06 mm. The fac-
tor combinations corresponding to these three groups are A1B2C3, A1B1C1, and A2B1C3,
respectively. Based solely on the result data, it is challenging to precisely determine the im-
pact of rock occurrence on the water-immersed expansion and compression deformation of
sandstone intercalated mudstone samples. However, it can be tentatively deduced that an
increase in the rock inclination angle restricts the expansion deformation of weak expansive
rocks, a hypothesis that requires further validation through subsequent experiments.

 

Figure 3. Orthogonal experiment effect curve.

3.2. Expansion and Compression Deformation Trend Analysis

To elucidate the impact of diverse factors on the expansion and compression deforma-
tion behaviors of sandstone intercalated with mudstone interbedded structure samples,
three parameters—thickness ratio, occurrence, and loading—were designated as control
variables. The stable expansion and compression deformation of the samples under uni-
form control conditions were portrayed through a 3D mapping surface, generated by
the integration of these factors. This approach allowed for a visual representation of the
sample’s expansion and compression deformation characteristics. The ensuing analysis
outcomes are delineated in the subsequent sections.

3.2.1. Thickness Ratio as Control Condition

The 3D mapping surfaces in Figure 4 illustrate the stable expansion and compression
deformation of samples under combinations of factors at various thickness ratios. From
this figure, it is evident that for different layer thickness ratios, the stability value of the
water-immersed expansion and compression deformation of weak expansive rocks with
sandstone intercalated with mudstone shows a consistent trend with changes in occurrence
and loading level. This trend is characterized by significant expansion deformation when
the flat layer is unloaded and substantial compression deformation when the vertical
layer is subjected to 25 kPa. As the rock inclination angle increases gradually along
with the loading grade, the expansion deformation of the sample decreases progressively,
transitioning from expansion to compression deformation.

Overall, as the layer thickness ratio continues to rise, the absolute value of the sample’s
expansion and compression deformation also diminishes gradually, which is represented
by a lighter color on the 3D mapping surface. Analysis indicates that an increased layer
thickness ratio leads to a reduction in mudstone content within the sample. This limits the
expansion deformation caused by the water absorption of hydrophilic mineral components,
allowing the accumulated expansion deformation to easily dissipate along the sandstone
layer. During compression deformation, the decreased mudstone content also results in

131



Buildings 2024, 14, 1901

fewer internal pores. Consequently, the dynamic expansion of mudstone rapidly fills
these pores, hindering particle sliding and compaction. Moreover, since the sandstone
is relatively dense, the overall compressible space within the sample of expansible rock
with a weak interbedded structure is limited, resulting in a smaller absolute value of
compression deformation.

  
(a) (b) 

 
(c) 

Figure 4. Three-dimensional mapping surfaces at different thickness ratio levels: (a) Thickness
Ratio 1:1; (b) Thickness Ratio 2:1; (c) Thickness Ratio 3:1.

3.2.2. Occurrence as Control Condition

The 3D mapping surfaces illustrating the stable expansion and compression deforma-
tion of samples, as influenced by the combinations of various factors at different occurrence
levels, are depicted in Figure 5.

Figure 5 illustrates that the alteration in rock occurrence does not influence the pattern
of expansion and compression deformation characteristics for weak expansive rocks with a
sandstone intercalated mudstone interbedded structure when immersed in water. In the
expansive deformation segment, an increase in the layer thickness ratio results in a de-
crease in the value of expansion deformation. Conversely, in the compressive deformation
segment, the absolute value of compression deformation for weak expansive rock samples
with an interbedded structure diminishes progressively as the thickness ratio increases.
The impact of the loading on sample expansion and compression deformation remains
predominant, with peak values of expansion and compression deformation occurring at
thickness ratios of 1:1 under 0 kPa and 1:1 under 25 kPa, respectively. The cause analysis
aligns with previous discussions.
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(a) (b) 

 
(c) 

Figure 5. Three-dimensional mapping surfaces at different occurrence levels: (a) Flat Layer (0◦);
(b) Oblique Layer (30◦); (c) Vertical Layer (90◦).

As the inclination angle of the sandstone and mudstone interbedded structure sample
increases, the overall expansion deformation of the sample progressively diminishes, while
the compression deformation augments. In other words, the sample’s overall deformation
evolves from expansion to compression, particularly evident when the layer thickness
ratio is 1:1–25 kPa. Analysis indicates that the experiment primarily gauges the surface
expansion and compression deformation of the sample, constrained by lateral deformation
as a whole. Given a constant layer thickness ratio—that is, constant mudstone content—the
vertical deformation of the sample is dictated by the horizontal area of the sample, which
correlates with the rock layer’s inclination angle. A greater inclination angle results in a
reduced effective expansion area for the weak expansive rock in the horizontal direction.
Consequently, the cumulative amount of mudstone’s expansion deformation decreases,
and with the same mudstone content, the entire sample exhibits equivalent potential for
compression deformation. The dynamic equilibrium between expansion and compression
deformation within the microscopic mudstone sample continues to favor compression
deformation, leading to the transformation from expansion to compression deformation
after the sample is fully submerged in water and stabilized. Whether this deformation trend
can be quantitatively computed using theoretical formulas requires further investigation.

3.2.3. Loading as Control Condition

The 3D mapping surfaces in Figure 6 illustrate the stable expansion and compression
deformation of the samples under various loading levels and combinations of different
factors. From Figure 6, it is evident that when the loading is considered as a control condi-
tion, it becomes challenging to uniformly describe the deformation behavior of samples in
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conditions of water immersion, expansion, and compression. Nevertheless, on an overall
basis, there is a consistent trend observed: as the loading level increases, irrespective of the
layer thickness ratio or the level of rock occurrence, the weak expansive rock samples of
sandstone intercalated with mudstone tend to shift from exhibiting expansion deformation
to exhibiting compression deformation. The loading stands out as the most influential
factor affecting the expansion and compression deformation of the sample.

  
(a) (b) 

 
(c) 

Figure 6. Three-dimensional mapping surfaces at different loading levels: (a) 0 kPa; (b) 12.5 kPa;
(c) 25 kPa.

Under 0 kPa conditions, as depicted in Figure 6a, the sample undergoes expansion
deformation for all combinations of a variety of factors. The maximum and minimum
expansions are observed at 2.28 mm and 0.72 mm, respectively, notably evident when the
layer thickness ratio is either 1:1 (flat layer) or 3:1 (vertical layer). It is apparent that the
expansion deformation diminishes with an increase in both the layer thickness ratio and
the rock inclination angle.

When subjected to a loading of 12.5 kPa, as illustrated in Figure 6b, the sample con-
sistently demonstrates expansion deformation in flat layer structures and compression
deformation in vertical layer structures, irrespective of the layer thickness ratio. This be-
havior signifies that the overall expansive force within the sample diminishes progressively
with an increment in the rock inclination angle. When the rock layer’s inclination ranges
between 0◦ and 90◦, the total expansive force of the sample precisely counterbalances the
overburden load of 12.5 kPa.

As the loading increases to 25 kPa, as depicted in Figure 6c, the entire sample exhibits
compression deformation. In this instance, the impact of the layer thickness ratio on the
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sample’s expansion and compression behavior in water immersion significantly outweighs
the occurrence of rock strata. Furthermore, when the layer thickness ratio is at least 2:1, the
overall expansion and compression behavior of the sample remains largely unaltered. If the
foundation contains a relatively small amount of weak expansive rocks, it is unnecessary
to consider the influence of rock occurrence. Instead, it suffices to manage the overlying
load value of the weak expansive rocks through embankment filling reinforcement design,
ensuring that expansion deformation does not occur. This approach minimizes the need
for extensive land replacement, thereby reducing the overall cost of the project.

3.3. Time-History Analysis of Expansion and Compression Deformation

The prior discussion primarily concentrates on the stability value associated with
the deformation of a sandstone intercalated with mudstone interbedded structure under
conditions of water immersion. However, in practical engineering applications, it is
imprudent to concentrate solely on this particular value. The rate of deformation is an
additional parameter that necessitates monitoring.

Considering the scarcity of engineering cases involving vertical layer (90◦ inclination
angle) weak expansive rock formations with interbedded structures, this study focuses on
analyzing test results for flat layer (0◦ inclination angle) and oblique layer (30◦ inclination
angle). The time-history curves depicting the expansion and compression deformation
of both the flat and oblique layer samples were plotted. These curves were subsequently
fitted with hyperbolic functions, with the specific results being displayed in Figure 7.

  
(a) (b) 
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Figure 7. The time–history curves of samples’ expansion and compression deformation: (a) 0 kPa;
(b) 12.5 kPa; (c) 25 kPa.
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As depicted in Figure 7, for the flat layer structure, the samples’ expansion forces of
different layer thickness ratios oscillate between 12.5 and 25 kPa. Regarding the oblique
layer structure, when the layer thickness ratio is 1:1, the expansion force ranges from
12.5 to 25 kPa; however, when the ratio exceeds 1:1, the expansion force diminishes to a
span of 0 to 12.5 kPa. Moreover, the rate at which the sample’s expansion and compression
deformation stabilizes under a load is substantially faster compared to its unloaded state.
Specifically, in the absence of a load, the sample requires at least 5~7 h to achieve a stable
deformation state, whereas under a load, this stabilization occurs within approximately
1 h. Additionally, when the applied load approaches or surpasses the sample’s expansion
force, deformation can rapidly progress. There appears to be no substantial disparity in the
duration of the stability period. It can thus be inferred that in the context of a subgrade
construction within regions characterized by weak expansive rocks with an interbedded
structure, the compactness of the site can potentially be enhanced through precompression,
tamping, and other such techniques. Consequently, maintaining a relatively high level of
overlying load on the interbedded structure could significantly abbreviate the time required
for the foundation to reach a stable deformation state post-construction.

The time-history curves of expansion and compression deformation that demonstrated
a superior hyperbolic fitting effect were selected. Subsequently, the first-order derivatives of
these fitting curves were calculated, respectively. This enabled the plotting of the sample’s
deformation rate over time under the influence of various factors, as depicted in Figure 8.

Figure 8. Deformation rate—time relation curves.

An analysis of Figure 8 reveals that irrespective of whether the sample is undergoing
expansion or compression deformation, the deformation rate remains relatively high
between 0 and 50 min after immersion. During this period, the deformation progresses
rapidly, yet the rate of deformation diminishes quickly. From 50 to 200 min, the samples’
expansion and compression deformation rates enter a phase of gradual decline, ultimately
approaching zero, indicating a slow progression toward a stable state. Post 200 min, the
rates of expansion and compression deformation are significantly reduced, suggesting that
the samples have achieved a stable condition in terms of their deformation development.

The expansion and compression deformation process of a weak expansive rock sample
with sandstone intercalated with mudstone interbedded structure can be categorized into
three distinct stages: rapid deformation, slow deformation, and completed development.
In the rapid deformation stage, the samples’ expansion and compression deformation
develops rapidly, potentially reaching 90% of the final stable state under loading. In the
subsequent slow deformation stage, the rate of deformation development decreases, near-
ing completion, with minimal incremental changes in the expansion and compression
values. Finally, in the completed development stage, any further expansion and compres-
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sion deformation is virtually halted, rendering its impact on the superstructure in practical
engineering applications negligible.

3.4. Expansion Force Fitting

The analysis presented above indicates that the expansion and compression deforma-
tion characteristics of weak expansive rocks with an interbedded structure, when immersed
in water, are most significantly influenced by the overlying load. The expansion and com-
pression deformation of such rock can be effectively managed by regulating the value of
the overlying load. Consequently, determining the expansion force of weak expansive rock
with an interbedded structure is crucial for constructing a high-speed railway subgrade in
areas characterized by this type of rock.

Previous research indicates that the expansion deformation of expansive rock (or
soil) exhibits an inverse correlation with the overlying load. The vertical axis represents
the expansion and compression deformation of the sample, while the horizontal axis
denotes the corresponding load values. A relationship curve between the expansion and
compression deformation and the overlying load is plotted, which is subject to nonlinear
fitting. The x-coordinate value at the intersection of the fitted curve with y = 0 represents
the expansion force of the sample under the current factor level. The fitting curve for
the sample, considering the combined effect of various factors on the expansion and
compression deformation versus the loading, is illustrated in Figure 9.

 

Figure 9. Expansion and compression deformation—Loading fitting curve.

The x-coordinate values of each fitted curve at the intersection with y = 0 are presented
as follows.

The data presented in Table 5 are graphically represented on a 3D mapping surface, as
depicted in Figure 10.

From Figure 10, it is evident that the expansion force of the weak expansive rock
sample, characterized by an interbedded structure of sandstone and mudstone, diminishes
as the layer thickness ratio and rock inclination angle increase. The calculated reductions
are within the ranges of 8.91% to 38.68% and 51.00% to 58.83%, respectively. The data
indicate that the expansion force is more significantly influenced by the rock occurrence
level than by the layer thickness ratio.

For projects involving underlying foundations with thin, steeply inclined weak ex-
pansive rock layers, the overlying load can be determined through geological surveys and
laboratory testing. If the expansion force is within acceptable limits, no additional treatment
measures are necessary. In cases where the weak expansive rock layer is shallow, thick, and
gently inclined, the expansion force value should be calculated based on the specific project
requirements. The embankment surface load level can be maintained by either designing
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an appropriate embankment fill height or by excavating the weak expansive rock layer
to a certain depth for partial filling. Post-construction, the expansion and compression
deformation of the weak expansive rock with the underlying interbedded structure remains
at a low level, allowing for rapid and stable development.

Table 5. The expansion force of the sample of each factor level combination.

Thickness Ratio Occurrence Expansion Force (kPa)

Thickness Ratio 1:1
Flat Layer 19.08

Oblique Layer 14.53
Vertical Layer 9.35

Thickness Ratio 2:1
Flat Layer 19.36

Oblique Layer 9.09 *
Vertical Layer 7.97

Thickness Ratio 3:1
Flat Layer 17.38

Oblique Layer 8.91 *
Vertical Layer 7.88

* The data were modified by manual fitting.

Figure 10. Three-dimensional mapping surface of sample expansion force.

4. Conclusions

Two typical weak expansive rocks, sandstone and mudstone, were selected in this
study. Nine sets of weak expansive rock samples with different forms of interbedded
structures were prepared, using the layer thickness ratios (1:1, 2:1, and 3:1) and the rock
occurrence (flat, oblique, and vertical) as the controlling factors. Then, a total of 27 sets of
indoor immersion deformation characteristic tests were designed based on different over-
burden loadings (0 kPa, 12.5 kPa, 25 kPa). The influence laws of three influencing factors
on the expansion and compression deformation of weak expansive rocks with interbedded
structures were comprehensively analyzed. The main conclusions are as follows:

1. The overburden loading has the most significant effect on the expansion and com-
pression deformation of sandstone–mudstone interbedded structure samples. Its
orthogonal test effect curve showed a clear monotonic decreasing trend and the de-
crease was the largest. The increase in overburden loading and rock inclination angle
will cause the sample to change from expansion to compression deformation. The
change in layer thickness ratio will only affect the absolute value of deformation, but
will not change the deformation trend of the sample.

2. The expansion and compression deformation of sandstone interbedded with mud-
stone samples has obvious three-stage characteristics, 0~50 min for the rapid de-
formation stage, 50~200 min for the slow deformation stage, and 200 min later for
the completed development stage. In addition, the deformation stability rate of
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the sample under load is obviously faster, which is about 5~7 times that under no
load. However, when the overburden loading value exceeds the expansion force of
the sample, the difference in the deformation stability period of the sample is not
significant.

3. The expansion force of the sample decreases with the increase in the layer thickness
ratio level and the inclination angle of the rock layer, and the reduction ranges
are 8.91~38.68% and 51.00~58.83%, respectively. Therefore, the influence of rock
occurrence on the expansion force of the sample is more significant.
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Abstract: Asphalt pavement construction is a large-volume project, with the ability to recycle the
industrial waste and reduce carbon emissions. Rubber-modified asphalt is a carbon-neutralized
asphalt-based material, facilitating the recycling of waste rubber materials and improving the road
performance of the asphalt mixture. To evaluate the interface interaction of the rubber–asphalt system
and its effect on the viscosity characteristics of rubber-modified asphalt, the contact properties of
rubber particles in asphalt were analyzed on a microscopic level. Rubber swelling tests and solvent
elution tests were conducted on the rubber–asphalt system under different preparation conditions.
The swelling ratio, degradation ratio, and swelling–degradation ratio were proposed to evaluate the
interface interaction. The results show that the interface interaction of the rubber–asphalt system can
be divided into the following three stages: swelling, effective degradation, and over-degradation.
The degree of swelling is mainly affected by the content and size of the rubber particles and it is
physically condensed, while the degradation is mainly affected by the preparation temperature and
preparation time. The effective interface interaction greatly affects the viscosity with the building of
the stable three-dimensional network structure. The stronger the interface interaction, the greater
the viscosity of the rubber-modified asphalt, except for the 25% content of rubber particles. The gel
film will be generated on the surface of the rubber particles throughout the swelling and effective
degradation, increasing the viscosity of the rubber-modified asphalt.

Keywords: rubber–asphalt system; interfacial interaction; particle contact properties; three-dimensional
net microstructure; viscosity characteristics

1. Introduction

Energy shortages and environmental pollution are prominent issues of the 21st cen-
tury [1]. The recycling of waste materials represents an effective approach to address both
of these challenges and to reduce carbon emissions. With the advancement of the auto-
motive industry, the rapid accumulation of waste rubber tires has become a global issue,
commonly referred to as “black pollution”. Additionally, the road performance of asphalt
mixtures needs to be improved [2,3]. The utilization of waste rubber powder as a modifier
to prepare rubber-modified asphalt, which is a carbon-neutralized asphalt-based material,
harnessing the elastic and flexible properties of rubber to enhance asphalt performance,
has emerged as a carbon emission reduction and resource-efficient solution [4]. This waste
rubber recycling technology has found increasing applications in the field of road construc-
tion [5]. Ilyin et al. [6] analyzed the effect of rubber particles on the rheological properties
of asphalt. The study found that the addition of rubber particles improved the rutting
resistance of road binders. Xiao et al. [7] reported that the addition of rubber particles can
increase the Voids in Mineral Aggregates (VMAs) and improve the resistance to rutting
in asphalt mixtures. Mashaan et al. [8] focused on the influence of tire rubber particles on
the performance of Stone Mastic Asphalt (SMA) mixtures. Mull et al. [9] found that the
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crack resistance of rubber-modified asphalt pavements surpasses that of base pavements.
Chen and Li [10] employed the Discrete Element Method (DEM) for a microstructural anal-
ysis of rubber particle-modified asphalt mixtures. Tan et al. [11] explored the production
process of rubber-modified asphalt concrete. Huang et al. [12] investigated the fatigue
properties of rubber-modified asphalt mixtures. Cao et al. [13] analyzed the road perfor-
mance of rubber-modified asphalt mixtures utilizing various activation and modification
methods. Yu and Wu [14] studied the design method of rubber-modified asphalt mixtures.
Wang [15] analyzed the influence of particle size and the content of rubber powder on the
high-temperature rheological properties of asphalt mixtures. Tang et al. [16] examined the
impact of mineral powder on the road performance of rubber-modified asphalt mixtures.

Due to the steric effect of rubber particles and the interface adhesive effect between
rubber particles and asphalt, rubber-modified asphalt exhibits a higher viscosity and
more complex viscoelastic, lubrication, and rheological properties [17]. Investigating the
interactions between rubber particles and asphalt aids in understanding the modification
mechanisms of rubber-modified asphalt, facilitating the development of asphalt with an
improved performance and, in turn, enhancing the service performance of road surfaces.
Guo et al. [18,19], through the establishment of molecular models for the components of
rubber particles and asphalt, demonstrated the compatibility between rubber and asphalt.
The study found that the rubber particles’ content significantly influenced the storage
stability of rubber-modified asphalt. Liseane et al. [20] proposed that the digestion time
determined the elastic properties of rubber particles and its solubility in asphalt. Dong
et al. [21] simulated the swelling process of rubber powder in asphalt and discovered
that rubber particles only absorb the lighter components of asphalt, with swelling rates
initially increasing rapidly and then stabilizing. Frantzis et al. [22] analyzed the impact
of particle swelling on the storage stability of rubber-modified asphalt and proposed
asphalt diffusion coefficients and dissolution parameters. Ni et al. [23] examined the
relationship between rubber particles’ swelling degree and asphalt components, discussing
the devulcanization during the rubber swelling process. Bradley et al. [24] explored
the interaction of rubber particles with asphalt and the particle effects. Wang et al. [25]
investigated the microstructure of rubber particles and the interface properties between
rubber particles and the base asphalt. Frédérique et al. [26] employed a wetting dynamics
approach to calculate the surface energies between rubber particles and asphalt, explaining
the compatibility between rubber particles and asphalt.

The rubber particles absorb the saturated and aromatic components of asphalt, leading
to an increase in volume during the preparation process of rubber-modified asphalt. This
absorption triggers the degradation of rubber powder, releasing small molecules such
as styrene and butadiene, thus facilitating the exchange of substances between rubber
particles and asphalt [27]. Based on these observations, this investigation designed rubber
powder swelling tests and solvent elution experiments and proposed swelling rate and
degradation rate as parameters to evaluate the physicochemical behavior of rubber powder
during the preparation of rubber-modified asphalt.

In this investigation, the rubber-modified asphalt was considered as a rubber–asphalt
system. The research delved into the movement characteristics of rubber particles at a mi-
croscopic level and introduced swelling and degradation rates to characterize the interface
interactions within the rubber–asphalt system. These findings will contribute to the explo-
ration of the relation of the interface interaction and viscosity of rubber-modified asphalt,
providing a theoretical foundation for the development of the sustainable rubber-based
asphalt material and an analysis of the composition mechanism of rubber-modified asphalt.

2. Materials and Preparation Methods of Rubber-Modified Asphalt

2.1. Base Asphalt

SK 90# asphalt was selected as the base asphalt, and the relevant testing was conducted
in accordance with the requirements of the Standard Test Method of Bitumen and Bitumi-

143



Buildings 2024, 14, 1868

nous Mixtures for Highway Engineering (JTG-E20 2011) [28]. The property parameters for
the asphalt are presented in Table 1.

Table 1. The properties of asphalt.

Properties
Standard

Requirement
Test Results Method

Penetration (25 ◦C, 5 s, 100 g)/0.1 mm 80~100 88.6 T0604
Penetration index, PI −1.0~+1.0 −0.6 T0604

Ductility (5 cm/min, 10 ◦C)/cm ≥25 79.5 T0605
Ductility (5 cm/min,15 ◦C)/cm ≥100 >100 T0605

Softening point (ring and ball method)/◦C ≥45 46 T0606
Flash point (open bottle method)/◦C ≥245 292 T0611

Solubility (trichloroethylene)/% ≥99.5 99.88 T0607
Density (15 ◦C) g/cm3 ≥1.01 1.034 T0603

RTFOT(163 ◦C, 85 min)

Mass change/%, no more than ±0.8 −0.065 T0609
Residual penetration ratio (25 ◦C)/% ≥57 61.2 T0604

Residual ductility (10 ◦C)/cm ≥8 10 T0605
Residual ductility (15 ◦C)/cm ≥8 47.3 T0605

2.2. Rubber Powder

The rubber powder utilized in the experiments was a product of Huayi Rubber
Company, located in Dujiangyan. This rubber powder was available in various particle
sizes, specifically 20 mesh, 40 mesh, 60 mesh, 80 mesh, and 100 mesh. It exhibited a black
color and did not contain any visible particles perceptible to the naked eye, as shown in
Figure 1.

 
Figure 1. The rubber powder before mixing with asphalt.

According to the relevant requirements of the Ground Vulcanized Rubber of Scrap
Tires for Highway Engineering (JT/J 797-2011) [29], the physicochemical properties of the
rubber powder were tested with the test indicators presented in Table 2.

Table 2. The physicochemical properties of rubber.

Properties Test Results Standard Requirement

Density/(g·cm−3) 1.19 1.10~1.30
Moisture content/% 0.47 <1

Metal content/% 0.028 <0.05
Fiber content/% 0.49 <1
Ash content/% 5.3 ≤8

Acetone extract/% 14.7 ≤22
Carbon black content/% 31 ≥28
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2.3. Preparation Method

Preliminary research in the project indicated that the optimal conditions for preparing
rubber-modified asphalt using a stirring method at a rotational speed of 500 r/min were
as follows: a rubber size of 20 mesh, a rubber content of 20% asphalt mass, a preparation
temperature of 180 ◦C, and a preparation time of 90 min [30]. To investigate the interface
interactions within the rubber–asphalt system and their mechanistic impact on viscosity,
this investigation adopted a control variate method. The preparation parameters for
rubber-modified asphalt are presented in Table 3.

Table 3. Preparation parameters of rubber-modified asphalt.

Preparation Conditions Values

Rubber size/Mesh number 20, 40, 60, 80
Rubber content/% 5, 10, 15, 20, 25

Preparation temperature/◦C 150, 160, 170, 180, 190
Preparation time/min 30, 60, 90, 120, 150

Firstly, the SK90# base asphalt was heated in an oven to 160 ◦C and was then trans-
ferred into an oil bath. The temperature was rapidly increased on a heating plate to reach
the designated preparation temperature. To mitigate the adverse effects of asphalt aging,
it is important that the heating temperature in the oven does not exceed 160 ◦C, and the
heating time in the oil bath does not exceed 20 min. Secondly, the stirring machine was
activated, and the rotational speed was set at 500 r/min. Finally, the pre-weighed rubber
powder was added in five equal portions to the base asphalt, and rubber-modified asphalt
was prepared under the specified conditions.

3. Experimental Method

The interface interaction between rubber particles and asphalt is a process involving
the swelling, devulcanization, and degradation of rubber powder, and the combined effects
of these processes impacts the properties of rubber-modified asphalt. The degree of swelling
and degradation is related to the rubber content, rubber size, preparation temperature, and
preparation time. Rubber powder absorbs the light components of asphalt, leading to an
initial mild swelling effect. However, as swelling reaches a certain level, the degradation
process accelerates, resulting in the disintegration of rubber particles and the breaking of
molecular chains. The development of swelling and degradation determines the extent to
which the interface interaction between rubber particles and asphalt affects viscosity. To
quantitatively characterize the interface interaction between rubber particles and asphalt,
the swelling tests and degradation tests designed are employed for this investigation [31].

3.1. Swelling Test of Rubber Powder

In preparation for the experiment, a sieve with a mesh number of 120 was selected
along with a corresponding support base. Approximately 100 g of the prepared rubber-
modified asphalt was poured onto the sieve. The sieve and its support base were then
placed inside an oven preheated to 160 ◦C, where they were maintained for approximately
one hour. The rubber-modified asphalt exhibited a liquid state under high-temperature
environments, with the base asphalt flowing into the support base, while rubber particles
were retained on the sieve.

A small quantity of rubber particles from the sieve was placed onto glass slides to
prepare the test specimens. These specimens were then subjected to observation under an
optical microscope to measure the size of the rubber particles. The optical microscope used
is the ZOOM-2860 microscope produced by Shanghai Yuguang Instrument Company, the
magnification can be expanded from 2× to 180×, and the maximum distance can reach
280 mm. The separation process of the rubber particles and asphalt is illustrated in Figure 2.
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To reduce the experimental error, the size of fifty rubber particles was measured for each
set of specimens, and the average size was calculated.

 
(a) (b) 

Figure 2. The separation of rubber and modified asphalt. (a) Before separation. (b) After separation.

3.2. Solvent Elution Test

Firstly, the rubber-modified asphalt with a weight of 4 g was placed within a pre-
folded filter paper. Subsequently, the filter paper was folded to seal the top end, ensuring
that the rubber powder would not leak from the filter paper. The folded filter paper was
then inserted into a prepared Soxhlet extractor. In a 250 mL volumetric flask, trichloroethy-
lene was added to approximately two-thirds of the volume. Finally, the flask was heated
and the extraction process was repeated until the liquid in the extractor turned colorless.
To minimize error, five parallel experiments were conducted. Rubber is an inert mate-
rial, which is difficult to solubilize in trichloroethylene. To verify the accuracy of the
research, three blank samples were prepared to test the solubility of rubber particles in
the trichloroethylene, and only 1 g rubber particles were placed in the blank sample. The
filter paper that wraps the rubber particles was placed in trichloroethylene, and was then
weighed and dried. The experimental process and the rubber powder after elution are
depicted in Figures 3 and 4, respectively.

 
(1) Before elution (2) During elution (3) After elution 

Figure 3. Process of elution.
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Figure 4. The rubber after elution.

3.3. Evaluation Indices

The swelling ratio VR was proposed to characterize the increased extent of volume
in the rubber particles. Assuming that the rubber particles are approximate spheres, the
calculation method for the swelling ratio is expressed in Equation (1):

VR =
R3

1 − R3
2

R3
2

(1)

where R1 is the average diameter of rubber after swelling, in um; R2 is the average diameter
of rubber before swelling, in um.

The degree of the degradation rate, T, was proposed to evaluate the reduction degree
of the mass of the rubber powder, expressed in Equation (2):

T =
M·a − m

M·a (2)

where M is mass of the rubber-modified asphalt before elution, in g; m is mass of the rubber
powder after elution, in g; and a is the content of the rubber powder.

The volume expansion of rubber particles occurs due to their absorption of the light
components from the asphalt, leading to an increase in the steric effect within these particles.
Throughout the degradation process, there is a continual precipitation of smaller molecular
substances, enhancing the connections between rubber particles and asphalt, as well as
among different rubber particles. However, as the extent of degradation becomes more
substantial, the rubber particles undergo disintegration, nearly dissolving within the
asphalt. To quantitatively evaluate the interface interaction within the rubber–asphalt
system, the swelling–degradation rate ϕ was proposed, as expressed in Equation (3):

ϕ = VR + T (3)

4. Interface Interaction of Rubber–Asphalt System

As depicted in Figure 5, the swelling ratio initially showed an increase in preparation
time and then decreased, reaching its maximum value at 90 min. Rubber powder, being an
inert high-molecular-weight material, finds it challenging to achieve complete molecular
integration with asphalt to form a stable modified asphalt. Consequently, numerous free-
standing rubber particles disperse within the base asphalt. Upon the addition of rubber
powder to asphalt and subsequent heating and stirring, the lighter components within
the asphalt permeate and diffuse into the rubber particles, leading to the swelling of these
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rubber particles. Concurrently, chemical changes such as the degradation of rubber polymer
chains occur.

Figure 5. The change of interface interaction parameters with preparation time.

With the increase in preparation time, the volume of rubber particles continues to
increase due to the swelling behaviors. However, when the preparation time exceeds
90 min, the swelling ratio notably decreases. The degradation of rubber powder not only
diminishes the mass of the rubber particles, but also contributes to a decrease in their
volume. During the initial stages of preparation, the degradation behavior of the rubber
particles is relatively insignificant, exerting a slight influence on volume. From Figure 5,
when the preparation time is prolonged, the extent of degradation of rubber powder
significantly increases, promoting the generation of small molecules, ultimately leading to
a reduction in the volume of rubber particles.

Rubber-modified asphalt is a multiphase dispersion rubber–asphalt system resulting
from complex physicochemical interactions between rubber particles and asphalt. The
rubber–asphalt system comprises rubber particles, an interface viscous phase, and the liquid
asphalt phase. The swelling and degradation behaviors of the rubber particles within the
base asphalt are the sources of the interface interactions of the rubber–asphalt system. When
rubber particles were enveloped by the asphalt, the lighter components were absorbed,
causing an expansion in the volume of the rubber particles. Simultaneously, as the volume
expands, the polymer chains experience fragmentation, giving rise to the generation of
small molecular substances that dissolve into the asphalt. As Figure 6 illustrates, compared
with the original rubber powder, the rubber particles undergo swelling and degradation,
transferring and exchanging substances within the base asphalt. Consequently, this process
leads to an interconnection among rubber–asphalt–rubber and the formation of a three-
dimensional network structure.
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(a) 

 
(b) 

Figure 6. Microscopic characteristic at the optimal preparation conditions. (a) Original rubber
particles [27]; (b) Rubber–asphalt system.

The pattern of change in the swelling–degradation rate is consistent with that of the
swelling rate, indicating that the interface interactions in the rubber–asphalt system are the
strongest at a preparation time of 90 min.

As demonstrated in Figure 7, it can be observed that the swelling rate of rubber-
modified asphalt increases first and then decreases as the size of the rubber powder
particles increases, reaching its maximum value at a size of 60 mesh. On the one hand,
as the size of rubber powder particles increases, there are fewer pores and cracks on the
surface of the rubber powder [32], making it more difficult for the light components in
asphalt to penetrate the interior of the rubber powder. On the other hand, larger particle
sizes result in a lower quantity of rubber powder, with a rubber powder content of 20%.
During the preparation process, larger rubber particles have fewer opportunities for contact
and collision, weakening its ability to absorb the light components from the asphalt.

 

Figure 7. The change of interface interaction parameters with size of rubber.
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Based on Figure 7, it is evident that the degradation rate of rubber particles increases
with an increase in particle size. When the preparation time and preparation tempera-
ture remain constant, the extent of the degradation of the rubber powder is contingent
upon both the mass of the rubber powder and the degree of individual rubber particle
swelling. A smaller rubber powder particle size yields a more porous structure and a larger
specific surface area, thereby leading to a greater degree of degradation at the same prepa-
ration temperature and preparation time. As the lightweight components are absorbed
by rubber particles, the volume of rubber particles increases and degradation gradually
initiates during the swelling process, indicating that degradation is contingent upon the
swelling process.

At the point where the particle size reaches 80 mesh, a reduction in swelling rate
becomes evident. Normally, decreasing the particle size of the rubber powder can en-
hance its capability to absorb lightweight components. Hence, it can be deduced that
this phenomenon is a result of the degradation behavior of rubber powder, resulting in
a more significant reduction in its volume compared to the increase in volume caused
by the absorption of lightweight components. This phenomenon is herein defined as
“excessive degradation”.

The swelling–degradation rate of rubber powder follows the same trend as the swelling
rate, indicating that the interface interaction within the rubber–asphalt system is at its
strongest intensity when the rubber powder particle size is 60 mesh.

5. The Effect of Interface Interaction on the Viscosity of Rubber-Modified Asphalt

A comprehensive analysis of Figures 8 and 9 elucidates that the viscosity of rubber-
modified asphalt exhibits a consistent trend with the degradation rate of rubber powder,
and this relationship follows a highly significant quadratic function with a correlation
coefficient as high as 0.998. This indicates that the interface interactions of the rubber–
asphalt system constitute the primary source of variation in viscosity of rubber-modified
asphalt. Notably, the interface interactions between rubber particles and asphalt are at
their strongest at a temperature of 180 ◦C, leading to the formation of the most stable
three-dimensional network structure and consequently yielding the highest viscosity.
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Figure 8. Correlation between ϕ and viscosity at different preparation temperatures.
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Figure 9. Comparison of viscosity and interaction parameters at different reaction temperatures.

At temperatures below 180 ◦C, both the swelling rate and degradation rate of the
rubber powder increase with rising temperature. This phenomenon can be attributed to the
poor flowability of asphalt at lower temperatures. On the one hand, the movement of rubber
particles is impeded, and the time required for their uniform dispersion increases compared
to higher temperature conditions, consequently reducing the time for the swelling of the
rubber particles. On the other hand, the ability of the lighter components in asphalt
to infiltrate decreases, and lower temperatures adversely affect the reactivity of rubber
particles, resulting in a reduced capacity to absorb lighter components. When subjected
to external forces, the intrinsic movement behaviors of the rubber particles are notably
influenced by temperature, with higher temperatures intensifying the extent of their motion
and augmenting the interaction forces when they collide with other rubber particles. As
a result, individual rubber particles are more likely to generate the forces that differ
from the movement direction of asphalt, thereby increasing their chances of contacting
the light components within the asphalt [33]. As the temperature rises, the capacity of
rubber particles to absorb lighter components steadily expands, yet concurrently, the
extent of degradation increases. When the temperature surpasses 180 ◦C, the swelling rate
of the rubber powder experiences a dramatic reduction. This phenomenon signifies an
excessive level of degradation of the rubber powder, enhancing its capability to absorb
lightweight components, ultimately leading to a reduction in the volume of the rubber
particles. Therefore, the degradation of the rubber powders enhances the swelling, while
leading to a decrease in the swelling rate. Consequently, achieving optimal interface
interactions at lower temperatures necessitates the extension of the mixing duration, while
temperatures exceeding 180 ◦C call for a reduction in the mixing time.

Based on an exploration of the interface interactions of the rubber–asphalt system,
while keeping other preparation conditions constant, this investigation demonstrates the
mechanism behind the variation in the viscosity of rubber-modified asphalt by changing
the preparation time. Rubber particles exhibit an increased volume of light component
absorption, and as degradation progresses, the rubber–asphalt system gradually forms
a three-dimensional network structure, leading to an increase in the viscosity of rubber-
modified asphalt [34,35]. However, when the temperature exceeds 180 ◦C, with a prepara-
tion time of 90 min, rubber particles undergo further degradation, generating more small
molecular substances. While this enhances the bonding capacity among rubber particles,
it results in a reduced individual rubber particle elasticity and a decrease in the stability
of the three-dimensional network structure, consequently leading to a decrease in the
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viscosity of rubber-modified asphalt. The physicochemical behavior of the rubber–asphalt
system, which gradually enhances the stability of the three-dimensional network structure,
is termed an effective interface interaction, and the corresponding degradation behavior is
referred to as an effective degradation.

Furthermore, previous research has revealed that when the preparation temperature
is excessively elevated, and the preparation time is unduly prolonged, the degrading
rubber particles can undergo polymerization reactions or react with asphalt to form polar
compounds [30]. Additionally, asphalt is susceptible to aging with higher temperatures,
leading to an increase in its viscosity. These phenomena show that the viscosity reduction
caused by excessive degradation is greater than the viscosity increase caused by the aging
of asphalt.

As depicted in Figure 10, all other concentrations exhibit a prominent linear relation-
ship between the swelling–degradation rate and viscosity, except for at a rubber content of
25%. When the rubber content increases to 25%, the total surface area for individual rubber
particles to interact with light components decreases throughout the preparation process.
Consequently, the interface interaction between rubber particles and asphalt weakens, and
the interconnection among rubber particles is less robust. As a result, it becomes chal-
lenging to form a stable three-dimensional network structure within the rubber–asphalt
system. However, the condition of a rubber content of 25% leads to the generation of a
significant quantity of insufficiently swollen free rubber powder, augmenting the steric
hindrance effect on rubber particles. Thus, the rubber-modified asphalt prepared with a
rubber content of 25% exhibits the highest viscosity.
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Figure 10. Correlation between ϕ and viscosity under different rubber contents.

As Figure 11 illustrates, the viscosity of rubber-modified asphalt rises with the increase
in the degradation rate of swelling, except for at a rubber content of 25%. When the rubber
content is relatively low, the probability of contact and collision between rubber particles
diminishes. On the one hand, it hinders the capacity of individual rubber particles to
interact further with other regions of the asphalt, once they have absorbed light components
from the local asphalt region and undergone swelling and degradation. On the other hand,
it allows individual rubber particles to be readily encapsulated by asphalt, effectively
obstructing the passage for mass transfer between the rubber particles and asphalt, thereby
diminishing the degree of interface interaction within the entire rubber–asphalt system.
These factors collectively render the formation and stability of a three-dimensional network
structure more challenging.
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Figure 11. Comparison of viscosity and interaction parameters under different rubber contents.

However, under the combined influence of swelling and degradation, a gel-like film
forms on the surface of the rubber particles, intensifying the adhesive effects between rubber
and asphalt. As the content of rubber powder increases, this adhesive effect becomes more
pronounced, thereby augmenting the steric hindrance effect on rubber particles, resulting
in a higher viscosity of the rubber-modified asphalt. With the increasing rubber content,
particles become less prone to immobilization by asphalt due to collision and friction,
thereby increasing the probability of contact with lighter components from other regions
and an enhancement in swelling and degradation capabilities. When the rubber content
reaches 20%, both swelling and degradation rates peak. The swelling augments the volume
of rubber particles, while degradation enhances the inter-particle connectivity, significantly
improving the stability of the three-dimensional network structure. Moreover, it amplifies
the contact area between the gel-like film and asphalt, resulting in an increase in the
viscosity of rubber-modified asphalt.

6. Conclusions

This investigation conducted swelling tests and solvent elution tests to evaluate the
swelling and degradation behaviors of rubber powder in asphalt under various preparation
conditions. The swelling rate, degradation rate, and the combined swelling–degradation
rate were proposed to characterize the interface interactions of the rubber–asphalt system.
Furthermore, the influence mechanisms of interface interactions on the viscosity of rubber-
modified asphalt were revealed. The main conclusions are as follows:

(1) The degradation of rubber powder is reliant on swelling, where swelling causes an
increase in the volume of rubber particles, consequently enhancing the steric hindrance
effect of individual particles, while degradation intensifies the connectivity among rubber
particles. The interface interaction between rubber particles and asphalt facilitates the
transfer of substances and promotes the formation of a three-dimensional network structure.
The interface interactions within the rubber–asphalt system can be categorized into the
following three stages: swelling, effective degradation, and excessive degradation.

(2) The stability of the three-dimensional network structure is a critical determinant
of the viscosity of rubber-modified asphalt. The rubber size, the rubber content, and the
preparation time and preparation temperature influence the inter-particle collision prob-
ability, individual particle activity, and the flow properties of asphalt, thereby impacting
the interface interactions of the rubber–asphalt system. Stronger interface interactions
lead to a higher viscosity in rubber-modified asphalt. The interface interactions of the
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rubber–asphalt system are strongest under the optimal preparation conditions, all of which
correlate with the highest viscosity of rubber-modified asphalt.

In the following research work, based on the interface interactions of the rubber–
asphalt system, the contact slip test device independently developed will be adopted,
taking into consideration aggregate factors, to explore the bonding/lubrication interface
transition behavior of rubber-modified asphalt. This will provide a theoretical basis and
new direction for determining the optimal mixing and compaction temperatures.
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Abstract: This study examines the use of SrAl2O4: Eu2+, Dy3+ long-afterglow materials doped into
g-C3N4/TiO2 coatings for photodegradation. The prepared sample was tested for the purification
of automotive exhaust fumes, with the optimal mass ratio of g-C3N4/TiO2 and SrAl2O4: Eu2+,
Dy3+ determined to be 1:1. Characterization tests, including XRD, FT-IR, XPS, and TG-DSC, were
conducted to evaluate the microstructure and properties of the samples. Under poor lighting
conditions, g-C3N4/TiO2 reduced CH and NOx by 59 ppm and 13 ppm within 4 h, respectively, while
g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ decreased CH and NOx by 98ppm and 34ppm, respectively,
resulting in a significant improvement in degradation efficiency. The addition of long-afterglow
materials significantly improves the efficiency of photocatalysts in purifying exhaust fumes in low-
light environments, providing potential value for all-weather exhaust treatment in the future.

Keywords: photocatalysis; vehicle exhaust degradation; TiO2; g-C3N4; SrAl2O4: Eu2+, Dy3+

1. Introduction

With the development of modern industry and transportation, vehicle exhaust pollu-
tion is becoming an increasingly serious concern. Exhaust fumes contain a large amount of
harmful substances, such as nitrogen oxides (NOx), carbon monoxide (CO), and hydrocar-
bons (CH) [1], which threaten human health and exacerbate air pollution. Therefore, the
treatment of vehicle exhaust fumes is an urgent matter.

Numerous studies have shown that photocatalytic technology has significant potential
in the field of exhaust degradation and purification [2–4]. It offers an attractive opportunity
to address environmental remediation effectively and sustainably [5,6]. As automotive
exhaust fumes first come into contact with the road, the application of photocatalytic
materials to purify harmful gases on the road surface can improve the air quality in
cities. As one of the typical semiconductor materials, titanium dioxide (TiO2) is widely
used in the field of photocatalysis due to its low cost, positive effect on environmental
protection, stable chemical properties, and excellent photocatalytic performance compared
to other materials [7–9]. However, its wide band gap of 3.28 eV can only absorb ultraviolet
light, and its photogenerated electrons and holes are prone to recombination, reducing
its photocatalytic efficiency and limiting its widespread use [10]. In order to improve the
photocatalytic efficiency of TiO2, there are studies on TiO2 integrated with metal materials,
non-metallic materials, and various semiconductors. Researchers in recent years have
attempted to narrow the band gap and improve the photocatalytic efficiency of titanium
dioxide by adding metals (Pt, Zn, Ag, Cu, Au) [11–15]. Nevertheless, the metal-doped TiO2
exhibits instability and is prone to corrosion issues. This will lead to a gradual decline in the
photocatalytic activity of the materials [16]. Zhang et al. introduced a new material made
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of N-doped TiO2 into the road field, and when simulating exhaust fumes with CO and NO,
it was found that its degradation efficiency was significantly improved [17]. Heffner et al.
demonstrated that doping TiO2 with C resulted in a significant improvement in optical
performance, achieving a band gap reduction of 0.3 eV [18]. However, the non-metallic
doping process involves high-temperature heat treatment or long-term hydrothermal
treatment, which will consume a large amount of energy [19]. The composite of MoS2
and TiO2 successfully constructed a heterojunction, which can increase the separation
rate of photogenerated carriers and significantly enhance photocatalytic activity [20]. In
addition, the heterojunction will also provide a large surface area, promote the adsorption
of reactants on the catalyst surface and accelerate photocatalysis [21]. The previous research
has put forward innovative ideas to enhance the efficiency of TiO2.

Graphite carbon nitride (g-C3N4) is widely used in the field of photocatalysis due to
its advantages such as low cost, non-toxicity, good photochemical stability, and environ-
mental friendliness [22]. However, its low specific surface area and easy recombination of
photogenerated carriers hinder its practical application. Constructing a heterojunction to
produce electron hole pairs with a high separation efficiency and wide light response range
is an effective way to improve the photocatalytic ability of materials [23,24]. Therefore, the
composite of g-C3N4 and TiO2 offers a potential way to develop a new effective photocatal-
ysis. Tan et al. developed a green route to prepare TiO2 and g-C3N4 composite materials
with two types of heterojunctions. The material has a large interface surface contact, which
can accelerate electron migration and efficiently degrade indoor formaldehyde [25]. Af-
ter successful recombination of TiO2 and g-C3N4, the heterostructure between the two
can effectively promote the separation of electrons and holes, significantly improving the
photocatalytic reduction efficiency of carbon dioxide (CO2) [26].

As infrastructure is booming, monofunctional building materials can no longer meet
the needs of development. Instead, it is desirable for one material to have multiple func-
tions, so the field of composites has grown rapidly [27]. Photocatalysts are unlikely to
undergo photocatalytic reactions in low-light environments. In order to ensure that TiO2/g-
C3N4 continues to undergo photocatalytic degradation reactions in the absence of light, it
is necessary to find an all-weather photocatalytic material to solve the above problem [28].
Aluminum salt long-afterglow material (SrAl2O4: Eu2+, Dy3+) is a good type of photolu-
minescence material with a good light storage performance. Its application and research
are also the most extensive [29]. It is non-toxic, inexpensive, and has good chemical sta-
bility [30]. When there is light, it can store energy; when there is no light, electrons can
be released, resulting in luminescence [31,32]. There are studies demonstrating that long-
afterglow materials can be regarded as an additional light source that can tsupport TiO2 for
photocatalysis in a dark environment [33]. This integration aims to achieve a synergistic
effect, thereby enhancing the catalytic activity of the photocatalyst and facilitating the
degradation of automotive exhaust fumes.

This study aimed to develop a ternary composite photocatalyst of g-C3N4/TiO2/SrAl2O4:
Eu2+, Dy3+ for the degradation of road vehicle exhaust emissions. The ternary composite
photocatalyst degradation coating was prepared, and comprehensive testing was conducted
to assess its fundamental properties. A self-made reaction chamber was irradiated with
different intensities of visible light, and the purification rate of automobile exhaust fumes
was tested. On this basis, the successful formation of the composite was verified by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron
spectroscopy (XPS), and thermogravimetric analysis differential scanning calorimetry
(TG-DSC), and the mechanism of performance improvement was explained. This study
proposes a composite material that can degrade automotive exhaust fumes in both low-light
and no-light environments, as well as provides a useful reference for the photocatalytic
degradation of automotive exhaust fumes in the road domain, broadening the application
scenarios and raising the potential for timely application.
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2. Materials and Methods

2.1. Materials

The dispersing agent (99%, Beijing Mairuida Technology Co., Ltd., Beijing, China), tal-
cum powder (Beijing Mairuida Technology Co., Ltd.), titanium dioxide (TiO2, 99%, Beijing
Mairuida Technology Co., Ltd.), epoxy resin diluent (98%, Shanghai McLean Biochemi-
cal Technology Co., Ltd., Shanghai, China), calcium carbonate (CaCO3, 98%, Shanghai
McLean Biochemical Technology Co., Ltd.), coalescent (C12H24O3, 98%, Shanghai McLean
Biochemical Technology Co., Ltd.), SrAl2O4: Eu2+, Dy3+: SrCO3 (55%), Al2O3 (42%), Eu2O3
(1%), Dy2O3 (1%), and H3BO3 (1%) (Chuangrong Chemical Industry Technology Co., Ltd.,
Guangzhou, China), melamine (C3H6N6, 99%, Shanghai Dibai Biotechnology Co., Ltd.,
Shanghai, China), epoxy resin (Beijing Honghu United Chemical Products Co., Ltd., Beijing,
China), antifoaming agent (C3H6Cl2, Beijing Puxitang Biotechnology Co., Ltd., Beijing,
China), silane coupling agent (98%, Sinopharm, Beijing, China), fumed silica (99%, Beijing
Hanlongda Technology Development Co., Ltd., Beijing, China), and epoxy resin curing
agent (98%, Beijing China Ocean Co., Ltd., Beijing, China) were used as received from the
vendors without further processing.

2.2. Preparation of g-C3N4/TiO2 Composite Photocatalyst

Melamine (C3H6N6) is the most common precursor, chosen as the precursor for g-
C3N4 due to its low synthesis cost and ease of operation [34]. C3H6N6 and TiO2 were
weighted as a mass ratio of 1:1 [35], ground, and blended until a homogeneous mixture was
achieved. The resulting powder sample should then be transferred carefully to a ceramic
crucible, covered, and placed in a muffle furnace. For the calcination process, it is advisable
to keep the crucible cover semi-closed and set the temperature control system of the muffle
furnace to 550 ◦C. After two hours of calcination, stop heating and open the oven door. It is
important to allow the crucible to cool naturally to room temperature before removing it
from the furnace for further grinding.

2.3. Preparation of Long-Afterglow Vehicle Exhaust Degradation Coatings

The materials used to create a long-lasting coating for vehicle exhaust degradation
included epoxy resin, epoxy resin diluent, defoamer, dispersant, silane coupling agent,
talcum powder, calcium carbonate, fumed silica, SrAl2O4: Eu2+, Dy3+, g-C3N4/TiO2
composite photocatalyst, film-forming assistant alcohol ester XII, and epoxy resin curing
agent. Firstly, 20 g of epoxy resin, 10 g of epoxy resin diluent, 0.5 g of defoaming agent, 3
g of dispersant, and 6 g of silane coupling agent were weighed and stirred for 9 min at a
speed of 110 r/min. Next, 2.5 g talcum powder and 2.5 g calcium carbonate were added
and stirred for 12 min at a speed of 180 r/min. Then, 0.5 g of anti-settling agent fumed silica
was added, with a total mass of 35 g, to the phosphor powder and composite photocatalyst
with mass ratios of 1:1, 1:2, 1:3, 2:1, and 3:1, respectively, as well as 9 g of film-forming aid
alcohol ester dodecyl and 10 g of epoxy resin curing agent. We commenced stirring at a
speed of 105 r/min for 15 min. Finally, a long-afterglow automobile exhaust purification
coating was obtained after adding 1 g of antifoaming agent and stirring for 5 min at a speed
of 130 r/min.

2.4. Evaluation of Basic Properties of Coatings

For an accurate assessment of the coating’s condition and appearance, it is recom-
mended to conduct a visual inspection. The rutted plate specimen should be evenly coated
with a g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ solution of 2 kg/m2 and then cured at room tem-
perature. Once cured, the specimen should be placed outside to absorb light fully. At night,
observe the specimen’s luminous effect, from its initial stimulation to the minimum bright-
ness visible to the human eye (0.32 mcd/m2) until it is no longer visible (<0.32 mcd/m2).
Keep a record of the afterglow duration. The coating has a solid content of 45.5%, ensuring
robust stability with no indication of caking or delamination after storage. Its drying time is
relatively short, only about 30 min. When exposed to light, the coating’s afterglow duration
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is about 8 h before the light complete fades away, gradually decreasing in intensity over
time. Therefore, this coating can provide a potential and feasible solution for automotive
exhaust photocatalytic degradation under low light or even in a no-light environment.

2.4.1. Anti-Slip Properties

The asphalt mixture underwent rigorous evaluation, focusing on its friction coefficient
and surface texture depth. In accordance with the Field Test Methods of Highway Subgrade
and Pavement [36], the friction coefficient was measured using a pendulum friction meter.
Furthermore, the surface texture depth was precisely determined by adhering to the
Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering [37].
This approach ensured that the asphalt mixture met the required standards for friction and
texture depth.

2.4.2. Adhesion

The adhesion strength of the paint was assessed through the implementation of the
scratch test for paint and varnish films [38]. The evaluation procedure involved applying
the paint to a plate specimen and subsequently dividing it into a grid pattern using a cutter.
The cutter was required to make cuts deep enough to penetrate the coating, resulting
in a total of 6 horizontal and 6 vertical splits. The detached coating blocks that were
scattered from the specimen were counted, and the percentage of detachment was used to
determine the adhesion index. The index was then evaluated based on the percentage of
detachment obtained.

2.4.3. Water Resistance

In compliance with the technical specifications outlined in Pavement Marking Coat-
ings [39], the coating should endure a duration of 24 h of water soaking without exhibiting
any irregularities. To determine the coating’s resistance to water, an immersion test was con-
ducted in accordance with determination of resistance to water of films [40]. This entailed
the following procedures: (1) A Marshall specimen coated with a heat-reflective coating
was placed face down in a container. (2) The container was filled with deionized water
until the Marshall specimen was submerged by two-thirds. (3) Following the 24 h soaking
period, the test piece was removed and any residual moisture was absorbed using filter
paper. The coated specimen was then inspected for any signs of discoloration, blistering,
peeling, folding, rust, loss of reflectivity, or any other abnormalities.

2.4.4. Abrasion Resistance

The determination of coating wear resistance is achieved via the Rotary Wear Resis-
tance Test, adhering strictly to the protocol outlined in the national standard [41]. This
procedure involves employing a specifically designed hard rubber friction wheel, embed-
ded with emery abrasive, to abrade the coating surface under precise testing conditions,
including the maintenance of a constant load on the pressurizing arm. The wear resis-
tance is then determined by calculating the mean value of the coating’s mass loss after
undergoing a specified number of grinding rotations.

2.5. Evaluation of Exhaust Degradation Effect

We weighed 40 g of a ternary composite photocatalytic coating, which was evenly
applied to the rutted board. The vehicle exhaust was introduced to the reaction chamber,
surrounded by tinfoil paper to achieve a good shading effect. The rutted plate specimen
was placed in the closed reaction chamber, with the light source placed inside the reaction
chamber for standby use. The gas outlet of the reaction chamber was connected to a
vehicle exhaust analyzer, and the recorded values were monitored until the concentration
stabilized, as shown in Figure 1.
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Figure 1. Schematic diagram of photocatalytic degradation for vehicle exhaust.

The calculation formula is as follows:

μ1 = (A1 − A2)/A1 × 100%
μ2 = (B1 − B2)/B1 × 100%
μ3 = (C1 − C2)/C1 × 100%

(1)

The CO concentration value A1, the NO concentration value B1, the CH concentration
value C1, and time were recorded. The light source was turned on, and three different
light intensities were set, with the strong light being 800 W/m2, the weak light being
400 W/m2, and no light being 0 W/m2. After the degradation process began, when the
exhaust concentration in the reaction chamber decreased and once again stabilized, the CO
concentration value A2, the NO concentration value B2, and the CH concentration value C2
were recorded. The degradation efficiencies μ1, μ2, and μ3 of the coating under different
light conditions were calculated from A1, B1, C1 and A2, B2, C2.

2.6. Characterization and Analysis of Microscopic Experimental Materials

XRD is a valuable technique that is utilized to analyze the elemental composition
and morphology of a sample. FT-IR is a highly efficient method for obtaining molecular
structure and chemical bond information on samples by measuring and analyzing their
infrared spectra. XPS is employed to deeply determine the elemental composition and
chemical bonding state of materials, contributing to a comprehensive understanding of their
properties. TG-DSC is a crucial tool to study the thermal stability of materials by measuring
the mass changes and thermal effects of the test sample. These microscopic experiments
have been used to analyze the structure and morphology of ternary photodegradable
composite coatings.

3. Results and Discussion

3.1. Evaluation of Basic Performance of Coating

After comprehensive testing, the long-lasting vehicle exhaust degradation coating
displayed remarkable properties. It remained free from clumping in the container, ensuring
smooth mixing. Following a period of static storage, there was no observable clumping
or stratification, maintaining a consistent and uniform distribution, thereby indicating its
reliable storage stability. We analyzed the adhesion index in correlation with the degree of
detachment. The testing revealed that 11% of the entire coating area consisted of scattered
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coating blocks, which corresponded to an evaluation level of 2, indicating a favorable
condition. This coating’s resistance to water was also thoroughly tested, confirming its
durability without experiencing any discoloration, bubbling, peeling, wrinkling, rusting,
loss of gloss, or any other phenomena outlined in Section 2.4.3.

In accordance with the procedure outlined in Section 2.4.4, the wear resistance of the
coating was subjected to rigorous testing, and the findings are presented in Figure 2. Wear
resistance is an important consideration factor for coatings in practical applications [42].
The data indicate that the coating exhibited a favorable relative wear resistance and a
moderate level of wear.

0

0.06

0.12

0.18

0.26

0.34

0 2000 4000 6000 8000 10,000
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

m
as

s 
lo

ss
/g

number of wear

relative abrasion resistance

 
Figure 2. Abrasion test results of g-C3N4/TiO2/SrAl2O4 coating.

3.2. Evaluation and Comparative Analysis of Exhaust Degradation Performance

The degradation efficiency of vehicle exhaust fumes under no-light conditions with
varying mass ratios of the composite photocatalyst g-C3N4/TiO2, and the extended after-
glow materials was shown in Figure 3. As the mass ratio of the composite photocatalyst
g-C3N4/TiO2 to the long-afterglow materials was gradually reduced, the visible photocat-
alytic efficiency of the three main components in the exhaust fumes showed a tendency
to increase at first and then decrease. From the change curve of the mass ratio from 1:1 to
1:3, we can surmise that when the content of g-C3N4/TiO2 composite photocatalyst was
high, the low degradation efficiency of the g-C3N4/TiO2 composite photocatalyst under the
no-light condition affected the degradation effect of the whole long-afterglow vehicle ex-
haust degradation coating, and when the content of the long-afterglow materials was high,
the degradation performance of the overall long-afterglow vehicle exhaust degradation
coating was not possible due to its low content of g-C3N4/TiO2 photocatalyst. Therefore,
the optimum mass ratio of g-C3N4/TiO2 composite photocatalyst to the long-afterglow
materials is 1:1.
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Figure 3. Degradation efficiency of g-C3N4/TiO2 and long-afterglow materials with different mass
ratios on exhaust fumes’ different gases: (a) CH, (b) CO, (c) NOx.

Figures 4–6 show the efficiency of coatings with or without long-afterglow materi-
als SrAl2O4: Eu2+, Dy3+ in degrading NOx, CH, and CO under different lighting con-
ditions. For all coatings with long-afterglow materials, in these experiments, the mass
ratio of the g-C3N4/TiO2 composite photocatalyst to the long-afterglow materials was
1:1. From the strong light decomposition curve, it is clear that the catalytic reaction of
the g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ vehicle exhaust decomposition coating and the
g-C3N4/TiO2 composite photocatalytic converter is relatively rapid when the light source
is switched on. During the photocatalytic process, each product shows mainly a concave
curve, which indicates that after a period of degradation, the degradation products pro-
duced by each gas will hinder the contact between the polluted gas and the photocatalytic
materials to a certain extent. This leads to a gradual decrease in the visible photocatalytic
performance of the sample, which is in line with the experimental results mentioned above.
Under a strong-light environment (800 W/m2), the degradation effect of the g-C3N4/TiO2
composite photocatalyst is higher than that of the g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+

vehicle exhaust degradation coating. This is because the formation of the coating will
have a slight negative impact on the original degradation effect. Moreover, the presence of
SrAl2O4: Eu2+, Dy3+ will to some extent hinder the full contact between exhaust fumes and
g-C3N4/TiO2, leaving it unable to demonstrate its advantages in strong-light environments.
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Figure 4. Degradation efficiency results of NOx with and without long-afterglow materials SrAl2O4:
Eu2+, Dy3+ under different light intensities: (a) 800 W/m2, (b) 400 W/m2, (c) 0 W/m2.

Figure 5. Degradation efficiency results of CH with and without long-afterglow materials under
different light intensities: (a) 800 W/m2, (b) 400 W/m2, (c) 0 W/m2.
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Figure 6. Degradation efficiency results of CO with and without long-afterglow materials SrAl2O4:
Eu2+, Dy3+ under different light intensities: (a) 800 W/m2, (b) 400 W/m2, (c) 0 W/m2.

In a weak-light environment (400 W/m2), the g-C3N4/TiO2 photocatalyst demon-
strated significant reductions in pollutant concentrations after four hours. Specifically, it
achieved a decrease in NOx concentration of 26 ppm and a reduction in CH concentration of
59 ppm. However, with the introduction of long-afterglow materials, these improvements
were further enhanced. Within the same four-hour period, the concentration of NOx de-
creased by an additional 34 ppm, while the concentration of CH decreased by a remarkable
98 ppm. The degradation effect of the long-afterglow automotive exhaust emission control
coatings was higher than that of the g-C3N4/TiO2 composite photocatalyst. This is due to
the fact that the light intensity is an important factor that affects the degradation effect of
the g-C3N4/TiO2 photocatalyst. The lower the light intensity, the worse the degradation
efficiency, but the long-afterglow materials can compensate for the light intensity, leading
to a slightly greater degradation efficiency. However, the difference between the two is not
significant, and the weak-light condition is not sufficient to prove the advantages of the
long-afterglow coatings for vehicle exhaust degradation.

In a dark environment (0 W/m2), the g-C3N4/TiO2 photocatalyst showed a decrease
in NOx degradation from 68 ppm to 55 ppm within 4 h, with a concentration difference
of 13 ppm. The degradation of CH decreased from 769 ppm to 710 ppm, with a concen-
tration difference of 59 ppm. However, after the introduction of long-afterglow materials,
the photocatalyst showed significant photocatalytic activity within the same time period,
reducing the degradation of NOx from 68 ppm to 34 ppm, with a concentration difference
of 34 ppm. The degradation of CH correspondingly decreased from 784 ppm to 686 ppm,
with a concentration difference of 98 ppm. That is, the g-C3N4/TiO2 composite photo-
catalyst showed a weak degradation effect, while the long-afterglow automotive exhaust
degradation coating still maintained a good degradation efficiency.

The advantages of g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ ternary composite photocat-
alysts in the degradation of NOx, CH, and CO could not be reflected under strong-light
conditions of 800 W/m2. However, in low-light conditions of 400 W/m2, the ternary
composite coating showed a 30.8% increase in NOx degradation efficiency and a 66.1% in-
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crease in CH degradation efficiency compared to g-C3N4/TiO2. Under no-light conditions
of 0 W/m2, the improvement was more significant; we noted that the incorporation of
long-afterglow materials led to a significant increase in the degradation rate of NOx, which
was 2.6 times higher compared to g-C3N4/TiO2, and likewise for CH, for which its rate
was 1.7 times greater than that of g-C3N4/TiO2.

As shown in Figure 6, the results indicated an overall decrease in CO concentration.
However, compared to g-C3N4/TiO2, under the low-light and no-light conditions, the
improvement of g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ in CO degradation rate was too small
to show regular changes. The reason for this phenomenon may be that a reversible reaction
occurs between CO and CO2 when the catalyst is irradiated with light [43]. The two are
both reactants and products, and after a certain period of time, their concentrations reach
a relative equilibrium state. However, due to the influence of physical adsorption, the
concentration of CO will still show a slight downward trend. When we considering all three
lighting conditions, it was apparent that the photocatalyst’s degradation efficiency exceeded
that of g-C3N4/TiO2 when long-afterglow materials SrAl2O4: Eu2+, Dy3+ were integrated.

3.3. Microscopic Experimental Results
3.3.1. XRD

Figure 7 shows two distinct peaks, with one at around 27.5◦and the other at approxi-
mately 13◦. The g-C3N4 sample exhibits two standard peaks at 12.87◦ and 27.45◦, which
correspond to the planes of (100) and (002), respectively (JCPDS 87–1526). The peak at
27.45◦ is attributed to the conjugated aromatic structure of g-C3N4, while the faint peak
at 12.87◦ is a result of the in-planar structure. It is noteworthy that the peak at 27.45◦ is
relatively more intense than the peak at 12.87◦, which highlights the importance of the
conjugated aromatic structure in the sample [44]. The above two peaks indicate that g-C3N4
was successfully prepared [45]. The peaks at around 2θ = 25.3◦, 37.8◦, 53.9◦, 55.1◦, 62.7◦,
and 68.8◦ are attributed to the (101), (004), (105), (211), (204), and (116) crystal planes of
rutile TiO2 [46]. Meanwhile, when the long-afterglow materials were added, the typical
characteristic peaks of TiO2 and g-C3N4 could still be observed, which further confirmed
that the addition of the long-afterglow materials did not damage the structure of the
g-C3N4/TiO2 composite catalyst.

Figure 7. Comparison of XRD patterns of g-C3N4/TiO2 doped with or without long-afterglow materials.

3.3.2. FT-IR

The presence of characteristic peaks in the vibrational spectrum of a material can
provide useful information about the properties of the materials. Figure 8 exhibits a
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clearly defined peak at 808 cm−1, which corresponds to the breathing vibration of the
g-C3N4 triazine structure [47]. The region between 1240 cm−1 and 1640 cm−1 shows
several characteristic peaks. These include peaks at 1240 cm−1, 1329 cm−1, 1430 cm−1, and
1635 cm−1, which are attributed to the C-N and C=N stretching vibrations of g-C3N4 [6].
Finally, the broad absorption peak in the range of 3000–3300 cm−1 is attributed to the
presence of N-H and N=H bonds remaining from incomplete condensation of melamine
during the heating process [48]. In a comparison between scenarios with and without long-
afterglow materials added, the shapes of the two plots are largely consistent, indicating that
the addition of the long-afterglow materials did not destroy the structure of the original
g-C3N4/TiO2, and also reflecting the successful composite of the three after the addition of
the long-afterglow materials. These observations are expected to facilitate its use in a range
of applications, including photocatalysis, sensing, and energy conversion, as they provide
useful insights into the structural and functional properties of the materials.
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Figure 8. Infrared spectrogram with and without long-afterglow materials, evaluating the stability of
the structure of the original g-C3N4/TiO2.

3.3.3. XPS

The chemical binding states of each element in g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+

and g-C3N4/TiO2 were characterized through XPS analysis. As we can see from Figure 9a,
all elements including C, N, O, and Ti were detected in the survey spectra of g-C3N4/TiO2,
and additional Sr, Al, Eu, and Dy were in g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+. The C1s
spectrum shows three peaks at 284.8 eV, 286.2 eV, and 288.3 eV. The peak at 284.8 eV
corresponds to a surface unstable C-C group, originating from pure graphitic carbon
from the XPS instrument itself; the peak at 286.2 eV corresponds to the C-O group of
g-C3N4; and the peak at 288.3 eV corresponds to the C-N or N=C-N2 group of g-C3N4 [49].
The N1s spectrum shows three peaks at 398.4 eV, 399.1 eV, and 400.2 eV, assigned to the
C=N-C group, C≡C group, and N-H group [50]. The O1s spectrum shows two peaks
at 530.9 eV and 532.9 eV depicted in g-C3N4/TiO2, representing the Ti-O band and -OH
group, respectively, and an additional peak at 531.5 eV in g-C3N4/TiO2/SrAl2O4: Eu2+,
Dy3+ representing the Al-O band. Within the spectrum of g-C3N4/TiO2/SrAl2O4: Eu2+,
Dy3+, a slight shift of the -OH peak to a higher binding energy position is observed,
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potentially attributed to the introduction of long-afterglow materials. Both samples showed
peaks at around 455.4 and 461.2 eV, which we identified as the 2p3/2 and 2p1/2 peaks,
indicating the presence of Ti4+ in both samples. No other peaks related to Ti2+ or Ti3+ were
found. In Figure 9f, there is only one fitted peak for the Al 2p oxidation state, originating
from SrAl2O4 (at 73.8 eV). The high-resolution scan of Sr 3d reveals two distinct peaks
corresponding to Sr3d5/2 (133.0 eV) and Sr3d3/2 (134.8 eV), which are associated with the
Sr from the two sites in SrAl2O4 [51]. In addition, there are Eu3d5/2 (1110.1~1179.9 eV)
and Dy3d5/2 (1280.1~1349.4 eV) in g-C3N4/TiO2/SrAl2O4 from the XPS survey; however,
their contents are relatively low and it is difficult to further analyze the characteristic
peaks. The XPS results indicate that a combination of chemical bonds in the form of
g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ is preferable, instead of physically mixing separate
g-C3N4, TiO2, and SrAl2O4: Eu2+, Dy3+.

  

  

Figure 9. Cont.
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Figure 9. XPS spectra of g-C3N4/TiO2 and g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+: (a) survey and
deconvoluted (b) C1s, (c) N1s, (d) O1s, (e) Ti 2p, (f) Al 2p, (g) Sr 3d.

3.3.4. TG-DSC

Figure 10 is a thermal analysis diagram of the ternary composite photocatalyst. In the
TG curve, there is a 3.8% mass loss step between 100 and 250◦, which can be attributed
to the desorption of water adsorbed by the relevant materials [52]. Between 250 and
400 ◦C, the mass of the compound undergoes a 28.4% decline. This may correspond to
the decomposition of g-C3N4 in composite materials. The decomposition temperature
of the composite material is lower than that of pure g-C3N4, which may be attributed
to the distribution of TiO2 on the curved surface of g-C3N4, reducing the van der Waals
force of g-C3N4 [53]. Organic solvents or additives are used in the preparation process of
long-afterglow materials, which may decompose or evaporate in the temperature range of
250–400 ◦C and may also cause quality loss. The final mass loss between 400 and 600 ◦C
can be attributed to the thermal decomposition of Sr2CO3 [54]. Based on the DSC curve
depicted in Figure 10, the ternary composite material exhibits consistent heat absorption
within the range of 30–600◦, with no particularly prominent exothermic peaks.
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Figure 10. TG-DSC curves of thermal decomposition of g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ under a
nitrogen atmosphere.

4. Conclusions

This research study was conducted to develop and evaluate a composite photocatalyst
coating composed of g-C3N4/TiO2/SrAl2O4: Eu2+, Dy3+ and compare its properties with
those of g-C3N4/TiO2. This study aimed to determine whether the addition of SrAl2O4:
Eu2+, Dy3+ could enhance the photocatalytic performance of the ternary composite photo-
catalyst under varying lighting conditions. The key findings of this research are as follows.

Firstly, we evaluated the anti-slip properties, adhesion, water resistance, and abrasion
resistance of the ternary compound coating and found that it exhibited a good basic
performance, and that the afterglow luminescence process lasted for more than 8 h in a
dark environment. Secondly, this study demonstrated that the degradation efficiency of
the ternary composite photocatalyst was slightly lower than that of g-C3N4/TiO2 when
exposed to intense light. However, it was significantly improved in the absence of light.
Lastly, microscopic experiments revealed that the introduction of SrAl2O4: Eu2+, Dy3+

cannot damage the original structure and stability of g-C3N4/TiO2.
This study presents a composite photocatalyst, consisting of g-C3N4/TiO2/SrAl2O4:

Eu2+, Dy3+, which has demonstrated great promise in efficiently degrading pollutants in
automotive exhaust fumes in all-weather conditions. This composite photocatalyst offers a
potential solution to the growing environmental concern about automotive emissions, with
the ability to be practically implemented in engineering applications. However, further
research is required to fully understand the specific mechanisms behind the photocatalyst’s
remarkable ability to degrade pollutants in exhaust fumes. To gain a deeper understand-
ing, future studies may employ theoretical calculations to reveal objective reaction laws
from experimental phenomena, which will aid in the development of more directional
and forward-looking materials. Overall, this study offers hope for the development of
practical and effective solutions to mitigate the harmful effects of automotive emissions on
the environment.
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Abbreviations

NOx nitrogen oxides
CO carbon monoxide
CH hydrocarbons
TiO2 titanium dioxide
g-C3N4 graphite carbon nitride
CO2 carbon dioxide
SrAl2O4: Eu2+, Dy3+ a kind of long-afterglow material
XRD X-ray diffraction
FT-IR Fourier transform infrared spectroscopy
XPS X-ray photoelectron spectroscopy
TG-DSC thermogravimetric and differential scanning calorimetry
C3H6N6 melamine
μ degradation efficiency
A CO concentration value
B NO concentration value
C CH concentration value
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Abstract: In order to accurately assess the fatigue performance of semi-rigid base layers, this paper
proposes a novel fatigue testing method for semi-rigid base layers that takes into account the spatial
stress state. Based on this method, the fatigue performance of three types of reinforced semi-rigid
base-layer materials (steel wire mesh, plastic geogrid, and fiberglass) was tested and compared with
unreinforced materials. The fatigue strain evolution patterns of these materials were analyzed, and
a fatigue strain characteristic value at the limit state was proposed as an evaluation index for the
fatigue failure of base layer materials. The results showed that in terms of fatigue performance, plastic
geogrid > steel wire mesh > fiberglass > unreinforced specimens. The development of tensile strain
can be approximately classified into a three-stage growth pattern, consisting of “curve + straight line
+ curve”. For the unreinforced specimens, the three stages of bending strain accounted for 10%, 70%,
and 20% of the total fatigue life, respectively. The fatigue failure stages of the three types of reinforced
materials had similar proportional ranges, representing 5%, 75%, and 20% of the total fatigue life,
respectively. The fatigue strain characteristic values for plastic geogrid, steel wire mesh, fiberglass,
and unreinforced specimens were 371 με, 280 με, 280 με, and 195 με, respectively. In summary,
the use of reinforced materials within semi-rigid base layers enhances their fatigue performance,
providing new insights and methods for extending the service life of road surfaces and offering
scientific guidance for the practical application of reinforced materials in semi-rigid base layer road
surfaces’ fatigue performance.

Keywords: base layer; reinforcement materials; MTS; fatigue performance; spatial stress state

1. Introduction

Semi-rigid base refers to the base that is paved with inorganic binder-stabilized soil,
can form a plate body and has a certain bending strength. Among various pavement struc-
tures, semi-rigid base layers have gained widespread application in various construction
environments due to their combination of the advantages of both flexible and rigid base
layers [1–4]. However, with the continuous increase in traffic volume and load-bearing
capacity, many semi-rigid base layer road surfaces still exhibit structural damage, such as
fatigue cracking, before reaching their intended service life. This is highly detrimental to
the long-term development of pavement structure [5–8]. Therefore, enhancing the fatigue
performance of semi-rigid base layers using advanced technology holds significant practical
importance [9,10]. The researchers have investigated the effects of structure design [11,12],
aggregate types [13,14], cement properties [15–18], and aggregate properties [10,19–21]
on the fatigue performance of semi-rigid base layers. The idea that adding reinforcement
materials in semi-rigid base layers draws inspiration from the concept of adding rein-
forcements in bridge structures to improve their flexural tensile performance [22,23]. By
enhancing the bond between the reinforcement materials and the base layer materials, the
flexural tensile strength and fatigue performance of semi-rigid base layers are improved.
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Simultaneously, the occurrence and propagation of cracks in semi-rigid base layer road
surfaces are mitigated or suppressed, offering a novel approach to extending road surface
service life.

In order to determinate the fatigue failure of semi-rigid base layers accurately, the researchers
focused on the influence of environmental conditions [8,24–26], stress intensity [27–29], and
vehicle loads [30–33], which provided guidance for the high-performance development
of semi-rigid base layers. But these studies also have some shortcomings because they
mostly used four-point bending beam specimens to evaluate the fatigue performance of
semi-rigid base layers; however, this method only considered unidirectional stress states
in small beam specimens under load, while actual road surfaces experience bidirectional
stress states under the action of wheel loads. Without accounting for the actual stress states
and environmental conditions of road surfaces, the accuracy and reliability of test results
are significantly limited. Complex adjustments are necessary in practical design. Therefore,
the urgent challenge at hand is to design a new testing method that can simulate the actual
spatial stress state in semi-rigid base layers accurately.

To address the issues mentioned above and rectify the considerable disparity between
small beam specimen four-point bending fatigue testing methods and the actual stress
states and environmental conditions on road surfaces, this paper leverages the Material Test
System (MTS) to propose a novel fatigue testing approach that accounts for bidirectional
stress states in semi-rigid base-layer road surfaces. Firstly, starting with a mixed design,
this paper determines the optimal aggregate grading and prepares reinforced cement-
stabilized crushed stone slab specimens. Next, a novel fatigue testing approach is designed
to collect fatigue strain data from the specimens, ensuring the reliability and authenticity
of the testing process. Finally, through an analysis of specimen fatigue strain, this paper
investigates the fatigue failure patterns of semi-rigid base layers and explores the impact of
reinforcement factors on the fatigue life, fatigue cracking, and fatigue strain of semi-rigid
base layer road surfaces. The results indicate that the indoor testing method for assessing
the fatigue performance of semi-rigid base layers, which takes into account spatial stress
states, is practical, and that the test data align with theoretical foundations and exhibit a
high level of reliability.

2. Raw Materials and Mix Design

2.1. Raw Materials
2.1.1. Cement

Ordinary Portland cement (Type P·O 42.5) was selected as the cement material. The
selection was based on the standards and test procedures outlined in “Common portland
cement” (GB 175-2007) [34], “Test Methods of Cement and Concrete for Highway Engi-
neering” (JTG E30-2005) [35], and “Technical Guidelines for Construction of Highway
Roadbases” (JTG/T F20-2015) [36]. Relevant tests were conducted to evaluate the perfor-
mance of the cement material. The test results and performance indicators are presented
in Table 1.

Table 1. Test Results for Various Parameters of Cement (P·O 42.5).

Test Project Unit Index Requirement Test Result Test Method

Stability mm ≤5 2.5

T 0505—2005Setting time Initial setting time
min

≥180 330
Final setting time 360~600 400

Water requirement for standard
consistency % 30.0 28.4

Specific surface area m2/kg 300~450 380 T 0504—2005
Fineness (80 μm) % ≤10.0 3.6 T 0502—2005

Density kg/m3 ≈3100 3120 T 0503—2005
28 d dry shrinkage % ≤0.10 0.06 T 0511—2005
Abrasion resistance kg/m2 ≤3.0 2.1 T 0510—2005
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Table 1. Cont.

Test Project Unit Index Requirement Test Result Test Method

Flexural strength 3 d
MPa

≥3.5 4.5

T 0506—2005
28 d ≥6.5 9.7

Compressive
strength

3 d
MPa

≥16.0 21.5
28 d ≥42.5 48.6

From Table 1, it can be observed that the technical specifications of the Ordinary Port-
land cement (Type P·O 42.5) comply with the required standards. Therefore, it is suitable
for use in fatigue performance testing for reinforced semi-rigid base layer road surfaces.

2.1.2. Aggregates

Limestone was used as the aggregate material. In accordance with the “Test Methods
of Aggregate for Highway Engineering” (JTG E42-2005) [37] and “Technical Guidelines for
Construction of Highway Roadbases” (JTG/T F20-2015) [36], various tests were conducted
to evaluate the performance of the aggregates. The test results are presented in Table 2.
It is evident that the technical specifications for both coarse and fine aggregates meet the
requirements stipulated in the standards.

Table 2. Test Results for Various Parameters of Aggregates.

Test Project Unit Index Requirement Test Result Test Method

Coarse aggregate

Crush value % ≤26 12.7 T 0316—2005
Needle flake particle content % ≤18 8.2 T 0312—2005
Dust content below 0.075 mm % ≤2 0.7 T 0310—2005

Soft stone content % ≤5 1.3 T 0320—2005

Fine aggregate

Particle analysis — Satisfying gradation Satisfying gradation T 0327—2005
Plasticity index — ≤17 8.2 T 0118—2007

Organic matter content % <2 0.7 T 0336—1994
Sulfate content % ≤0.25 0.12 T 0341—1994

2.1.3. Reinforcement Materials

By referring to the literature, three reinforcing materials, namely selected steel wire
mesh, geogrid and glass fiber, which have been mentioned many times, were selected, and
then, combined with factors such as material acquisition difficulty and raw material price,
galvanized steel wire mesh, biaxial plastic geogrid and glass fiber geogrid were finally
selected as reinforcing materials in this paper.

(1) Galvanized Steel Wire Mesh

As shown in Figure 1, galvanized steel wire mesh with 3 cm openings and a 0.7 mm wire di-
ameter was chosen as the reinforcement material. Performance tests of the galvanized steel wire
mesh were conducted based on “Welded wire fabric coated with zine” (GB/T 33281-2016) [38],
“Test method for gravimetric determination of the mass per unit area of galvanized coatings
on steel products” (GB/T 1839-2008) [39], and “Metallic materials—Tensile testing—Part 1:
Method of test at room temperature” (GB/T 228.1-2021) [40]. The test results and performance
indicators are presented in Table 3.

(2) Biaxial Plastic Geogrid

As shown in Figure 2, polypropylene biaxial plastic geogrid with a designation of TGSG50-50
was selected as the reinforcement material. Performance tests of the biaxial plastic geogrid were
carried out based on “Geosynthetics—Plastic geogrids” (GB/T 17689-2008) [41]. The test results
and performance indicators can be found in Table 3.
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Figure 1. Galvanized Steel Wire Mesh.

Table 3. Test Results of Various Parameters for Reinforcement Materials.

Reinforcement
Materials

Test Project Unit
Index

Requirement
Test Result Test Method

Galvanized Steel
Wire Mesh

Diameter mm 0.70 ± 0.04 0.69
GB/T 33281-2016 [38]
GB/T 1839-2008 [39]
GB/T 228.1-2021 [40]

Warp mesh size (clear) mm 30.00 ± 0.75 30.22
Weft mesh size (clear) mm 30.00 ± 0.30 30.15

Solder joint tensile force N >40 118
Zinc layer quality g/m2 >122 161

Bidirectional
Plastic Geogrid

Ultimate tensile
strength

Portrait kN/m ≥50.0 51.9

GB/T 17689-2008 [41]

Landscape orientation kN/m ≥50.0 51.6
Elongation at

nominal strength
Portrait % ≤15.0 13.7

Landscape orientation % ≤13.0 12.9
Tensile strength at

2% elongation
Portrait kN/m ≥17.5 18.4

Landscape orientation kN/m ≥17.5 18.6
Tensile strength at

5% elongation
Portrait kN/m ≥35.0 35.3

Landscape orientation kN/m ≥35.0 35.7

Glass Fiber
Geogrid

Meridional fracture strength kN/m ≥50.0 51.7

GB/T 21825-2008 [42]Zonal breaking strength kN/m ≥50.0 51.2
Elongation at break % ≤4.0 2.5

Elongation at zonal break % ≤4.0 2.6

 

Figure 2. Biaxial Plastic Geogrid.

(3) Glass Fiber Geogrid

As shown in Figure 3, a glass fiber geogrid with a designation of EGA50-50 was chosen
as the reinforcement material. Performance tests of the glass fiber geogrid were conducted
based on “Glass fibre geogrid” (GB/T 21825-2008) [42]. The test results and performance
indicators are presented in Table 3.
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Figure 3. Glass Fiber Geogrid.

From Table 3, it is evident that the technical specifications of the galvanized steel
wire mesh, biaxial plastic geogrid, and glass fiber geogrid all meet the required standards.
Therefore, they can be used in fatigue performance testing for reinforced semi-rigid base
layer road surfaces.

2.2. Mix Design
2.2.1. Aggregate Grading Design

Various aggregates were subjected to sieve analysis in accordance with the “Test Code
for Highway Engineering Aggregates” (JTG E42-2005). The mix design for aggregates
was selected based on the “Technical Specifications for Road Base Construction” (JTG/T
F20-2015). For the semi-rigid base layer material, cement-stabilized crushed stone was
chosen, and the mix design selected followed the recommended C-B-1 type as per the
specifications. The aggregate grading curve is shown in Figure 4.

 

Figure 4. Gradation Curve of Aggregate.

Taking into consideration the recommended aggregate grading range and practical
experience in aggregate design, after repeated calculations and comparisons, the optimal
aggregate ratio for various particle sizes was determined to be 20 mm~30 mm:10 mm~20
mm:5 mm~10 mm:0 mm~5 mm = 18:34:17:31.

2.2.2. Optimal Moisture Content

For cement-stabilized materials, cement dosages of 3%, 4%, 5%, 6%, and 7% were
considered, and external water was used. Moisture content levels of 4%, 4.5%, 5%, 5.5%, 6%,
and 6.5% were evaluated. A heavy-impact compaction test was conducted on the cement-
stabilized crushed stone mixture prepared in the determined proportions to establish the
optimal moisture content. Additionally, the unconfined compressive strength at 7 days was
measured. The results are illustrated in Figure 5.
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(A) Optimal Moisture Content (B) Uncon ned Compressive Strength 

Figure 5. Optimal Moisture Content and Unconfined Compressive Strength.

The representative value of unconfined compressive strength should meet or exceed
the strength standard values. Considering the relatively high market price of cement,
and while prioritizing cost-effective solutions that ensure project quality in practical engi-
neering, a cement dosage of 5% was selected along with a moisture content of 5.2% and
a maximum dry density of 2.318 g/cm3. These parameters were chosen based on both
design and construction experience. The combination of these values was deemed suitable
for the project. To validate the technical performance of the synthetic graded mixture, it
was confirmed that the strength requirements were met, and the mixture exhibited good
resistance to erosion and cracking.

2.3. Specimen Preparation

Specimen preparation methods drew from the techniques used for inorganic binder-
stabilized material beam specimens. The mold for specimen molding was inspired by the
rutting plates used in asphalt mixture rutting tests, with enhancements such as increased
height and thickness. The dimensions are as shown in Figure 6 (inner dimensions designed
as 300 mm × 300 mm × 100 mm). The molding process is illustrated in Figure 6.

 
Figure 6. Specimen Preparation Flowchart.
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Due to the large number of specimens required for the experiments, a small mixer, as
shown in Figure 6, was chosen for mixing. Unreinforced specimens were selected as the
reference group. Different specimens were molded after the placement of reinforcement ma-
terials and were finally statically compacted. According to the testing protocol, specimens
were cured after demolding, with a 90-day curing period and water immersion treatment
on the final day. Given the significant time span of specimen preparation, large temperature
variations, and substantial material requirements, it was deemed necessary to increase the
number of specimens to ensure the accuracy of the experiments. Additionally, the selection
of the stress ratio directly affects the results of fatigue testing. After considering various
factors, three stress ratios (0.5, 0.6, 0.7) were chosen as the test loads, and the number of
specimens prepared is outlined in Table 4.

Table 4. Number of Specimens Prepared.

Type of Reinforcement Stress Ratio Test Quantity Reserve Quantity

Unreinforced 0.5, 0.6, 0.7 3 × 10 = 30 3 × 2 = 6
Wire mesh 0.5, 0.6, 0.7 3 × 5 = 15 3 × 1 = 3

Biaxial plastic geogrid 0.5, 0.6, 0.7 3 × 5 = 15 3 × 1 = 3
Glass fiber grille 0.5, 0.6, 0.7 3 × 5 = 15 3 × 1 = 3

3. Test Method

Currently, there are two main types of test methods for studying the fatigue perfor-
mance of road surfaces. One type of method involves subjecting real vehicle loads to actual
road surfaces for fatigue testing or using large-scale full-scale testing to simulate fatigue
experiments [43–45]. These methods are advantageous in that they can better reflect the
real fatigue performance of road surfaces. However, they are costly and time-consuming,
and the test results are significantly influenced by the environment and road structure.
Therefore, these methods are less commonly used and are not suitable for current research
on the fatigue performance of semi-rigid road surfaces. The other type of method primarily
involves indoor small-scale fatigue testing. Currently, the four-point bending beam fatigue
test method is the most commonly used. However, this method results in a uniaxial stress
state in the beam specimen under load, whereas actual road surfaces experience complex
spatial stress states under the action of vehicle wheels. As a result, the accuracy and relia-
bility of test results are greatly limited, as it does not consider the actual stress states and
environmental effects on the road surface. To address the issue of the mismatch between
the four-point bending fatigue test method and the actual stress state, this paper presents a
two-way stress-bearing fatigue test method for semi-rigid base-layer road surfaces based
on the Material Test System (MTS) material testing system.

3.1. Fatigue Test Loading Device

The fatigue loading test utilizes the MTS 810 material testing system. The system
comprises a load frame with a loading head connected to it. A hydraulic oil source is
connected to the load frame to provide pressure, and a control system is linked to the load
frame to control the loading mode on the specimen.

The design of the loading head was inspired by the testing wheel of the rutting tester.
The testing wheel has an outer diameter of 200 mm and a width of 50 mm, with the tire
made of high-strength rubber. The loading head features multiple bolt holes, and the
actuator head is securely fixed to the loading head using several bolts and bolt holes. The
loading head’s structure, which includes the testing wheel, can be used to apply load to the
specimens, effectively simulating the load conditions that road surfaces experience when
vehicles are driven over them.

At the beginning of the test, turn on the hydraulic oil source and compressor of the
MTS material test device to check whether the mechanical equipment and power supply
of the test system are normal. The driving rod on the beam is adjusted to the appropriate
length, and the acting head is installed on the driving rod through a large bolt, and adjusted
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to the appropriate position above the specimen. The loading head is installed on the acting
head by small bolts, and the upper surface of the loading head is horizontal. The connection
lines of the stress sensor and displacement sensor on the computer are connected to the
test device to set the loading mode. The beam is controlled by the load frame control unit
to make the loading head just contact with the upper surface of the specimen.

Before the test, the corresponding operation is carried out through the control windows
on the software, such as assigning sensors, setting limits, clearing sensors, setting error
limits, adjusting parameters, etc., and the relevant test program is compiled. After repeated
debugging to reliable and stable, can be carried out formal test.

The fatigue test was conducted under stress control mode, the loading waveform was
half sine wave, and the load frequency was 10 Hz. The test time was relatively short under
the stress control mode, the failure was clearly defined, and the complete fracture was the
failure, which was more consistent with the actual stress condition of the structure layer.

In order to protect the test equipment, the procedure shall specify the relevant pro-
tection procedure for the termination of the test. In the process of test loading, the output
data of the sensor is recorded. When the number of loading times is reached or the surface
structure of the specimen is damaged, the loading is stopped. By lifting control of the drive
rod, the loading head is lifted upward, the damaged specimen is removed, and the other
specimen is placed to continue the above test. After a batch of samples is completed or all
tests are completed for the day, the obtained data will be stored.

3.2. Fatigue Failure Ultimate Load

The flexural ultimate load test not only determines the failure ultimate load of cement-
stabilized crushed stone materials, but also provides the basic parameters for load appli-
cation standards. The data acquisition process is illustrated in Figure 7A. The flexural
ultimate load test on unreinforced slab specimens was conducted using a load applied at
the center point of the testing wheel, and the maximum load at which the center point of
the specimen failed is defined as the ultimate failure load. The center point of the specimen
failed, as shown in Figure 7B. The flexural ultimate load of the cement-stabilized crushed
stone slab was found to be 12.31 kN.

 
(A) The Data Acquisition Process (B) The Center Point of The Specimen Failed 

Figure 7. Specimen Failure States.

3.3. Supportive Fatigue Test Method

In conventional indoor bending fatigue tests, beam specimens are subjected to loading
in a simply supported state without any support. Typically, the specimens fracture instantly,
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making it difficult for observers to carefully observe the crack formation before the complete
failure. In actual road surface structures, there is often a supportive layer like a subbase or
subgrade beneath the semi-rigid base layer. The presence of this layer significantly delays
crack propagation at the bottom of the base layer, allowing the base layer to maintain its
integrity and function normally for an extended period.

3.3.1. Supportive Material

To better simulate the real stress conditions of road surface structures, suitable sup-
portive materials were selected and placed at the bottom of the cement-stabilized crushed
stone slab specimens during the experiments. These materials were chosen to emulate the
supporting layer in actual road surface structures, providing resistance to compression,
distributing loads, and reducing deformation. Four materials, as shown in Figure 8, were
considered, with the elastic modulus as a crucial parameter for the supportive material.
Based on the experimentally determined elastic modulus of typical supportive layers in
semi-rigid base layers, which generally falls within the range of 300 MPa to 500 MPa, and
considering the technical specifications of different support materials, rubber sheets were
found to best meet the experimental requirements for supportive material.

 
Figure 8. Plate Support Material.

3.3.2. Support Method for Specimens

The experimental support method involves central contact, ensuring that the slab
specimen is in close contact with the rubber sheet while also making direct contact with the
lower fixture base to facilitate bending fatigue testing under support conditions.

The dimensions of the rubber sheet are 200 mm × 200 mm × 50 mm, and its compres-
sive elastic modulus meets the requirements. The total height of the supportive material is
adjusted by adding or removing 1 mm thick rubber sheets to ensure close contact between
the supportive material and the slab specimen.

3.3.3. Fatigue Strain Testing of Specimens

To visually summarize the development of fatigue strain in the reinforced semi-rigid
base layers, strain gauges were used to measure the stress, load-carrying capacity, and
fatigue performance of the reinforced cement-stabilized crushed stone slab under loading
conditions. The strain gauge was attached to the center of the lower surface of the cement-
stabilized crushed stone plate specimen. When a load was applied to the specimen, it
deformed, causing the strain gauges to deform in tandem, resulting in changes in their
resistance values. The resistance strain measurement device was capable of measuring
these changes, converting them into strain values, or outputting analog signals proportional
to strain. After data collection and processing with a computer, the required strain values
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were obtained. The strain measurement device and resistance strain gauges used in this
study are shown in Figure 9.

Figure 9. Strain Measurement Device and Resistance Strain Gauge.

Prior to the start of the experiment, strain gauges were attached to the central position
on the lower surface of the cement-stabilized crushed stone slab specimens. Once the
experimental setup was complete, the loading head was lowered until it made contact with
the specimen. The MTS fatigue test system and strain measurement acquisition system
were then initiated. The fatigue test was conducted in stress control mode, utilizing a
half-sine wave waveform with a load frequency of 10 Hz, which closely matched the stress
conditions of actual structural layers. As illustrated in Figure 10, fatigue strain data were
collected during the test.

 
Figure 10. Fatigue Strain Test Data Acquisition System.

4. Analysis of Fatigue Cracking Characteristics of Stiffened Water Stabilizer Plate

The fatigue cracking of semi-rigid base pavement mostly starts from the fatigue
cracking of base pavement. Under the continuous action of load, the cracks extend to
the asphalt surface, causing fatigue cracking of the whole pavement and fatigue failure
of the pavement. When the bearing fatigue test method is used to test the cement stable
broken slate specimen, because there are supports at the bottom of the specimen, the crack
of the specimen will not break quickly in a short time after the crack appears, and the
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process from crack appearance to complete fracture lasts a long time, so the crack cracking
condition of the specimen can be closely observed.

Most cracks appear in the bottom of the specimen with pores, segregation and other
defects, and continue to expand along the long axis of the initial crack. Among them, the
two-directional tensile stress at the center of the plate specimen is basically the same. When
the two-directional stress σx = σy, axial symmetry within a certain range is formed locally,
and the maximum tensile stress in each direction is the same. At this time, cracking may
occur in any direction.

As the number of fatigue loads continues to increase, multiple cracks in different
directions begin to connect, forming cracks with a certain length, and the crack length
gradually increases. When the crack length approaches the length of the specimen, one or
more main cracks will be formed through the center of the bottom of the specimen. After
the formation of the main crack, the width of the crack gradually increases, and it can be
clearly observed from the side of the specimen that the main crack develops from bottom to
top, the deflection of the specimen changes, the stiffness of the specimen decreases sharply,
and finally the specimen is completely cracked and destroyed.

The fatigue cracking of cement-stabilized broken slate specimens has the following
characteristics: (1) The crack is mainly caused by the original defects at the bottom of the
specimen, and the crack distribution in the center of the specimen is multi-directional and
finally forms different bottom cracks. (2) Before the formation of the main crack of the
specimen, the length and width of the crack of the specimen develop slowly, and after
the formation of the main crack of the specimen, the length and width of the crack of the
specimen develop more rapidly. (3) There will be a number of cracks at the bottom of the
specimen; the depth of the crack surface at the center is the largest, when the crack expands
from the bottom to the bottom, the length of the crack at the bottom of the specimen
develops at the same time; and when a crack develops to the surface of the specimen, the
specimen will be completely cracked, and the width of the crack at the surface position of
the specimen is less than the bottom position of the specimen.

5. Test Results and Analysis

The fatigue strain of semi-rigid base layer materials is primarily composed of elastic
strain and plastic strain. The degree of fatigue damage can be represented by the fatigue
strain peak value, which corresponds to the maximum strain value under cyclic loading.
Under the continuous action of cyclic loading, the material experiences elastic degradation
and plastic accumulation failure. The maximum stress is constant at all stress ratios, so the
effect of fatigue strain on the specimen is only caused by cyclic loading. When the stress
level is high, both elastic and plastic strains develop rapidly, leading to a quick increase
in elastic degradation and plastic accumulation, resulting in a shorter fatigue life. When
the stress level is low, most of the fatigue strain is elastic, with a lesser contribution from
plastic strain, which significantly extends the fatigue life.

5.1. Analysis of Fatigue Strain Growth Patterns of Specimens with Different
Reinforcement Materials

Taking the fatigue life and strain values under a stress ratio of 0.5 from Figure 11 as
an example, the fatigue failure of the specimens can be mainly divided into three stages,
corresponding to the three magnified parts A, B and C in the Figure 11. Combining the
fatigue failure mechanism of semi-rigid base layers and actual observations [46–48], the
characteristics of these three stages are as follows:

First Stage: The MTS testing machine head closely contacts the specimen, and at the
beginning of the test, the strain at the bottom of the specimen increases rapidly and is
unstable. After a short period of fluctuation, the tensile strain values start to increase more
slowly and stabilize.
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Second Stage: Most of the strain in the specimen is elastic strain. The strain peak
value at the bottom of the specimen increases relatively slowly, and the rate of increase
approaches a certain value, approximately in linear relation to the number of fatigue cycles.

 

Figure 11. Strain Development Behavior of Specimens.

Third Stage: With an increasing number of cyclic loading cycles, plastic strain starts
to increase. The strain peak value in the specimen increases rapidly and reaches the limit
tensile strain, resulting in fatigue fracture and failure within a relatively short time.

A comprehensive analysis of Figure 11 reveals that reinforced materials exhibit better
fatigue resistance compared to unreinforced materials. Among the reinforced materials, the
geogrid reinforcement shows relatively good performance. Across different stress ratios, the
fatigue life of specimens consistently follows this order: pull-plastic grid > steel wire mesh
> fiberglass > unreinforced. The main reason is that the technical performance of the three
kinds of reinforced materials is different. From the technical parameters and actual use of
the three kinds of reinforced materials, the tensile strength, hardness and elongation of the
pull-plastic grid is superior to those of the steel wire mesh and the glass fiber grid in many
aspects, and the tensile grid has better bonding performance with the cement stabilized
gravel. The pull-plastic grid forms an effective bearing and diffusion chain system in the
cement stabilized gravel, increases the bearing capacity of the pavement base, and extends
its service life. The strength of the glass fiber grating is lower than that of the pull-plastic
grid, the elongation is also lower, and the bonding performance of the cement stabilized
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gravel material is general, but the glass fiber grating has a better bonding performance with
the asphalt mixture, and the resistance effect of high temperature rutting in the asphalt
pavement is better. The strength of the steel wire mesh is between the pull-plastic grid
and the glass fiber grid, the elongation is also low, and the bonding performance of the
cement-stabilized gravel material is good, but the steel wire mesh is easy to rust in the wet
environment, resulting in its tensile strength gradually reduced, and the fracture failure
occurs under the continuous action of load. Analyzing the proportion of fatigue life in each
stage based on the three-stage fatigue failure analysis, for unreinforced specimens, the first
stage accounts for 10% of the total fatigue life, the second stage accounts for 70%, and the
third stage accounts for 20%. Similarly, for the other reinforced specimens, the analysis
indicates that the proportions of fatigue failure in the three stages are consistent, at 5%, 75%,
and 20% of the total fatigue life. This suggests that the inclusion of reinforcement materials
accelerates the entry of the specimens into the elastic failure stage, thereby extending their
fatigue life.

5.2. Analysis of Fatigue Strain Growth Patterns for Specimens under Different Stress Ratios

Analysis of fatigue strain values for different specimens under different stress ratios,
as shown in Figure 12, reveals that reinforced specimens consistently exhibit better fatigue
resistance compared to unreinforced ones at varying stress ratios. Stress levels have a
significant impact on strain development, with higher stress ratios leading to greater strain
growth rates. In terms of initial strain values, it is evident that all specimens at high stress
ratios have significantly higher initial values than those at low stress ratios. Analyzing the
strain growth rates, it becomes apparent that in reinforced specimens, the strain growth
rates during the second and third stages are notably higher at high stress ratios compared
to low stress ratios. Strain development during the second and third stages of reinforced
specimens shows a linear relationship with the number of loading cycles, with the strain
growth rate during the third stage being higher than that during the second stage.

 

Figure 12. Changes in Strain Characteristics under Different Stress Levels for Specimens.
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5.3. Analysis of Fatigue Strain Characteristics

In the context of the novel supporting fatigue test designed in this study, the use of
characteristic values to represent critical points of fatigue strain-related to the various stages
of fatigue failure was considered. Comparative analysis revealed variations in the initial
tensile strain and tensile strain growth patterns of cement-stabilized crushed stone slabs re-
inforced with different materials and under different stress levels. By examining the fatigue
strain development curves of reinforced specimens and the fatigue failure mechanism of
semi-rigid base layers, a regression analysis was conducted to determine the initial strain
value, strain inflection point, and ultimate strain value for different reinforced specimens.

Taking the example of the pull-plastic grid, which exhibits the best fatigue resistance,
its tensile strain development pattern shows stage-wise changes. The tensile strain de-
velopment in the first and third stages appears to follow a curve, while the second stage
demonstrates linear strain growth. A linear regression analysis was performed on the ten-
sile strain development during the second stage. The point at which the linear regression
intersects with the curve in the third stage represents the tensile strain inflection point, and
the point of abrupt change in the curve during the third stage indicates the ultimate tensile
strain point.

With respect to the varying stress ratios, the analysis of strain characteristic values in
Figure 13 reveals the following: at a stress ratio of 0.5, the reinforced panel with pull-plastic
grid exhibits an initial strain value of approximately 79 με, a tensile strain inflection point
of approximately 228 με, and an ultimate tensile strain value of about 453 με. At a stress
ratio of 0.6, the initial strain value is approximately 82 με, the tensile strain inflection
point is about 196 με, and the ultimate tensile strain value is roughly 316 με. At a stress
ratio of 0.7, the initial strain value is around 72 με, the tensile strain inflection point is
approximately 209 με, and the ultimate tensile strain value is about 360 με. In summary,
the strain characteristic values align with the theoretical foundations of fatigue failure,
effectively representing the three stages of semi-rigid fatigue failure mechanisms, and
they offer a representative assessment of the extent of fatigue failure for the specimens.
Additional characteristic values for other specimens are provided in Table 5.

Figure 13. Changes in Strain Characteristics of Pull Plastic Geogrid Specimens under Different
Stress Ratios.
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Table 5. Strain Characteristics under Different Stress Ratios for Various Reinforced Plates.

Material Type Stress Ratio
Strain Value (με)

Initial Strain Value Turning Point of Strain Ultimate Tensile Strain Value

Unstiffened plate
0.5 72 153 182
0.6 83 176 196
0.7 101 171 203

Steel wire mesh reinforced plate
0.5 77 170 272
0.6 90 161 290
0.7 98 155 277

Tensile grille reinforced plate
0.5 79 228 453
0.6 82 196 316
0.7 72 209 360

Glass fiber grid reinforced panel
0.5 81 177 265
0.6 92 160 276
0.7 108 175 280

6. Conclusions

This study proposed a novel fatigue testing method for semi-rigid base layer road
surfaces based on MTS, which simulates bidirectional stress conditions. By preparing
reinforced cement-stabilized crushed stone slab specimens and conducting indoor fatigue
strain tests, the study explored the impact of reinforcement factors on fatigue strain in
semi-rigid base layers. It provides an experimental foundation for the practical applica-
tion of reinforcing materials in semi-rigid base layer road surfaces. Compared with the
current fatigue test method, which mainly adopts the four-point bending beam fatigue
test method, the unidirectional stress state of the beam specimen under load is changed to
the bidirectional stress state of the actual road surface under the action of the wheel, the
authenticity of the test results is improved, the accuracy and reliability are guaranteed, and
the complicated correction in the actual design is simplified. The main conclusions are
as follows:

a. The strain growth rate in semi-rigid base layers is directly proportional to the stress
ratio, and reinforced specimens consistently exhibit better fatigue resistance than
unreinforced specimens. When comparing different reinforcing materials for their
fatigue resistance, it is evident that they perform as follows: pull-plastic grid > steel
wire mesh > glass fiber > unreinforced specimens.

b. The failure of semi-rigid base layers can be primarily divided into three stages, with
corresponding strain changes approximated as a combination of curved, linear, and
curved changes. For unreinforced specimens, the proportions of fatigue life in each
stage are 10%, 70%, and 20%. The addition of reinforcement materials prolongs the
elastic failure stage of semi-rigid base layers and enhances their fatigue life, with
proportions of fatigue life in each stage reaching 5%, 75%, and 20%.

c. Using characteristic strain values to represent the extent of fatigue failure in the novel
support fatigue test satisfies the theoretical foundations of fatigue failure. It effec-
tively represents the three stages of semi-rigid base layer fatigue failure mechanisms,
providing a representative assessment of the extent of fatigue failure for the specimens.
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Abstract: The concentration of atmospheric greenhouse gases is being amplified by human activity.
Building energy consumption, particularly for heating and cooling purposes, constitutes a significant
proportion of overall energy demand. This research aims to establish a smart evaluation model to
understand the thermal requirements of building occupants based on an open-access dataset. This
model is beneficial for making reasonable adjustments to building thermal management, based on
factors such as different regions and building user characteristics. Employing Bayesian-optimized
LightGBM and SHAP (SHapley Additive exPlanations) methods, an explainable machine learning
model was developed to evaluate the thermal comfort design of buildings in different areas and with
different purpose. Our developed LightGBM model exhibited superior evaluation performance on
the test set, outperforming other machine learning models, such as XGBoost and SVR (Support Vector
Regression). The SHAP method further helps us to understand the interior evaluation mechanism of
the model and the interactive effect among input features. An accurate thermal comfort design for
buildings based on the evaluation model can benefit the carbon-neutral strategy.

Keywords: thermal comfort; building energy consumption; machine learning; open-access dataset

1. Introduction

The rapid increase in global temperature and its associated detrimental impacts have
made climate change one of the most pressing challenges of the 21st century [1]. A central
aspect of this escalation in global temperatures is the increasing concentration of atmo-
spheric greenhouse gases, notably amplified by human activities [2]. As per recent studies,
urban regions are major contributors to greenhouse gas emissions, predominantly due to
activities such as transportation, industrial operations, energy production and consump-
tion, waste management, and the functioning of residential and commercial buildings [3–7].
Consequently, addressing urban carbon emissions has become imperative in the fight
against global climate change [8]. Among the various factors contributing to urban carbon
emissions, building energy consumption, especially for heating and cooling purposes,
plays a predominant role [9]. It is estimated that buildings account for nearly 40% of global
energy consumption [10], with a significant fraction of this energy being expended for main-
taining thermal comfort [11,12]. Thermal comfort, a state of mind expressing satisfaction
with the surrounding thermal environment, is crucial for ensuring the health, productivity,
and well-being of building occupants [13–15]. Thermal comfort is a field of study that has
garnered considerable attention, with research standards playing a pivotal role in establish-
ing uniform testing protocols. Pioneering standards, such as ASHRAE Standard 55 [16]
and ISO 7730 [17], provide comprehensive methodologies for assessing thermal comfort
in various environments. These standards define the thermal environmental conditions
for human occupancy and prescribe a range of factors, including temperature, humidity,
airflow, and clothing insulation, which contribute to individual thermal satisfaction [18,19].
The quantification of comfort parameters has been further refined through the Predicted
Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) indices, which are now
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widely accepted benchmarks for evaluating thermal environments in relation to human
satisfaction [18]. Such standards not only guide experimental design but also facilitate
the comparison of findings across different studies, ensuring that assessments of thermal
comfort are both reliable and replicable. However, achieving optimal thermal comfort
in a manner that is both energy-efficient and aligned with occupants’ preferences is a
formidable challenge [20,21].

The challenge is compounded by the diversity in regional climates, building de-
signs, and occupant preferences [22]. Different regions, influenced by their geographical
positioning and topographical attributes, experience different temperature ranges and cli-
matic conditions. Similarly, buildings, based on their design, materials used, and purpose
(whether commercial, residential, or industrial), have varying energy needs and thermal
characteristics [23]. Additionally, the preference for thermal comfort can differ significantly
among occupants, influenced by factors such as age, health, clothing, and activities. This
diversity necessitates a detailed, data-driven understanding of the thermal requirements
of buildings and their occupants. With the advent of the digital age, vast amounts of
data are being generated and made available through open-access datasets, providing an
unparalleled opportunity to harness this information for understanding and addressing the
thermal comfort needs of building occupants. Employing machine learning methodologies,
researchers can now model complex relationships between multiple variables, offering
insights that were previously elusive [24,25].

Recent advances in interpretability of machine learning models have emphasized the
importance of explanation techniques that provide insight into model predictions. Global
explanation methods, like permutation feature importance, offer an overall perspective
on feature relevance across the entire dataset, but they do not account for the complex
interactions between features within individual predictions. In contrast, local explanation
techniques, such as LIME (Local Interpretable Model-agnostic Explanations) and SHAP
(SHapley Additive exPlanations), provide granular insights into the contribution of each
feature to individual predictions, reflecting the conditional interaction effects within the
model [26]. SHAP, in particular, employs a game-theoretic approach to attribute the predic-
tion output to its input features, thereby offering a cohesive and theoretically grounded
method for local explanations [27]. The SHAP technique not only elucidates feature contri-
butions but also enhances transparency and trust in complex models, a crucial aspect in
fields like energy management where model decisions have significant impacts [28]. By
incorporating local explanation methods, researchers can more effectively communicate
model behavior, providing stakeholders with understandable and actionable insights into
model predictions [29,30].

This paper delves into the above context, with the primary aim of establishing a smart
evaluation model that leverages an open-access dataset [31] to understand the thermal
requirements of building occupants. The emphasis is on creating a model that not only
accurately predicts thermal comfort needs but also offers explanations for its predictions.
The latter is particularly important as it offers architects, urban planners, and policy makers
actionable insights into the factors influencing thermal comfort, facilitating informed
decision-making. Furthermore, with China being the world’s most populated country and
undergoing rapid urbanization, the focus of this research on China offers timely insights.
China’s urban areas, characterized by their diverse climates ranging from the cold northeast
to the hot and humid southeast, present a unique challenge and opportunity. An effective
and efficient approach to ensuring thermal comfort in Chinese buildings can significantly
contribute to the country’s carbon-neutral strategy, echoing its commitments to global
climate change mitigation efforts.

The organization of this paper is as follows. Section 2 delves into the data processing
methodologies employed, from filtering the raw data to encoding categorical variables. In
Section 3, the LightGBM model’s establishment is detailed, along with insights into the hy-
perparameter optimization and training processes. Section 4 presents the results, critically
analyzing the model’s performance. Section 5 interprets the evaluation model’s predictions
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mechanism through the SHAP (SHapley Additive exPlanations) method. Finally, Section 6
concludes the research, highlighting its contributions and implications.

In essence, this research sits at the nexus of urban development, thermal comfort, and
sustainable energy consumption, providing a roadmap for future urban planning efforts
aimed at achieving carbon neutrality while ensuring the well-being of occupants.

2. Data Preparation

2.1. Dataset Filtering

The open-access Chinese thermal comfort dataset [31], spearheaded by Xi’an University
of Architecture and Technology in collaboration with seven other institutions, encompasses
41,977 data entries gathered from 49 cities spanning five climatic zones in China over the
last two decades. Rigorous quality control measures were implemented on the raw data,
involving systematic organization to guarantee its dependability. Each data entry encom-
passes environmental parameters, occupants’ subjective feedback, building specifications,
and individual details. In the raw dataset, certain non-essential features have a substantial
amount of missing data. We first deleted these features, and subsequently removed samples
with incomplete data to derive a filtered dataset. The features in the filtered dataset are shown
in Table 1. A total of 11,899 samples are retained after dataset filtering.

Table 1. The features in the filtered dataset for building thermal comfort.

Categories Features

General and building information Seasons, city, climate zoom, building type,
building function, thermal operation mode

Subject’s personal information Gender, age, height, weight

Subjective thermal comfort information

Thermal sensation voting scale (TSV), thermal
comfort voting scale (TCV), thermal

acceptability voting scale (TAV), clothing
insulation, metabolic rate

Indoor physical parameters
Measured from different heights above the
floor (0.1 m, 0.6 m, 1.1 m): Air temperature,

relative humidity, air velocity

Outdoor environment parameters Mean daily outdoor temperature

The details of the subjective thermal comfort indicators are delineated below:

• The thermal sensation scale is based on the ASHRAE Standard 55-2020 [32] 7-point
voting scale, from −3 (cold) to 3 (hot). The thermal comfort scale is a 6-point scale
from 0 (very comfortable) to 5 (very uncomfortable). The thermal acceptability scale is
a 4-point scale from −1 (unacceptable) to 1 (acceptable).

• Clothing Insulation: Respondents were prompted to select the clothing type that
matched their attire at the time of taking the survey. In instances where their specific
clothing type was not listed, they were guided to choose the closest alternative. The
insulation value for individual clothing items was determined based on ASHRAE
55-2020 [32]. For outfits composed of multiple garments, the total insulation value
was computed by aggregating the insulation values of each individual piece.

• Metabolic Rate: The dataset features metabolic rate values for the Chinese population
across various activity states. These values were ascertained in [33] using indirect
calorimetry. The participants’ activities at the time of completing the questionnaire
were documented and subsequently translated into metabolic rate values. The cor-
responding values are sitting (0.9 met), sitting while typing (1.0 met), sitting with
document filing (1.2 met), standing in an office setting (1.1 met), standing with docu-
ment filing (1.3 met), and walking at a pace of 2 km/h (2.1 met).
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2.2. Feature Selection

Feature selection is a critical step in the development of a robust and efficient model.
Properly selecting the right features not only enhances the model’s performance but also
provides insights into the underlying processes governing the system. With the growing
dimensions of data, especially in the age of big data, pruning irrelevant or redundant
features becomes an imperative to prevent models from becoming overly complex and to
reduce the computational overhead associated with training. In this study, we employ a
two-pronged criterion for feature selection, aiming to streamline the input dataset while
retaining the most informative predictors.

• Exclusion of Irrelevant Features: The primary objective of any modelling endeavor
is to capture the underlying patterns in the data that are pertinent to the prediction
or classification task at hand. Hence, the first step in our feature selection process is
to remove any feature that does not have a direct or meaningful relationship with
the evaluation indicators. Features that do not contribute significant information or
might introduce noise into the system are systematically identified and excluded. This
ensures that our model remains focused on pertinent information and is not swayed
by irrelevant data.

• Addressing Feature Collinearity: The presence of highly correlated or collinear features
can introduce instability in certain models and can also make the model’s interpreta-
tions more challenging. When two or more features convey similar information, they
are, in essence, redundant, and the inclusion of all these features does not necessarily
improve the predictive power of the model but certainly increases the computational
burden. In our methodology, if a set of features exhibit high collinearity (i.e., they are
highly related), we adopt a conservative approach by retaining only a few represen-
tative features from that set and discarding the rest. This approach ensures that our
model remains efficient without a compromise in its predictive capability.

Upon examining the data, we observe that indoor physical parameters have been
gauged at three distinct heights above the floor: 0.1 m, 0.6 m, and 1.1 m. Figure 1 illustrates
the significant correlation between these parameters across the three levels, as evidenced
by their Pearson correlated coefficients. Guided by the principle of “Addressing Feature
Collinearity”, it is judicious to select a single set of indoor physical parameters from one
specific height, given the strong interrelation between measurements from different heights.
We have chosen the parameters measured at 0.6 m above the floor, as this height consistently
exhibits the most robust correlation with the other two levels. Subsequently, the Spearman
correlated coefficients (SCC) for the remaining features are shown in Figure 2. SCC is a rank
correlation coefficient, and its calculation is based on the ranking of sample values of two
variables in the data. SCC is agnostic to the numerical type and distribution of variables,
thus exhibiting a broad scope of applicability. The formula for SCC is expressed as follows:

SCC(x, y) = 1 − 6∑n
i=1 ((R(xi)− R(yi))

2

n(n − 1)2 (1)

where x and y are the variables to be studied, R(xi) is rank of sample xi, R(yi) is rank of
sample yi, and n is the amount of all samples. The value of SCC ranges from −1 to +1, and
the greater absolute value indicates stronger correlation between the two studied variables.
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Figure 1. Pearson correlated coefficients between indoor physical parameters with different mea-
sured heights.

In the analysis presented within Figure 2, we focus solely on the absolute value of
the SCC, emphasizing the strength of correlations between variables. Given the intricate
internal dynamics observed in large sample sets, a mere reliance on significance might
lead to misconceptions. Thus, the magnitude of the SCC holds primary importance in
our approach. For the scope of this study, we designate thermal sensation (TSV), thermal
comfort (TCV), and thermal acceptability (TAV) as evaluation outputs. Adhering to the
principle of “Exclusion of Irrelevant Features”, any feature demonstrating an SCC below
0.1 with these evaluation criteria is excluded from the modelling process. As tree-based
learning models inherently yield a single feature output, separate models are necessitated
for TSV, TCV, and TAV. Consequently, each model autonomously selects its most pertinent
input features. The feature selection results are:

• For the TSV evaluation model, the related input features are building type, building
function, thermal operation mode, clothing insulation, metabolic rate, and indoor air
temperature.

• For the TCV evaluation model, the related input features are seasons, city, building
type, building function, thermal operation mode, clothing insulation, metabolic rate,
indoor air temperature, indoor relative humidity, and indoor air velocity.

• For the TAV evaluation model, the related input features are city, climate zoom, weight,
clothing insulation, metabolic rate, indoor air temperature, and indoor air velocity.
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Figure 2. Spearman correlation coefficients for all features.

In pursuit of a broader applicability, this research seeks to formulate a versatile
evaluation model tailored for cities not encompassed within the current dataset. As such,
the “city” variable is excluded from the previously identified factors. All the selected
features are shown in Table 2.

Table 2. The selected features in the dataset for the evaluation model of building thermal comfort.

Categories Features

General and building information Seasons, climate zoom, building type, building
function, thermal operation mode

Subject’s personal information Weight

Subjective thermal comfort information Clothing insulation, metabolic rate

Indoor physical parameters Measured from 0.6 m above the floor: Air
temperature, relative humidity, air velocity

In conclusion, the feature selection process adopted in this study is rigorous and
is designed to produce a streamlined, informative, and non-redundant set of predictors.
This not only facilitates efficient model training but also aids in deriving meaningful and
interpretable results from the model. After feature selection, the data distribution of each
feature (including the evaluation results TSV, TCV, and TAV) is shown in Figure 3.
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(a) Histograms to show the distribution of continuous variables
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(b) Bar charts to show the frequency of each category
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Figure 3. The distribution of each feature after feature selection.
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It should be noted that, in the context of many traditional machine learning algorithms,
preprocessing steps, like data normalization for numerical features and one-hot encoding
for categorical variables, are essential to ensure optimal model performance. However,
when working with the LightGBM model, such transformations are not required. This
is due to the inherent design and mechanism of LightGBM, which can naturally handle
different scales of numeric data and internally manages categorical variables through its
histogram-based algorithm. Specifically, LightGBM applies a binning process to sort nu-
merical values into discrete bins and utilizes a special algorithmic approach for categorical
attributes, negating the necessity for manual one-hot encoding. This not only simplifies the
preprocessing pipeline but also often results in faster training times and reduced memory
usage without compromising model accuracy. However, in this study, the categorical
variables are unordered, and thus it is preferable to employ one-hot encoding rather than
label encoding. The encoding function can be expressed as follows:

one-hot (X) = [e1, e2, . . ., ei, . . ., en] (2)

⎧⎨
⎩

ei = 0, 1
n
∑

i=1
ei = 1 (3)

where n is denoted as the total number of the categories of variable X, and ei is the element
of the one-hot vector whose value equals to 1 only in the corresponding categorical position
that variable X indicates and equals 0 in the rest of the positions.

3. Model Establishment

3.1. LightGBM Model

LightGBM serves as an enhancement of the XGBoost and Gradient Boosting Deci-
sion Tree (GBDT) models [34]. It integrates the Exclusive Feature Bundling (EFB) and
Gradient-based One-Side Sampling (GOSS) algorithms, positioning LightGBM as a leading
model for tabular data prediction, boasting rapid training speeds and elevated prediction
accuracy [35,36]. Typically, tabular data, characterized by rows representing samples and
columns denoting features, often contain sparse categorical features abundant in zero
elements, particularly when subjected to the one-hot encoding method. Such feature spar-
sity can detrimentally impede the efficacy of machine learning models. Addressing this,
LightGBM leverages the EFB algorithm to amalgamate specific sparse features. Given
that many sparse features frequently display mutual exclusivity, preventing them from
being concurrently non-zero, the EFB algorithm consolidates these features into a singu-
lar new feature, thereby curtailing the feature dimension [34]. This approach efficiently
mitigates training complexities while retaining commendable accuracy. Moreover, as an
ensemble model of the Classification and Regression Tree (CART), LightGBM encapsulates
the decision manifold inherent in the Decision Tree (DT), ensuring it remains impervious
to discrepancies in value-type and distribution. Consequently, LightGBM emerges as an
apt choice for evaluating building thermal comfort based on the selected tabular features.

3.2. Bayesian-Optimized Hyperparameters

A total of 20% of the entire dataset was randomly allocated as the test set, providing
a basis for evaluating the performance of the model. The remaining 80% of the data was
designated for hyperparameter tuning and model training processes. Hyperparameter
optimization was undertaken using 5-fold cross-validation, i.e., the dataset was divided
into five equal parts, with each part used as a validation set while the remaining four parts
were combined to form a training set, in a rotational manner to ensure comprehensive
evaluation. Subsequently, for model training, the remaining 80% of the data was further
partitioned into a training set and a validation set in a 4:1 ratio, facilitating the iterative
refinement of the model parameters. It is imperative that the test set remains completely
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separate from and uninvolved in the model establishment process, encompassing both
hyperparameter optimization and model training phases, to preclude any potential for
data leakage and ensure the integrity of the model’s evaluation.

Bayesian optimization is a probabilistic model-based approach for global optimization
of black-box functions that are expensive to evaluate. It operates by constructing a posterior
distribution over the objective function and then subsequently selects points to evaluate
by balancing exploration and exploitation. The method is particularly well suited for
optimization of hyperparameters in machine learning algorithms. In this research, Bayesian
optimization is employed to fine-tune hyperparameters of a LightGBM regression model.
Here, f (x) represents the cross-validated root mean squared error (RMSE) of the model
predictions, with x denoting the vector of hyperparameters: x = [x1, x2, x3, x4, x5, x6, x7,
x8], where each xi represents a hyperparameter in LightGBM (shown in Table 3). The
goal is to find the hyperparameter vector x* that minimizes f (x), which in this scenario
translates to the optimal model performance. The Gaussian process is often used to model
the distribution over functions p (f |D), where D represents the set of points (x, f (x)) already
evaluated. Acquisition functions, such as Expected Improvement (EI) in this research, are
then used to select the next query point by maximizing the expected utility. The Gaussian
process posterior is updated with the new observations, and this process is repeated for
a predefined number of iterations or until convergence criteria are met. This iterative
process allows for the adaptive refinement of the search space, leading to more efficient
optimization when compared to traditional grid or random search methods. This research
provided initiates the optimization with 50 starting points and continues for an additional
500 iterations, progressively refining the model’s hyperparameters towards the optimal
configuration. The boosting type was set as “GBDT”, and all of the other parameters of
LightGBM, such as learning rate, were set as default. Since we need to build three different
evaluation models for TSV, TCV, and TAV, respectively, the above optimization process will
be conducted independently for each model. The Searching space and optimal value of
each hyperparameter are shown in Table 3.

Table 3. Hyperparameter optimization for LightGBM.

Hyperparameters
Searching

Space

The Optimal
Value for TSV

Evaluation

The Optimal
Value for TCV

Evaluation

The Optimal
Value for TAV

Evaluation

num_leaves [24, 45] 28 25 43
feature_fraction [0.1, 0.9] 0.86 0.59 0.57
bagging_fraction [0.8, 1.0] 0.84 0.83 0.83

max_depth [5, 15] 14 13 14
lambda_l1 [0, 1] 0.69 0.12 0.42
lambda_l2 [0, 1] 0.22 0.85 0.71

min_split_gain [0.001, 0.1] 0.07 0.06 0.001
n_estimators [100, 1000] 329 466 339

3.3. Model Training

The training progression of our LightGBM-based evaluation models is captured in
Figure 4, which delineates the RMSE as the chosen loss metric over successive iterations
for both the training and validation datasets. The loss curves of the Thermal Sensation
Vote (TSV), Thermal Comfort Vote (TCV), and Thermal Acceptability Vote (TAV) models,
as shown in Figure 4a–c, respectively, demonstrate a sharp decline in training RMSE. This
illustrates the models’ rapid learning curve and their ability to quickly assimilate the
patterns within the training data. Concomitantly, the validation RMSE for each model
converges to a low, indicating an effective generalization to the validation data which is
pivotal in preventing overfitting—a phenomenon where a model exhibits high accuracy on
training data yet fails to predict accurately on unseen data.
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(a) Evaluation model for TSV (b) Evaluation model for TCV (c) Evaluation model for TAV

Figure 4. Loss curves in the training process.

Remarkably, the models achieve their best validation performance within the first
50 iterations, suggesting a swift convergence indicative of the efficiency of the LightGBM
algorithm. The ongoing reduction in training RMSE post-convergence points to the poten-
tial for additional fine-tuning, should it be necessary. The depicted validation loss curves
reinforce the balance attained by the models, which encapsulates sufficient complexity to
learn from the training data while maintaining the ability to generalize to new datasets.
This balance is vital, affirming the models’ robustness and ensuring their applicability to a
broader range of data, consistent with the objectives of the validation phase.

4. Model Performance

To quantitatively evaluate the accuracy of our developed model for evaluating build-
ing thermal comfort, we employed three widely accepted evaluation metrics: Mean Abso-
lute Error (MAE), Root Mean Square Error (RMSE), and Error. Generally, for these metrics,
lower values signify superior model performance. The definitions for these evaluation
metrics are presented as follows:

MAE =
1
n

n

∑
i=1

|yi − ŷi| (4)

RMSE =

√
1
n

n

∑
i=1

(yi − ŷi)
2 (5)

Error = ŷi − yi (6)

where yi and ŷi denote as the true value and the predicted value, and y and ŷ denote as the
averages of true value and predicted value.

Figure 5 provides a visual representation of the performance metrics for the evaluation
models—TSV, TCV, and TAV—when applied to the testing set. The depicted box charts
summarize the error distributions for each model, with the interquartile range (IQR)
capturing the middle 50% of the data, delineated by the box’s extent from the 25th to the
75th percentile. The central tendency of the models’ errors is indicated by the median line
and the mean symbol within the boxes, offering a dual perspective on the models’ predictive
accuracy. Notably, the span of the whiskers, extending to 1.5 times the IQR, illustrates the
variability within the majority of the predictions, with the outliers marked as diamonds
highlighting instances of significant deviation from the typical error range. Such graphical
analysis aids in the comparative evaluation of model robustness and error consistency.
The TSV model exhibits a slightly wider interquartile range, suggesting more variability
in predictions compared to the TCV and TAV models. The latter models demonstrate a
more compressed IQR, indicative of a tighter clustering of errors and, potentially, a more
consistent predictive performance.
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Figure 5. Performance of evaluation models on testing set.

In the TSV evaluation model, outliers are symmetrically distributed beyond the
whiskers, whereas for the TCV model outliers are predominantly found below the lower
whisker, and for the TAV model outliers are primarily above the upper whisker. This
indicates that the TCV and TAV models tend to produce anomalously low and high results,
respectively. It is imperative to consider the range span of TSV, TCV, and TAV, as a broader
span implies a more challenging prediction task. Specifically, the spans for TSV, TCV, and
TAV are 6, 5, and 2, respectively. In this context, as illustrated in Figure 6, the TCV model
outperforms the others in terms of prediction across its range, which is also deemed the
most crucial metric for assessing thermal comfort in buildings.

Figure 6. Performance of evaluation models on testing set considering the indicator ranges.

In Figure 7, we present a comparative analysis of the LightGBM-based evaluation
models against a suite of established machine learning algorithms, namely KNN (k-Nearest
Neighbor), RF (Random Forest), XGBoost, GBDT (Gradient Boosting Decision Tree), and
SVR (Support Vector Regression). The KNN, RF, GBDT, and SVR models were constructed
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using the Scikit-learn library, while XGBoost was implemented via its dedicated library. All
models, including LightGBM, were established with default parameter settings to exclude
the impact of hyperparameter optimization. The comparative outcomes suggest that RF,
XGBoost, and GBDT exhibit comparable levels of accuracy, likely attributable to their shared
foundation in tree-based methodologies. Conversely, SVR and KNN appear less adept at
managing the tabular dataset’s large-scale nonlinearity, as evidenced by their respective
error metrics. Although LightGBM demonstrates a marginal superiority in assessing TSV
and TAV, it is distinctly more proficient in evaluating TCV. The consistent performance
across multiple evaluation metrics shows the robustness of LightGBM, confirming its
potential as a reliable tool for thermal comfort evaluation. Instead of the development of
a novel model attuned to extensive thermal datasets, a core objective of this study is to
elucidate the relative impact weights, marginal effects, and interplay among all pertinent
factors, which we discuss comprehensively in Section 5.

(a) MAE (b) RMSE

0.0
0.2
0.4
0.6
0.8
1.0
1.2

GBDT

XGBoost

RF

KNN

LightGBM  TSV
 TCV
 TAV

SVR

0.2
0.4
0.6
0.8
1.0
1.2
1.4

GBDT

XGBoost

RF

KNN

LightGBM  TSV
 TCV
 TAV

SVR

Figure 7. Overall performance of all machine learning models on testing set.

5. Model Interpretation

The interpretive analysis of the established LightGBM model was conducted using the
SHAP (SHapley Additive exPlanations) method, which is grounded in game theory and
relies on conditional expectations to elucidate the model’s decision-making process [26,37–
42]. The SHAP approach delineates the marginal contribution of each input feature to
the predictive outcomes and helps understand the model’s operational tendencies when
evaluating the thermal comfort. This interpretative process exclusively employed the test
dataset to reveal the model’s explanatory insights. Particular attention was devoted to the
TCV (Thermal Comfort Vote) evaluation model, attributed to its exceptional predictive
accuracy and its acknowledged importance in gauging thermal comfort within building en-
vironments. By scrutinizing the TCV model, we discerned the influence weights, marginal
effects, and interactive mechanisms of its contributing factors. This detailed examination
enables a deeper comprehension of the factors that predominantly affect thermal comfort
evaluations, guiding both the design of intelligent thermal regulation systems and the
formulation of strategies for enhancing occupants’ comfort and well-being.

5.1. Influence Weights

Figure 8 delineates the influence weights of various factors on the Thermal Comfort
Vote (TCV) model through mean absolute SHAP values. It should be noted that category
features, including building type, building function, thermal operation mode, and season,
have been one-hot encoded, therefore, each category feature’s mean absolute SHAP value
indicates the sum of its one-hot features’ mean absolute SHAP values. SHAP (SHapley
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Additive exPlanations) values provide a profound understanding of feature contributions
by assigning each feature an importance value for a particular prediction. A higher mean
absolute SHAP value signifies a greater impact of the feature on the model’s output. The
bar chart reveals that ‘Indoor Temperature’ possesses the most significant influence on
TCV, as evidenced by its highest mean absolute SHAP value. This suggests that varia-
tions in indoor temperature are the most substantial predictor of thermal comfort levels
perceived by occupants. ‘Building Type’ also demonstrates a notable impact, implying
that the structural and architectural characteristics encapsulated by this factor are critical
in determining thermal comfort. ‘Metabolic Rate’ and ‘Building Function’ follow closely,
indicating their substantial roles in influencing the thermal comfort outcomes, likely due
to their direct relationship with human thermal regulation and the activities conducted
within the building space. Conversely, ‘Clothing Insulation’, ‘Indoor Humidity’, ‘Indoor
Velocity’, and ‘Thermal Mode’ display comparatively lower influence weights. Nonetheless,
their contributions are non-negligible, suggesting a complex interplay of environmental
conditions and personal factors that collectively shape the thermal comfort experience.
It is noteworthy that ‘Season’ is the factor with the lowest mean absolute SHAP value,
playing an inconsequential role in the evaluation model. The presence of multiple factors
with varied influence weights reinforces the multifaceted nature of thermal comfort, which
cannot be attributed to a singular environmental or personal characteristic. Instead, it
emerges as an aggregate outcome of multiple interacting variables. The quantification of
influence weights via SHAP values facilitates a nuanced understanding of the TCV model,
allowing practitioners to prioritize interventions based on the factors most predictive of
thermal comfort. Such insights can drive informed decisions in the design and manage-
ment of building environments, optimizing occupant comfort while potentially enhancing
energy efficiency.

Season

Thermal Mode

Indoor Velocity

Indoor Humidity

Clothing Insulation

Building Function

Metabolic Rate

Building Type

Indoor Temperature

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

Mean absolute SHAP value

Figure 8. Mean absolute SHAP values for factors of TCV model.

5.2. Marginal Effects

Figure 9 illustrates the marginal impacts of various factors of the TCV model. Each dot
within the figure symbolizes an independent data point. The hue of each dot corresponds
to the specific factor’s value for that data point. The SHAP value associated with each dot
quantifies the marginal influence of the data point on the outcome, namely, the Thermal
Comfort Voting (TCV) assessment. A positive SHAP value suggests that the respective
feature value of the data point contributes to an increase in the output. The TCV scale ranges
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from 0, denoting ‘very comfortable’, to 5, indicating ‘very uncomfortable’. Consequently,
an elevated SHAP value denotes that the feature value of the data point adversely affects
thermal comfort. The SHAP scatters depicted in the figure offers a granular view of the
feature importance and impact on the predictive model.

Figure 9. Variation trend of SHAP value with alteration to the value of each input variable of
TCV model.

To help better understand the SHAP summary plot, we summarised five essential
aspects of it: (a) Features list: The features are listed on the y-axis, ordered by the sum of
SHAP value magnitudes across all samples. The feature at the top has the highest overall
impact on model output; (b) SHAP value: The x-axis represents the SHAP value, which
measures the impact of each feature on the model’s prediction. Values to the right of the
zero line indicate a positive impact on the model’s prediction, while values to the left
indicate a negative impact; (c) Color coding: The color indicates the feature value, with blue
representing low and red representing high values. For instance, a high indoor temperature
(red dot) is typically associated with a positive SHAP value, suggesting it increases the
predicted outcome; (d) Data points: Each dot represents an individual data point. The
spread of dots across the x-axis for a single feature shows the variability of the SHAP
values for that feature across all the data points; (e) Impact direction: Features that have a
mixture of colors across the zero line indicate that they can have both positive and negative
impacts on the prediction, depending on their value for a given sample. The underscores
signify categorical variables that have been one-hot encoded, with the subsequent text
indicating the specific category within the variable. For instance, a red dot on the ‘Building
type_Residential’ row suggests that the building type is residential for that data point, as
indicated by a one-hot variable value of 1. Conversely, a blue dot denotes a non-residential
building type, with the one-hot variable set to 0. It should be noted that two features
(“Building function_Classroom” and “Thermal mode_Radiant floor heating”) were omitted
automatically due to their low influence.

Among the value-type features, the feature ‘Indoor Temperature’ prominently exhibits
a concentration of red dots with high SHAP values, which, considering the TCV scale,
suggests that higher indoor temperatures are generally associated with decreased thermal
comfort. This is consistent with the physiological responses to thermal environments,
where excessively high temperatures can lead to discomfort and even heat stress. The distri-
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bution of SHAP values for ‘Indoor Temperature’ underlines the critical balance required in
maintaining temperatures within a range that maximizes comfort while minimizing energy
consumption for cooling systems. Conversely, the ‘Metabolic Rate’ feature is characterized
by a diverse spread of SHAP values, reflecting its complex relationship with thermal com-
fort. Notably, higher metabolic rates, indicated by red dots, contribute to a higher TCV,
which in this context translates to a reduction in comfort levels. This is in line with the
understanding that increased activity levels lead to higher internal heat production, which,
if not offset by the thermal environment, can cause discomfort. This finding emphasizes the
importance of designing building environments that are adaptable to the varying activity
levels of occupants, suggesting that spaces should be versatile enough to accommodate
different metabolic rates while still ensuring comfort. The insights derived from analyzing
‘Indoor Temperature’ and ‘Metabolic Rate’ highlight the interplay between environmental
conditions and occupant activities in the context of thermal comfort. Effective thermal
comfort design must therefore account for these factors, aiming to create an adaptive
environment that can respond to both the dynamic nature of indoor temperatures and the
diverse metabolic rates of occupants. This approach not only enhances occupant comfort
but also promotes energy efficiency by aligning the building’s climate control strategies
with the actual needs of its users. The rest of the value-type features, such as clothing
insulation and indoor humidity, did not show a clear mode in influencing the output, which
might be revealed through interactive influence analysis.

Within the categorical variables assessed, particular attention is given to each cate-
gory’s relative impact on thermal comfort. For the variable ‘Building Type’, the category
‘Residential’ exhibits a pronounced detrimental influence on thermal comfort. In contrast,
other categories, such as ‘Dormitory’, ‘Office’, and ‘Educational’, appear to exert negligible
effects. This observation suggests that occupants may have less stringent thermal comfort
expectations within public edifices, or that these structures may inherently possess superior
thermal regulation capabilities compared to private dwellings. In addition, this disparity
may be attributed to the economic aspects of thermal consumption costs and payment
responsibility. Specifically, the cost of thermal energy in public spaces, which is not borne
directly by individuals, potentially reduces thermal comfort concerns among users of these
buildings. As for ‘Building Function’, spaces with public utility, including offices and
dormitories, demonstrate no significant impact on thermal comfort, whereas private spaces
such as ‘Bedroom’ and ‘Living Room’ are associated with the poorest thermal comfort
levels. The influence patterns for ‘Building Function’ align with those observed in ‘Building
Type’. Regarding ‘Thermal Mode’, ‘Radiator Heating’ emerges as the most conducive
to thermal comfort. Alternative modes, such as ‘Natural Ventilation’ and ‘Convection
Cooling’, tend to negatively affect comfort margins. Seasonally, individuals report optimal
thermal comfort in the winter, with the ‘Transition Season’ being the least comfortable
period. Summer does not display a clear trend in thermal comfort preferences.

5.3. Interactive Mechanism

The interactive mechanism is to show the comprehensive effects of two features
on building thermal comfort. In this part, we took the most relevant indicator “indoor
temperature” as the basic index, and conducted four groups of interactive analysis, as
shown in Figure 10. In the SHAP dependence graphs, the scales of color bars do not include
the outliers. Each point in these graphs represents how the interaction of the two features
at that specific data point influences the TCV score, offering insights into the complex
interplay of environmental factors on thermal comfort. To help better understand the
SHAP dependence graph, we summarised two essential aspects of it: (a) Feature value-
prediction impact relationship: The horizontal axis usually represents the value of a specific
feature (i.e., indoor temperature in Figure 10), while the vertical axis shows the SHAP
value, indicating the impact of that feature value on the model’s prediction (i.e., TCV
value); (b) Color of data points: Data points can be colored to represent the values of other

204



Buildings 2023, 13, 3107

features (i.e., clothing insulation, metabolic rate, indoor humidity, and indoor velocity from
Figure 10a–d, respectively), revealing the interaction effects between different features.

(a) Indoor temperature and clothing insulation (b) Indoor temperature and metabolic rate

(c) Indoor temperature and indoor humidity (d) Indoor temperature and indoor air velocity

Figure 10. SHAP dependence graph to show the interactive effects of different factors.

Figure 10a indicates a nonlinear relationship between indoor temperature and the
SHAP values for this temperature, with a color gradient representing clothing insulation
levels. As indoor temperature increases, SHAP values initially show a decline and then
rise, suggesting an inverse U-shaped relationship. Lower SHAP values, indicating higher
thermal comfort, are predominant at moderate temperatures, while extreme temperatures,
both low and high, correspond to higher SHAP values, reflecting reduced thermal comfort.
At lower temperatures, increased clothing insulation (as indicated by a gradient from blue
to red) seems to mitigate the discomfort to some extent, as evidenced by the cluster of
points with higher insulation levels associated with lower SHAP values. However, as
the temperature rises beyond a certain threshold, even higher levels of clothing insula-
tion cannot counteract the discomfort caused by high temperatures. In the mid-range of
temperatures, there is a spread of SHAP values at varying levels of clothing insulation,
implying a more complex interaction, where factors other than clothing and temperature
may play a significant role in thermal comfort. This could include individual metabolic
rates, the presence of direct sunlight, or other environmental factors not captured in this
two-dimensional graph. At higher temperatures, the trend of increasing SHAP values
regardless of clothing insulation suggests a limit to the compensatory role of clothing
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in managing thermal comfort. In these conditions, the physiological limits of heat dis-
sipation might be reached and the discomfort becomes more pronounced, regardless of
clothing insulation. Overall, the SHAP dependence graph reveals that, while clothing
insulation can moderate the impact of indoor temperature on thermal comfort, this effect is
bounded by the limits of physiological adaptation to temperature extremes. This suggests
the importance of maintaining indoor temperatures within a moderate range to optimize
thermal comfort, particularly in environments where the clothing insulation cannot be
easily adjusted [43].

Figure 10b suggests that individuals with a higher metabolic rate (represented by
red dots) tend to achieve thermal comfort more easily at lower indoor temperatures. This
observation implies that the inherent heat generation from a higher metabolic rate may
compensate for the lower ambient temperatures, thus aligning with the body’s thermoreg-
ulatory needs to maintain a sensation of comfort. This phenomenon can be attributed to
the body’s endogenous thermal regulation system, where metabolic heat production plays
a critical role. At lower temperatures, a higher metabolic rate can help maintain core body
temperature, reducing the need for external heating sources and potentially leading to
a more energy-efficient state of comfort. The concentration of red dots at the lower end
of the indoor temperature spectrum on the SHAP graph indicates that, as the ambient
temperature decreases, the thermal contribution of metabolic heat becomes increasingly sig-
nificant. This aligns with thermoregulatory principles, where the human body’s metabolic
heat generation helps to offset the heat loss to the environment. The SHAP dependence
graph indicates that the influence of metabolic rate on thermal comfort is attenuated at
temperatures exceeding 27 ◦C, beyond which thermal comfort significantly declines with
further increases in temperature, regardless of the metabolic rate. The implications of
individual metabolic differences on thermal comfort are profound. They indicate that
personalized comfort models could be beneficial in designing HVAC (Heating Ventilation
and Air Conditioning) systems and in developing building energy management strategies
that take into account the metabolic diversity of occupants. Adaptive thermal regulation
systems that respond to individual metabolic rates can optimize energy consumption by
reducing the reliance on artificial heating or cooling when the occupants’ metabolic heat
production is sufficient to achieve comfort.

Figure 10c delineates the interaction between indoor temperature and humidity, elu-
cidating their collective effects on thermal comfort. At lower indoor temperatures, the
contribution of humidity to Thermal Comfort Voting (TCV) appears to be ambiguous;
conversely, at elevated indoor temperatures, humidity levels predominantly register as
high, hinting at a homogeneity within the filtered dataset. This homogeneity notably
underscores the dearth of observations from hot and arid climates [44], thereby limiting
the model’s capacity to accurately reflect the variations in comfort perceptions associated
with such conditions. To foster the creation of comprehensive thermal comfort models, it is
imperative to procure a dataset that is both diverse and representative, spanning the full
gamut of climatic scenarios.

Figure 10d illustrates the relationship between indoor air velocity and thermal comfort
across various temperature ranges. It can be observed that higher air velocities, which are
predominantly prevalent during the summer months, correspond to lower TCV values,
suggesting an increase in thermal comfort. This phenomenon is likely attributable to
the prevalent cooling and ventilation strategies employed during these warmer periods.
Conversely, during winter, instances of high indoor air velocity are comparatively scarce,
thereby rendering the impact of air movement on thermal comfort less discernible. The lack
of significant data points under cold conditions suggests that ventilation strategies may be
less aggressive, possibly due to the heating requirements and the desire to minimize energy
loss. This analysis underscores the importance of considering the seasonal context when
evaluating the influence of air velocity on thermal comfort. Airflow, often a crucial factor
in thermal comfort during hot conditions, might play a nuanced role in colder climates.
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Such insights are vital for the design of HVAC systems that are responsive to the thermal
needs of occupants while balancing energy efficiency across seasonal variations.

6. Conclusions

This research presents an innovative approach for evaluating building thermal comfort
in China, utilizing a smart evaluation model underpinned by an open-access dataset.
Through the integration of Bayesian-optimized LightGBM and SHAP methodologies, we
have developed an explainable machine learning model that accurately predicts thermal
comfort requirements across different regions and building types. The following key
insights have been distilled from our study:

(1) Our model has demonstrated commendable accuracy in evaluating thermal comfort,
with SHAP analysis providing granular insights into the model’s internal workings.
The ability of the model to generalize across the test set with high precision suggests
its potential for widespread application in smart building management systems.

(2) The study underscores the paramount influence of indoor temperature on thermal
comfort voting, reiterating the necessity for precise temperature control in the pur-
suit of occupant comfort. The notable impacts of building type and metabolic rate
highlight the significance of architectural design and human physiological activity in
thermal comfort perception.

(3) The insights gleaned from our analysis have significant policy implications. They can
inform the development of energy-efficient thermal comfort standards and regulations
that are sensitive to regional climatic diversity and personalized occupant needs.
Accurate predictions of thermal comfort can aid substantially in the optimization of
energy usage, aligning with the objectives of sustainable development and carbon
neutrality. The model’s ability to delineate the influence of distinct factors enables the
design of energy-efficient and occupant-centric thermal environments.

(4) The research paves the way for future studies to incorporate additional variables,
such as clothing adaptability, occupant behaviour, and building occupancy patterns.
Such expansions could yield a holistic thermal comfort model that is both predictive
and prescriptive, aiding stakeholders in creating energy-efficient, comfortable, and
health-promoting built environments.

In conclusion, our study contributes a sophisticated, data-driven evaluation model to
the field of building thermal comfort. This model not only serves as a tool for optimizing
thermal comfort but also acts as a guide for sustainable building design and operation,
ultimately supporting the global endeavor to mitigate climate change through improved
energy stewardship in the building sector. With its capacity to elucidate complex relation-
ships within large datasets, our research exemplifies the potential of machine learning to
revolutionize building science and urban planning.
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