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1. Introduction

The field of geotechnical engineering is experiencing a transformative period driven
by the increasing complexity of in situ projects and the need for operations in challenging
geological environments [1–4]. As engineering activities extend into deeper strata and
more complex geological conditions, practitioners face unprecedented challenges, including
groundwater seepage control, dynamic rock mass failure analysis, geothermal effects on
rock stability, and microseismic monitoring [5–9]. These multifaceted problems demand
sophisticated numerical computation, mathematical modeling, and engineering monitoring
methodologies that can provide reliable solutions for analysis, evaluation, and design
processes [10,11].

This Special Issue, “Advances in Numerical Computation and Mathematical Modeling
for Geotechnical Engineering”, addresses the critical need for advanced computational
tools in geotechnical engineering practice. The collection focuses on the development and
application of cutting-edge numerical computation and modeling methods for geotechni-
cal monitoring, analysis, and theoretical prediction. By assembling high-quality original
research papers, comprehensive case studies, and innovative methodological contributions,
this Special Issue aims to bridge the gap between fundamental mathematical theories and
practical computer-based applications in geotechnical engineering.

The rapid pace of global urbanization and infrastructure development has generated
an unprecedented demand for reliable geotechnical solutions [12]. Modern projects such as
deep excavations for underground transportation systems, high-rise building foundations
in challenging soil conditions, and the exploitation of deep mineral resources all require
accurate prediction of ground behavior under complex, multi-axial loading conditions.
While traditional empirical methods remain valuable, they often prove inadequate when
addressing the multi-physics nature of contemporary geotechnical problems, which involve
coupled processes, material heterogeneity, and time-dependent behavior [13,14].

Recent advances in computational power and numerical algorithms have revolution-
ized our understanding and predictive capabilities in geotechnical behavior analysis. The
development of sophisticated constitutive models capable of capturing complex stress–
strain relationships in soils and rocks, combined with advanced numerical methods includ-
ing the Finite Element Method (FEM), Discrete Element Method (DEM), and innovative

Appl. Sci. 2025, 15, 8960 https://doi.org/10.3390/app151689601
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hybrid approaches, has fundamentally transformed our analytical capabilities [10,11,15–18].
These computational tools enable engineers to comprehensively consider previously in-
tractable factors, such as material heterogeneity, non-linear behavior, time-dependent
effects, and complex coupled processes.

2. An Overview of Published Articles

This Special Issue encompasses a comprehensive range of research topics that reflect
the current frontiers and emerging trends in computational geotechnics. These contri-
butions can be categorized into several key thematic areas that collectively advance the
state-of-the-art in numerical modeling and mathematical analysis.

Zhang et al. [19] utilized laboratory experiments and the Universal Distinct Element
Code (UDEC) to explore the influence of the compressive strength of joint walls on the shear
deformation behavior of rock discontinuities. The numerical results demonstrated good
consistency with the experimental findings. At the microscopic level, the study revealed
that roughness and normal stress are the main factors influencing the shear dilation process
of discontinuities, and parameters such as dilation magnitude and shear strength are
constrained by joint wall strength.

The application of advanced mathematical models in geotechnical engineering repre-
sents a mature yet continuously evolving field that successfully bridges theoretical analysis
and practical engineering applications [20]. Liao et al. [21] proposed an innovative com-
prehensive evaluation methodology that integrates an improved grey correlation–Delphi
model with validity and reliability coefficients. This sophisticated approach is specifically
designed to address the inherent challenges in both quantitative and qualitative evalu-
ation of loess slope stability—a critical issue in many regions worldwide where loess
deposits are prevalent. The proposed method effectively overcomes the subjective depen-
dence and index selection redundancy that characterize traditional evaluation approaches,
demonstrating high reliability and providing a valuable mathematical framework for com-
prehensive geological slope assessment. This contribution is particularly significant given
the increasing frequency of slope failures in loess regions and the need for more objective,
scientifically based evaluation tools.

The integration of artificial intelligence and machine learning techniques with tra-
ditional numerical methods represents one of the most exciting and rapidly developing
areas in computational geotechnics [22–25]. Sui, et al. [26] introduced a groundbreaking
artificial intelligence algorithm based on a stacking integration strategy for predicting
fragmentation size in open-pit bench blasting operations. This innovative AI algorithm
effectively integrates Random Forest and XGBoost models, achieving significantly higher
predictive accuracy compared to traditional single machine learning approaches. The
research demonstrates the potential of ensemble learning methods in addressing complex
geotechnical prediction problems where multiple variables and non-linear relationships are
involved. This work has direct applications in mining engineering, where accurate predic-
tion of blast fragmentation is crucial for optimizing extraction processes and minimizing
environmental impact.

3. Conclusions

This Special Issue represents a significant contribution to the field of computational
geotechnics, showcasing innovative research that addresses both fundamental scientific
questions and practical engineering challenges. These papers presented here demonstrate
the power of numerical computation and mathematical modeling in solving complex
geotechnical problems, from the microscale behavior of soil particles to the large-scale

2



Appl. Sci. 2025, 15, 8960

response of geological systems. As we face increasingly complex engineering challenges in
an era of climate change and sustainable development, the role of advanced computational
methods in geotechnical engineering will only grow in importance. The research presented
in this Special Issue provides the foundation for future developments, offering novel tools
and insights that will enable engineers to design safer, more efficient, and more sustainable
geotechnical solutions.
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of the manuscript.
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Research on Screening Method of Loess Slope Stability
Evaluation Indexes Based on Validity and Reliability Coefficient

Jianlong Liao 1,*, Hongjun Sun 1 and Jianchao An 2
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sunhongjun_2006@163.com

2 Jinzhou Water (Group) Co., Ltd., Jinzhou 121002, China; 15604063205@163.com
* Correspondence: jianlongliao@163.com

Abstract: Aiming at the problems of intense subjectivity and high redundancy in the
screening of indicators in the stability evaluation of loess slopes, this study proposes an
evaluation method integrating the validity and reliability coefficients. Following an initial
screening of the indexes based on the engineering geological characteristics of loess slopes
and literature research, 22 significant indicators were kept following a qualitative screening
process (the principles of uniqueness, purpose, etc.); combined with the improved grey
correlation-Delphi model for quantitative screening, the validity coefficient (β = 0.0816)
and reliability coefficient (ρ = 0.9609) were introduced to validate the scientificity and
consistency of the indicator system. The results showed that the 10 core indicators, includ-
ing Cohesion, Internal Friction Angle, Maximum Monthly Rainfall, Rock Mass Structure,
and Anthropogenic Engineering Activities, had a significant influence on loess slope sta-
bility, and the screening process effectively reduced the subjective bias and information
redundancy. The method provides a data-driven theoretical framework for eolian slope
risk assessment, which can improve the accuracy of landslide warning and the reliability
of engineering protection design, and the engineering applicability of the model can be
further optimized by combining the dynamic environmental parameters and multi-source
monitoring data.

Keywords: slope stability; grey correlation; validity coefficient; reliability coefficient;
loess slope

1. Introduction

One of the most damaging geological risks in the region where loess is distributed
worldwide is loess slope instability. Under the combined influence of rainfall infiltration,
freeze–thaw cycles, and human engineering activities (such as irrigation and excavation),
loess is extremely vulnerable to landslide hazards due to its porous structure, susceptibility
to wetting, and high sensitivity to hydrological conditions. These factors pose a serious
threat to residential areas, farmland infrastructures, and traffic arterials [1–4]. At the same
time, the suddenness and multi-scale damage characteristics of such disasters (e.g., cave
collapse, slope shoulder crack extension) further highlight the complexity of stability
evaluation [5,6]. About one-third of the annual geological disasters in China occur in the
Loess Plateau, which not only causes casualties and infrastructure damage but also leads to
huge direct economic losses [7,8]. Moreover, with the fluctuation of groundwater levels and
the frequent occurrence of extreme weather events, the risk of slope landslides and other
disasters in the Loess Plateau region is also increasing [4,9,10]. However, traditional analysis
methods, such as the limit equilibrium method and finite element numerical simulation,
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make it difficult to quantify the nonlinear interaction effects among indicators due to
the over-reliance on idealized assumptions (e.g., homogeneous soils, fixed slip fracture
surfaces) [7,11,12]. This makes the theory often inconsistent with the actual situation in
practical applications and, thus, there is an urgent need to construct a novel analytical
framework that can integrate multiple data sources.

As the core of novel evaluation methods, the indicator screening mechanism is a
widespread challenge. Among the existing methods, the subjective assignment method
is susceptible to expert cognitive bias, leading to indicator redundancy or omission of
key factors [13]. Objective methods such as principal component analysis can extract
data features, but may screen out statistically significant indicators but lack engineering
interpretability [14]; traditional methods have obvious human intervention in the screening
process, such as the resolution coefficient in the grey correlation model, which needs to
rely on empirical settings. In this example, the resolution coefficient in the grey correlation
model relies on the empirical setting, and when the coefficient varies within a certain range,
the variability of the correlation order of indicators is high [15]. However, the selection
of indexes for slope stability evaluation typically depends too much on the knowledge
and judgment of experts and is not supported by systematic verification procedures,
raising questions about the repeatability and scientificity of index screening results [16,17].
When redundant parameters are added, computational complexity is needlessly increased,
and the reliability of the evaluation model output is directly impacted by the significant
decline in the identification accuracy of important driving factors under the coupling effect
of multiple parameters [18,19]. Therefore, to minimize the subjectivity of index screening,
guarantee the objectivity of the screening findings, and assure the correctness of slope
stability evaluation, it is imperative to develop an objective index screening algorithm
framework and a corresponding result verification method.

This study developed a quantitative screening mechanism for the joint control of
validity and reliability and creatively suggested a quantitative screening mechanism based
on the Delphi method and the improved grey correlation model to address the main issues
in the stability evaluation of loess slope.The two-stage framework used to optimize the
index system eliminated redundancy through qualitative screening, fused subjective and
objective data through quantitative screening, and quantified the quality of the fusion using
validity and reliability coefficients. This helped to validate expert consensus and statistical
effectiveness, achieve multi-dimensional optimization of the index system, and effectively
improve its applicability in loess slope scenarios with complex geological parameters
and limited historical samples. Simultaneously, the two-stage screening framework may
be adjusted to meet the requirements of regionally diverse evaluation by modifying the
validity–reliability threshold parameters. A new methodological framework for the opti-
mization of similar complex system index systems is provided by the collaborative control
strategy based on subjective and objective data fusion, which transcends the boundaries
of traditional analysis. Its core algorithm is not specific to any particular slope, so that all
different types of slopes can be screened by the model, and this method can be applied
tomulti-source heterogeneous data processing and complex system index optimization in
geotechnical engineering.

2. Regional Geological Setting

2.1. Topography and Geomorphology

Situated in the southern region of the Loess Plateau of Longdong, in Lingtai County,
Pingliang City, Gansu Province (Figure 1), the study area is a typical loess hilly-gully
landform with a total area of 2039 km2 and geographic coordinates ranging from 107◦00′ to
107◦57′ east longitude and 34◦02′ to 34◦23′ north latitude. The topography of the region is
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dominated by loess beam-pebble hills and erosion-accumulation valley plains. It has loess
beams and a pebble hills base for the Cretaceous sandstone and gravel, the surface layer is
covered with Malan loess, the formation of beams and pebbles interlace terrain, elevation
is 910 to 1020 m, the gully is a V-shaped cut, depth is 20 to 150 m, a valley slope gradient of
15 to 40 degrees, and development of the gully and the intensive local collapse landslide.
Erosion-accumulation of the river valley plains is distributed in the valley of the Daxi River
and its tributaries, the development of river beds, river rambling beach, and multi-level
terrace. The first and second terraces are flat and broad, while the third and fourth terraces
are sporadically distributed and are base terraces, with a difference of 20 to 40 m in height
between the terrace surfaces. Micro-geomorphology in the area is dominated by waterfall
holes and gullies, with waterfall holes of 0.2–1.5 m in diameter, which are concentrated in
the upper and middle slopes due to precipitation or irrigation seepage, and gullies have
proliferated due to the frequency of torrential rains in recent years, aggravating the erosion
and damage of slopes.

Figure 1. Location map of the study area.

2.2. Lithological Characteristics

Cretaceous bedrock and Quaternary loose sedimentary layers dominate the research
area’s geological structure. As the Quaternary basement, the Cretaceous strata are primarily
found on both banks of the Daxi River and its tributaries, including the Luohandong
Formation (K1lh) and the Zhidan Group Huanhe Formation (K1h). The brownish-red
sandy mudstone of the Cretaceous Huanhe Formation (K1h) is interbedded with sandstone
and has an argillaceous cementation that is easily dissolved and softened by water. With
small fissures, purple-red sandstone, mudstone, and conglomerate make up the majority of
the Luohan Cave Formation (K1lh). The Quaternary strata cover a wide area. Among them,
the Lower Pleistocene (Qp

1al) is a gravel and clay layer, which is distributed in tributary
river valleys. The Middle Pleistocene (Qp2) is dominated by lithic loess (Qp2eol), with a
thickness of 60∼150 m, developed vertical joints, and multi-layered paleosoil, which is
prone to collapse and landslide. The Upper Pleistocene (Qp3) includes the Malan loess
(Qp

3eol, collapsible amount 97.4∼216.2 mm) with moderate collapsibility and loose gravelly
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loess silt (Qp
3eol+pl). The Holocene (Qp4) is dominated by sand, gravel, and plain fill (Qp4ml),

and its mechanical properties are extremely unstable. Details are shown in Figure 2.

Figure 2. Geological map of Lingtai County and surrounding areas [20].

2.3. Tectonic Features

According to the investigations of relevant literature [20], the study area is located in
the stable tectonic unit of the southwestern edge of the Ordos Basin, with weak tectonic
activities, no regional rupture, and the development of five gentle folds (four oblique and
one dorsal). The new tectonic movement is dominated by intermittent uplift, forming the
four-level terraces and bedrock outcrops in the river valley. Earthquakes are controlled by
strong peripheral earthquakes, and the 1920 Haiyuan 8.5-magnitude earthquake triggered
secondary disasters. The regional seismic defense intensity is VII degrees (peak acceleration
of ground shaking 0.10 g), and the Earth’s crust is stable as a whole, but the loess slopes are
weak in seismic performance, so it is necessary to carry out the analysis of anti-slip stability
and reinforcement design under seismic conditions.

2.4. Meteorology and Hydrology

With an average annual precipitation of 654.4 mm, a historical maximum daily pre-
cipitation of 150.1 mm, and an average annual evaporation of 1145 mm, the study region
has warm-temperate semi-humid continental monsoon weather. Details are shown in
Figure 3. With an average yearly runoff of 53.28 million cubic meters for the Daxi River and
33 million cubic meters for the Heihe River, the two main rivers of the Jinghe River System
are known to have a mineralization of 0.3 to 0.46 g/L and a water chemistry type that is
dominated by HCO−

3 , Ca2+, and Mg2+. The flood peak flow of the east ditch and west
ditch in the area reaches 65 m3/s and 55 m3/s, respectively, during heavy rainfall, which
makes it easy to trigger a mudflow disaster. Hydrogeological conditions are significantly
affected by irrigation seepage and heavy rainfall infiltration, and the water table elevation
and loess engineering characteristics jointly exacerbate the hydraulic erosion of slopes.

8



Appl. Sci. 2025, 15, 6216

Figure 3. The average rainfall and evaporation in Lingtai County for many years [20].

2.5. Human Activities

In the study area on the south side of Jingshan Mountain in Lingtai County, the risk of
geological disasters has been significantly exacerbated by human engineering activities,
which are mainly reflected in slope cutting, green irrigation, and air-raid shelters. Due
to the large number of outsiders in the densely populated area, a large number of slopes
were cut to build houses, which destroyed the original slope, increased the slope and slope
weight, and directly destroyed the stability of the original slope. This is shown in Figure 4.
The greening irrigation on the top of the slope causes water to infiltrate along the vertical
joints and sinkholes, which raises the groundwater level weakens the shear strength of rock
and soil, and weakens the stability of the slope. In addition, although the remaining air-raid
shelters have been blocked, there are still hidden seepage channels, and the mechanical
properties of the rock and soil around the caves are accelerated by water intrusion during
rainfall. These activities are the core anthropogenic drivers of slope instability by altering
the topographic structure, permeability conditions, and geophysical properties. This is
shown in Figure 5.

Figure 4. The phenomenon of cutting slopes to build houses around Jingshan [20].
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Figure 5. An air-raid shelter at the foot of the slope of the study area [20].

3. Research Method

This study focuses on the stability of loess slopes and proposes the four-step method
of “preliminary selection, qualitative screening, quantitative screening, and verification”
to construct the slope stability evaluation index system and combines the improved grey
correlation model with the statistical validation method to systematically analyze the
validity and reliability of the indexes. The specific operation process is shown in Figure 6.

Figure 6. Flowchart of the screening of indicators for loess slopes.
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3.1. Preliminary Selection and Qualitative Screening of Evaluation Indicators

The stability state and evaluation criteria of loess slopes under various geological con-
ditions differ greatly, and the influencing factors of slope stability are extremely varied and
complex. These factors must be combined with the unique mechanical and physical charac-
teristics of loess slopes for focused analysis. To systematically identify the core influencing
factors of loess slope stability, the study is based on the research results of loess engineering
geology and slope stability at home and abroad [21–26] and comprehensively refers to
China’s “Code for Construction in Wet Trapped Loess Areas” (GB 50025-2018) [27] and
“Highway Subgrade Design Code” (JTG D30-2015) [28]. Through theoretical analysis and
engineering case verification, a preliminary loess slope stability evaluation index system
containing several key parameters was constructed.

However, a large number of correlation indicators not only weaken the importance
of the core parameters but also reduce the calculation efficiency due to the repetition of
information, which is a result of this indicator system’s problem with an excessive number
and redundancy of indicators. In this study, based on the analysis of the main control
factors of loess slope stability in the study area, the four basic principles of uniqueness,
purpose, feasibility, and observability are used as the screening framework to qualitatively
screen several preliminary indicators. The principle of uniqueness requires the elimination
of redundant and invalid indicators; the purpose emphasizes that the indicators should
directly reflect the characteristics of loess slope stability, the feasibility ensures that the
indicator data are accessible and operable, and the observability requires that the meaning
of the indicators is clear and the parameters can be quantified.

In the stability assessment of loess slope, all four of these principles can efficiently
eliminate redundant indicators, highlight key factors, increase computation efficiency,
and guarantee that the indicators accurately reflect the stability characteristics, all of which
can improve evaluation accuracy. This approach, however, could result in the loss of
information from the unintentional deletion of duplicate signs with minor variations or the
exclusion of important indicators owing to oversimplification. Furthermore, the choice of
indicators might be influenced subjectively by the assessors. Thus, the initial screening find-
ings for the core indicators were obtained using this method. After removing indications
with poor relevance, complicated data collecting, and unclear representation, quantitative
analyses are required to guarantee the accuracy of the evaluation.

3.2. Quantitative Screening of Evaluation Indicators

The quantitative screening stage is based on the improved grey correlation-Delphi
model, aiming at mining the core influencing factors from the qualitatively screened
indicators through the combination of mathematical modeling and expert empowerment.
The specific process is as follows:

Improved Grey Correlation-Delphi Model

Grey correlation analysis is a research method in grey system theory, which assesses
the strength of correlation by quantifying the similarity of the dynamically changing
characteristics of data series [29]. The core step is to divide the target indicator into reference
and comparison sequences and analyze the degree of coincidence between the two change
trends; the higher the correlation, the greater the contribution of the indicator to the system’s
behavioral pattern. With the core function of identifying the main controlling factors of
the system, this method has been widely used in engineering practice, ecological research,
economic analysis, and other fields [30–32]. However, in the traditional grey correlation
model, the value of the discrimination coefficient λ has a strong subjective dependence
due to the lack of objective criteria. In slope stability assessment, the same index may be
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classified as a core or secondary factor due to the different values of λ, which leads to bias in
the development of engineering solutions [33]. Moreover, a slight adjustment of the λ value
can trigger a large fluctuation of the correlation coefficient, resulting in a significant shift in
the weighting of indicators and a non-stationary fluctuation of decision-making results.
Aiming at this limitation of the traditional model, this study constructed an improved grey
correlation analysis framework [34], and its improvement process is described as follows:

1. The Delphi method, also known as the expert survey method, is a process for mak-
ing decisions that involves anonymous rounds of expert consultation. It involves
screening and optimizing the evaluation index system using principal component
analysis, hierarchical analysis, and other techniques [35–37]. The implementation
process includes designing a structured questionnaire, inviting experts to indepen-
dently rate or suggest, and adjusting opinions after multiple rounds of data statistics
and anonymous feedback until the expert group reaches a consensus. The method
reduces subjective bias through anonymous interaction and guarantees objective and
reliable conclusions. In the application, m experts can anonymously rate the weights
of n indicators and construct the decision matrix D characterizing the weights of the
indicators. This is shown in Equation (1):

D =

⎡
⎢⎢⎢⎢⎣

d11 d12 · · · d1m

d21 d22 · · · d2m
...

...
. . .

...
dn1 dn2 · · · dnm

⎤
⎥⎥⎥⎥⎦ (1)

where D is the matrix of indicator weights and dnm is the value of the mth expert’s
assessment of the weight of the nth indicator to be screened.

2. Construct the reference vector D0 by extracting the maximum value of each column
of the matrix D, as shown in Equation (2):

D0 =
(

d01 d02 · · · d0m

)
(2)

3. According to Equation (3), the spatial difference value between each evaluation index
and the reference series can be calculated, which intuitively characterizes the degree
of dynamic shift of the index, and provides a quantitative basis for weight allocation
and correlation analysis.

D0i =
m

∑
k=1

(d0k − dik)
2 (3)

where dik is the weight that the Kth expert awarded to the ith indicator, and D0i is the
distance between the ith indicator and the reference indicator.

4. As shown in Equations (4) and (5), we calculate the weight coefficients of each assess-
ment index using the standardized processed data matrix.

wi =
1

1 + D0i
(4)

wi =
wi

∑n
l=1 wl

(5)

3.3. Validity and Reliability Verification

This study uses statistical analysis techniques to build a quantitative assessment
model and uses a two-parameter validation mechanism of the validity coefficient β and
the reliability coefficient ρ to systematically test the level of confidence, structural validity,
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and data stability of the screening indexes to guarantee the evaluation index system’s
scientific and engineering applicability [38].

3.3.1. Validity Test of Evaluation Indicator System

Assessing whether the index system can accurately reflect the objective reality requires
the use of the validity test. Based on statistical theory, this study addressed the issues of
subjective evaluation uncertainty and redundancy or lack of indicators by introducing the
validity coefficient β as a tool for quantifying deviations and measuring the fit between
the index system and the real scenario using expert scoring data. Compared to costly field
measurements and machine learning approaches that rely heavily on data quality, validity
tests achieve a balance between scientific rigor and engineering feasibility, demonstrating
distinct methodological advantages. For the 10 key indicators established in the pre-
screening, the validity coefficient test is used to conduct empirical research, and the specific
modeling process is as follows:

1. Data collection and standardization: Let the evaluation index system be Z =

{z1, z2, z3, . . . , zn} containing a total of n indicators. Invite M experts to partici-
pate in independent scoring. According to the relative importance of the indicators,
the experts need to assign scores to the indicators within the [0, 1] standardization
interval, forming the scoring matrix X = {x1j, x2j, x3j, . . . , xnj},, where xij indicates
the scoring value of the jth expert for the indicator zi.

2. Calculation of the validity coefficient βi of the single indicator: Define the validity
coefficient for indicator zi as:

βi =
s

∑
j=1

∣∣∣∣ xi − xij

MV

∣∣∣∣ (6)

where V is the theoretical optimal value and xi is the average score value of the
evaluation indicator zi, which can be calculated using Equation (7):

xi =
s

∑
j=1

xij/M (7)

3. Global validity coefficient synthesis: Integrate the validity coefficients of each index
through the arithmetic average method to get the overall validity coefficient β of the
evaluation system:

β =
n

∑
j=1

β j/n (8)

4. Validity determination criteria: The validity coefficient β is often used as a core
parameter to measure the scientificity of the evaluation system, and when the β value
is lower than the empirical threshold (routinely set at 0.15), the consensus of the expert
group on the evaluation dimensions is significantly enhanced, and the validity of the
indicator system in reflecting the objective reality is also enhanced.

3.3.2. Reliability Test of Evaluation Index System

In the process of constructing the evaluation index system, the subject of evaluation
is affected by the heterogeneity of professionalism, cognitive framework, and knowledge
reserve, and its scoring behavior is easily interfered with by subjective preferences, which
leads to systematic bias in the assessment results. Such subjective cognitive differences
will weaken the anti-interference and data reproduction ability of the indicator system,
which in turn triggers controversy over the validity of the indicator screening. To solve
this problem, this study proposes a reliability coefficient model (ρ) based on the strength

13



Appl. Sci. 2025, 15, 6216

of statistical association, which quantifies the intrinsic correlation between indicators to
achieve validity verification, and the specific modeling process is as follows:

1. Calculation of the mean value of a single indicator: For expert rating data processing
of the jth indicator zi in the evaluation system, its arithmetic mean can be determined
using Equation (9). This calculation process integrates the results of the multidimen-
sional assessment of the members of the expert group for a particular indicator.

xj =
n

∑
i=1

xij/n (9)

2. Calculation of the global mean for the data set: Equation (10) illustrates how the
baseline scoring standards of the expert panel for each indicator are first established
to create the comprehensive evaluation model. Y = {y1, y2, . . . , yn} represents the
expert scoring dataset corresponding to an evaluation system with n indicators. Based
on this, the comprehensive mean score of this dataset must be determined using
Equation (11), a formula system that integrates expert assessment data from multiple
dimensions to achieve the quantitative characterization of the overall level of the
evaluation system.

yi =
1
M

M

∑
j=1

xij (10)

y =
1
n

n

∑
i=1

yi (11)

3. Calculating the single-indicator reliability coefficient ρj.ρjcan be done using Equation (12):

ρj =
∑n

i=1(xij − xj)(yj − y)√
∑n

i=1(xij − xj)2 ∑n
i=1(yj − y)2

(12)

Among these, when ρj > 0, it means that zj has a positive correlation with the
whole evaluation and that the score is consistent; the more closely ρj approaches
one, the more reliable the indicator zj is and the more powerful it is at explaining the
total results.

4. The synthetic total reliability coefficient can be calculated using Equation (13). This
value synthetically reflects the stability and internal consistency of the whole indicator
system. When is high, it indicates that the indicators within the indicator system are
highly correlated and the degree of consensus of expert scores is high; when ρ is low,
it means that the logic between the indicators is loose or there is redundancy, and the
structure needs to be optimized.

ρ =
1
M

M

∑
j=1

ρj (13)

5. Reliability level determination: Generally speaking, when 0.90 ≤ ρ < 0.95, it indicates
that the reliability of the evaluation index system is high, when 0.80 ≤ ρ < 0.90, its
reliability is at a general level, and when 0 ≤ ρ < 0.80, its reliability is relatively low.

4. Engineering Application

In this paper, the loess slope on the south side of Jing Mountain in Lintai County,
Gansu Province [20] is taken as the study area, and the stability evaluation indexes are
selected for this slope. The area belongs to the Longdong loess hilly geomorphological
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area, dominated by natural loess gullies and artificially modified steep slopes. Regional
tectonics are relatively stable, but it is strongly influenced by external dynamic geological
effects such as weathering, gravity, surface water scouring, and groundwater activities,
superimposed on the developed surface water system, high annual rainfall, and frequent
human engineering activities, resulting in a significant risk of geological hazards. Several
unstable loess slopes in the study area are near residential areas and public facilities, posing
a high potential threat. Details are shown in Figures 7 and 8.

Figure 7. Studying the location of the area and the building [20].

Figure 8. The landslide’s location in relation to the building [20].

A preliminary construction of a loess slope stability evaluation index system that
multi-dimensional indexes of loess stratification and structure, hydrogeological conditions,
soil mechanical parameters, and human interference, was conducted in accordance with the
principle of primary selection of evaluation indicators. Based on the four basic principles
of uniqueness, purposefulness, feasibility, and observability, the qualitative screening of
a number of indicators in the primary selection was carried out. Ultimately, as Table 1
illustrates, a simplified assessment framework comprising 22 fundamental indicators
was developed.

In order to extract the primary influencing elements from the subjectively screened
indicators, the assessment indicators were quantitatively screened using the enhanced grey
correlation model. Five specialists who are knowledgeable about the geological state of
loess slopes were gathered using the Delphi technique to weigh each assessment index in
accordance with Table 2 and create the index weight matrix D of Equation (14). The primary
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elements impacting the stability of loess slopes were determined by calculating and ranking
the weights of the assessment indicators.

D =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.08 0.08 0.06 0.05 0.05
0.03 0.03 0.025 0.02 0.035
0.01 0.015 0.015 0.01 0.02
0.12 0.12 0.10 0.11 0.10
0.02 0.025 0.025 0.02 0.03
0.09 0.09 0.08 0.07 0.07
0.025 0.03 0.03 0.02 0.025
0.14 0.14 0.12 0.15 0.13
0.13 0.13 0.12 0.11 0.12
0.25 0.20 0.25 0.18 0.15
0.10 0.10 0.09 0.12 0.11
0.01 0.015 0.015 0.01 0.015
0.015 0.015 0.02 0.015 0.02
0.02 0.02 0.01 0.02 0.015
0.03 0.035 0.035 0.03 0.04
0.02 0.02 0.015 0.02 0.025
0.11 0.11 0.10 0.12 0.10
0.025 0.025 0.03 0.02 0.03
0.03 0.03 0.02 0.025 0.02
0.14 0.14 0.12 0.15 0.13
0.015 0.02 0.02 0.015 0.015
0.20 0.18 0.20 0.24 0.18

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(14)

The reference vector D0 is constructed by extracting the maximum value of each
column of the matrix D, as shown in Equation (15).

D0 =
(

0.25, 0.20, 0.25, 0.24, 0.18
)

(15)

Table 3 displays the weights of the assessment indicators following qualitative screen-
ing, which were calculated by combining Equations (3)–(5).

Analysis of the weight distribution in Table 2 reveals that the key influencing factors
of loess slope stability (screening threshold of 0.0450) can be summarized into the following
10 core parameters: Rock Mass Structure (Indicator 1), Slope Height (Indicator 4), Under-
ground Water Body (Indicator 6), Internal Friction Angle (Indicator 8), Cohesion (Indicator
9), Maximum Monthly Rainfall (Indicator 10), Slope Gradient (Indicator 11), Seismic Inten-
sity (Indicator 17), Hydrological Conditions (Indicator 20), and Anthropogenic Engineering
Activities (Indicator 22). Details are shown in Table 3. The Maximum Monthly Rainfall
(indicator 10) and Anthropogenic Engineering Activities (indicator 22) have the highest
weight among them. This is in line with the region’s actual conditions of high precipitation
and robust human engineering activity, which confirms the accuracy and rationality of the
weight calculation results.
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Table 1. Evaluation indicators for qualitative screening.

Indicator Number Indicator Name Indicator Number Indicator Name

Indicator 1 Rock Mass Structure Indicator 12 Permeability Coefficient of Loess
Indicator 2 Thickness of Loess Stratum Indicator 13 Moisture Sensitivity of Loess
Indicator 3 Geological Formation Indicator 14 Degree of vertical fracture development
Indicator 4 Slope Height Indicator 15 Vertical fracture connectivity
Indicator 5 Irrigation-Induced Seepage Intensity Indicator 16 Surface Runoff Intensity
Indicator 6 Underground Water Body Indicator 17 Seismic Intensity
Indicator 7 Surface Water Infiltration Capacity Indicator 18 Cyclic Freeze–Thaw Degradation Effects
Indicator 8 Internal Friction Angle Indicators 19 Gully Erosion Depth
Indicator 9 Cohesion Indicators 20 Hydrological Conditions

Indicator 10 Maximum Monthly Rainfall Indicator 21 Rainfall-Induced Erosion
Indicator 11 Slope Gradient Indicator 22 Anthropogenic Engineering Activities

Table 2. Evaluation indicator weights based on improved grey correlation.

Marker Value Symbol Value Symbol Value

D1 0.1324 W1 0.8831 W̄1 0.0456
D2 0.1973 W2 0.8352 W̄2 0.0431
D3 0.2255 W3 0.8160 W̄3 0.0421
D4 0.0691 W4 0.9354 W̄4 0.0483
D5 0.2051 W5 0.8298 W̄5 0.0429
D6 0.1076 W6 0.9029 W̄6 0.0466
D7 0.2004 W7 0.8331 W̄7 0.0430
D8 0.0432 W8 0.9586 W̄8 0.0495
D9 0.0567 W9 0.9463 W̄9 0.0489
D10 0.0045 W10 0.9955 W̄10 0.0514
D11 0.0774 W11 0.9282 W̄11 0.0479
D12 0.2272 W12 0.8149 W̄12 0.0421
D13 0.2186 W13 0.8206 W̄13 0.0424
D14 0.2185 W14 0.8207 W̄14 0.0424
D15 0.1855 W15 0.8445 W̄15 0.0436
D16 0.2130 W16 0.8244 W̄16 0.0426
D17 0.0710 W17 0.9337 W̄17 0.0482
D18 0.2006 W18 0.8330 W̄18 0.0430
D19 0.2020 W19 0.8319 W̄19 0.0430
D20 0.0432 W20 0.9586 W̄20 0.0495
D21 0.2184 W21 0.8208 W̄21 0.0424
D22 0.0054 W22 0.9946 W̄22 0.0514

Table 3. Evaluation indicators for quantitative screening.

Indicator Number Indicator Name Indicator Number Indicator Name

Indicator 1 Rock Mass Structure Indicator 10 Maximum Monthly Rainfall
Indicator 4 Slope Height Indicator 11 Slope Gradient
Indicator 6 Underground Water Body Indicator 17 Seismic Intensity
Indicator 8 Internal Friction Angle Indicator 20 Hydrological Conditions
Indicator 9 Cohesion Indicator 22 Anthropogenic Engineering Activities

5. Conclusions

To address the problem of stability evaluation of loess slopes on the south side of
Jingshan Mountain in Lintai County, Gansu Province, this study proposes an evaluation
index screening method that combines qualitative and quantitative analyses and integrates
the improved grey correlation model through the introduction of the coefficient of validity
(β) and the coefficient of reliability (ρ), which significantly improves the redundancy of the
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indexes and subjective dependence that exists in the traditional method. The main research
results are as follows:

1. Multi-dimensional indicator screening framework: A qualitative analysis framework
was constructed based on engineering geology, hydrogeology, and anthropogenic
factors, and the preliminary selection of 60 indicators was quantitatively screened
by combining it with the improved grey correlation model, and 10 core indicators
were finally identified, including rock structure, slope height, groundwater body,
internal friction angle, cohesion, maximum monthly rainfall, and geological struc-
ture. The framework achieves the precision and efficiency of the indicator system
through a hierarchical screening mechanism, providing a scientific basis for the evalu-
ation process.

2. Evaluation system validity and reliability test: By calculating the validity coefficient
(β = 0.0816) and reliability coefficient (ρ = 0.9609), the logical rationality and data
consistency of the screening indicator set were verified. The results show that the
method takes into account expert experience and objective data analysis, significantly
reduces human bias, and can provide a highly credible indicator basis for slope
stability evaluation.

3. Engineering practice value: The research results provide a standardized analysis tool
for loess slope stability assessment, which can systematically identify potential risk
factors, guide the deployment of the monitoring network, optimize the reinforcement
scheme, and help improve the refinement of mine safety management. The method
also has cross-regional adaptability and can be extended to the evaluation of loess
slopes with different geological backgrounds.

Loess slopes in the southern Jingshan region of Lingtai County, Gansu Province, are
the subject of this study. The model’s broad applicability needs more validation due to
the limited expert samples and data coverage, especially across varied geological units
including steep high slopes and composite stratigraphy. The proposed indicator screening
model could be expanded in future research through the integration of critical parameters
including extreme rainfall measurements, seismic indices, and freeze–thaw cycles into ex-
isting evaluation systems while adopting machine learning techniques to quantify coupling
effects among these factors. Additionally, comprehensive model validation and numerical
simulations across various geomorphological units of the Loess Plateau could elucidate
the evolution mechanisms of slope collapse under extreme loading conditions. These
enhancements would substantially improve the model’s adaptability to complex scenarios
involving intense rainfall and seismic activities in loess terrains while strengthening its
threshold identification capability.
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Abstract: The shear mechanical properties of rock discontinuities with different joint
wall compressive strengths are a practical basis for the stability analysis of layered rock
mass. Shear tests on discontinuities possessing different joint wall strengths were carried
out. The shear strength and failure characteristics were analyzed, and the influences of
discontinuity morphology on its shear properties were investigated. Meanwhile, numerical
tests were performed to study the shear mechanical behavior and dilation evolution of
discontinuities possessing different joint wall compressive strengths. Results show that
the shear process of discontinuities possessing different joint wall strengths can be divided
into four stages: meshing and compacting, climbing wear of soft rock and crack formation
of hard rock, shear of part of soft rock and crack expansion of hard rock, complete shearing
of the rock discontinuity. Shear failure of discontinuities was mainly concentrated on the
morphological structure facing the shear direction. The dilatancy evolution process of
discontinuities was mainly affected by the roughness and normal stress. The magnitude
of dilation, peak shear strength and residual shear strength of discontinuities possessing
different joint wall strengths were between the discontinuities possessing identical joint
wall strengths composed of soft and hard rock, under the same loading condition.

Keywords: rock discontinuity; different joint wall strength; shear property; failure mechanism;
shear dilation

1. Introduction

Rock joint is a kind of geological discontinuity that widely exists in rock mass. The
mechanical properties of rock joints are complex and are affected by many factors such
as lithology, surface morphology, compressive strength of joint wall, filling materials and
load actions [1–5]. Because the failure of rock masses is commonly manifested as shear
slip along rock joints, the overall stability of the rock mass is largely controlled by the
mechanical properties, especially the shear resistance behavior of rock joints. Therefore,
the shear mechanical characteristics and the failure mechanism of rock joints have always
been a research hotspot in the field of rock mechanics [6,7].

Over the years, a lot of researchers have carried out extensive research on the shear
mechanism and shear strength of rock joints [2,8–10]. Barton and Choubey [11] system-
atically conducted shear tests on natural rock joints. A joint roughness coefficient (JRC)
for estimating the roughness of rock joints was proposed and a JRC-JCS shear strength
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model of rock joints was developed, which have been of widespread interest for both
researchers in laboratories and engineers in the field. Due to the limitation that JRC can
only characterize joint roughness in two dimensions, Grasselli and Egger [12] introduced
three-dimensional roughness-characterization parameters considering the contact area of
rock joints, and developed a shear strength criterion based on three-dimensional roughness.
Moradian et al. [13] carried out shear tests on joint specimens of three different materi-
als and monitored the shear process using acoustic emission. The results showed that
the peak value of acoustic-emission events appeared after the peak shear stress, which
revealed the progressive shear failure of joints. Asadi et al. [14] conducted shear tests
of sawtooth-shaped and wave-shaped mortar joints under different normal stresses, and
adopted PFC2D to numerically study the mesoscopic shear mechanism of joints. The results
showed that with the increase in joint roughness, the failure mode of the asperities changed
from sliding friction failure to asperity degradation. Some researchers have conducted labo-
ratory direct shear tests on the factors affecting the shear strength of rock joints. Taking into
account the effects of the filling on the shear strength of joints, Oliveira and Indraratna [15]
adopted the UDEC code to numerically study the shear behavior of soil infilled rock joints
under constant normal stress, and a new shear strength model of soil infilled joints was
proposed. In order to investigate the influence of joint materials on the shear strength
of joints, Hossaini et al. [16] used plaster and concrete with different Young’s modulus
to make artificial joints, and shear test results showed that the deformability of asperity
significantly affected the shear mechanical behavior of joints. Atapour and Moosavi [17]
prepared flat and rough artificial joints made by gypsum and concrete and conducted direct
shear tests at different shear rates. The results showed that the shear strength of flat and
rough joints decreased as the shear rate increased. For the purpose of studying the effect of
roughness on the apparent cohesion of joints, Rulliere et al. [18] made four types of artificial
mortar joints with different roughness and carried out direct shear tests under low normal
stress. The results showed that the apparent cohesion was positively correlated with the
roughness, and the apparent cohesion was significantly reduced when the specimen was
damaged or poorly interlocked. In order to assess the effects of material strength of joints
on apparent cohesion, Rulliere et al. [19] carried out shear tests on three types of joints
composed of different materials under low normal stress. The results showed that due
to the conditions of normal stress, the impacts of material strength and types of joints
on shear behavior, shear strength, apparent cohesion and friction angle was limited. The
above studies, however, neglected the influence of the effective contact area between the
lower and upper joint surfaces during the shearing process on the shear properties of rock
joints. Therefore, Tang and Wong [20] considered different contact states of rock joints
using different dislocations in the shear direction and proposed an empirical formula for
the shear strength of rock joints under different contact states. Based on shear test results,
Zhang et al. [21] introduced a two-dimensional roughness parameter considering the shear
contact area, and developed an empirical formula for predicting the peak shear strength
of rock joints. Ban et al. [22] carried out shear tests of rock joints with different contact
area ratios, and deduced an anisotropic parameter AAHD for proposing a new peak shear
strength criterion.

The current studies on shear properties of rock discontinuities are mostly aimed at the
discontinuities with identical joint wall strength; that is to say, the lithology on both sides
of rock discontinuities is the same. However, there are few studies on the shear properties
of discontinuities possessing different joint wall strengths. Soft–hard interbedded rock
masses composed of different lithologic combinations are pretty common in practical
engineering [23]. The discontinuity possessing different joint wall strengths is prone to
shear slip failure under load action, which is a critical weak part affecting the strength and
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overall stability of soft–hard interbedded rock masses. Therefore, it is essential to study the
shear mechanical behavior of discontinuities possessing different joint wall strengths. For
this reason, Lin et al. [24] produced joints with different strengths by pouring mortar with
different sand–cement ratios at the top of rock-like mortar materials to form binary medium
structural planes. Direct shear tests revealed that the peak and residual shear strength of
the binary structural plane were much lower than those of the unitary structural plane.
The difference of cohesion between the unitary and binary structural planes decreased
with the increase in the sand–cement ratio, while the friction angle ϕ increased first and
then decreased with the increase in the sand–cement ratio. Jiang et al. [25] carried out
shear tests of discontinuities possessing different joint wall strengths with different JRC,
and stated that the peak shear strength of discontinuities possessing different joint wall
compressive strengths increased exponentially with the increase in JRC. Lin et al. [26]
employed thePFC2D code to establish a binary medium shear model including flat joints.
Numerical shear tests under different constant normal loads were carried out on models
with different parallel bond modulus ratios. Based on the simulation results, an empirical
formula of shear strength considering modulus difference of discontinuities possessing
different joint wall strengths was proposed. Wu et al. [27] conducted direct shear tests
and numerical simulations on 14 pairs of natural discontinuities possessing different
joint wall strengths to evaluate surface damage through damage zone distribution and
variations in JRC. The results showed that when the JRC of the upper and lower sides of
the discontinuity were similar, the shear damage difference between the upper and lower
blocks of the specimen was closely related to the strength difference.

The aforementioned studies mainly focused on laboratory tests and numerical simu-
lations, but neglected theoretical studies for shear strength of discontinuities possessing
different joint wall strengths. To address this issue, Ghazvinian et al. [28] used three types
of plaster mortars to make saw-toothed discontinuities possessing different joint wall
strengths. Based on shear test results on these joints, a peak shear strength criterion of
discontinuities possessing different joint wall strengths was derived. Wu et al. [29] con-
ducted shear tests of serrated discontinuities possessing different joint wall strengths and
developed a prediction model of shear strength of discontinuities possessing different joint
wall strengths through a neural network approach. Tang et al. [30] fabricated three types
of rock-like discontinuities with different joint wall strengths and different roughnesses.
On the basis of shear test results, a shear strength model considering three-dimensional
morphology of rock joints was proposed.

Generally, shear tests of rock joints need a certain amount of specimens with different
surface morphologies. The traditional method of preparing rock joint specimens is often
time-consuming and laborious when accurately fabricating rough rock joints in batches.
Because of the fabrication errors, there might be a certain deviation between the test results
and the shear properties of natural rock joints. Fortunately, the three-dimensional engraving
technology developed in recent years can effectively solve this problem [31]. Using this
technique, rock joints with complex surface morphology can be directly carved on natural
rock with high precision; thereby, a mass of duplicable tests can be carried out to explore
the influence of various factors on the shear properties of rock joints [32,33]. This study
adopted the Barton standard rock joint profiles as prototypes; discontinuities possessing
different joint wall strengths and with different surface morphologies were fabricated
with three-dimensional (3D) engraving technology. The shear mechanical properties and
shear failure characteristics were experimentally investigated. Simultaneously, numerical
simulations were performed to reveal the influence mechanism of the joint wall strength
difference and joint morphology on the shear behavior.
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2. Specimen Preparation

2.1. Preparation of Rock and Rock-like Materials

Sandstone and granite blocks were collected from Jinjiang of Fujian Province, southeast
China. These rock blocks were taken to the laboratory and processed into test specimens
with a size of 100 mm × 100 mm × 50 mm (length × width × height). A total of 20 complete
sandstone specimens and 20 complete granite specimens for subsequent 3D carving of
rough joints were prepared. In order to obtain two kinds of different discontinuities
possessing different joint wall strengths with the above sandstone and granite specimens,
40 cement mortar specimens of the same size were fabricated. The mortar specimens were
made of quartz sand, 32.5# Portland cement and water with a weight ratio of 4:2:1.2. The
specific manufacturing process is introduced as follows.

(1) Quartz sand and cement were mixed in an electric mixer according to the designed
weight ratio (as shown in Figure 1a). To ensure the initial strength and fluidity of the
model material, early water reducing agent with 0.5% cement mass was added, and
the mixture was fully stirred for 2 min.

(2) Water was poured into the mixer and fully stirred with the dry material for 2 min to
obtain the mortar material.

(3) Mortar specimens were prepared using a triple cast iron mold with dimensions of
300 mm × 100 mm × 100 mm (length × width × height) (see Figure 1b). In order to
facilitate the demolding of the sample after curing, a layer of demolding agent was
sprayed on the inner surface of the mold. The mold filled with mortar was placed on
the low-frequency electric vibration table (see Figure 1c).

(4) In order to obtain the basic physical and mechanical properties of the mortar material,
cylindrical specimens with size of φ 50 mm × 100 mm (diameter × height) and size of
φ 50 mm × 30 mm (diameter × height) were prepared. The mortar was slowly poured
into the mold, and then the mold was vibrated on the vibration table for 3 min.

(5) After all mortar specimens were cured for 24 h, the specimens were extracted from the
mold and placed at indoor temperature of about 25 ◦C for 4 weeks.

   
(a) (b) (c) 

Figure 1. Apparatus for mortar specimen fabrication. (a) Concrete mixer; (b) triple cast iron mold;
and (c) vibration table.

2.2. Three-Dimensional Carving of Rough Joints

A total of 12 sandstone specimens, 12 granite specimens and 24 mortar specimens
were carved to form 12 pairs of sandstone–mortar rough discontinuities and 12 pairs of
granite–mortar rough discontinuities. An HY-6060 stone mold engraving machine made
by Jinan Heyi Machinery Equipment Company, Jinan, China, as shown in Figure 2, was
adopted to carve the surface morphology of joint specimens. The joint morphology carving
process is presented as follows.
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Figure 2. HY-6060 stone mold engraving machine.

(1) Generation of JRC profiles. Three curves with JRC of 2.8, 10.8 and 18.7 from the Barton
joint profiles were taken as the prototype. The coordinate points of the selected joint
profiles given by Li and Zhang [34] were employed and were imported into AutoCAD
2016 software such that three JRC curves with length of 100 mm were plotted with the
spline curve command and saved in R50 format.

(2) Three-dimensional stretching of Barton joint profiles. By employing JD Paint software,
the three two-dimensional (2D) JRC curves obtained by step (1) were stretched 100 mm
along the direction perpendicular to the extension direction. By doing that, three 3D
surfaces with dimensions 100 mm × 100 mm were obtained.

(3) Curving parameter setting of the engraving machine. The vertex of the lower left cor-
ner of each 3D stretching surface generated by step (2) was selected as the coordinate
origin. The path spacing of the carving tool was set to 0.06 mm and a taper ball-end
cutter with a diameter of 0.6 mm was installed as the carving tool. The tool path
obtained by JD Paint software was transformed into a format that can be recognized
by the engraving machine.

(4) Surface morphology carving of joints. The prepared rock and mortar specimens with
size 100 mm × 100 mm × 50 mm (length × width × height) were firmly fixed on
the bench clamp of the engraving machine. The origin of the carving path and the
carving origin were calibrated. Subsequently, the engraving machine was operated to
automatically engrave the surface morphology of joints according to the carving path
assigned by step (3). Once the carving for one specimen was completed, the cutting
tool path was rotated 180◦ and the matching specimen was carved by repeating the
above process to gain a pair of joint blocks with identical morphology. Finally, a pair
of fully mated rough joint specimens was obtained.

(5) Evaluation of the joint-engraving precision. After completing the engraving work
of all rough joint specimens, the morphological information of the rough joint was
extracted to estimate the carving precision. The image of joints with different joint
wall materials was binarized by the image-editing software ImageJ v1.8.0 to obtain the
gray image of the carving acquisition line of joint. The joint image and the carving
morphology of the joint were compared with the Barton joint profile, as shown in
Figure 3. It can be realized from Figure 3 that the carving morphologies of the joint
are in good agreement with the Barton joint profiles, indicating that the 3D carving
method is applicable to carve the rock and rock-like materials to obtain rock joint
specimens with specific morphology in batches.
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(a) 

 
(b) 

(c) 

Figure 3. Comparison of sampling image, carving morphology and Barton joint profiles with JRC of
(a) 2.8, (b) 10.8 and (c) 18.7.

3. Experiment Scheme

3.1. Physical and Mechanical Properties of Materials

In order to obtain the basic physical and mechanical properties of rock and cement
mortar specimens, uniaxial compression tests, triaxial compression tests and Brazilian
splitting tests were carried out using a temperature–stress–seepage coupling test system of
rocks. Meanwhile, tilt tests were conducted on flat joint specimens by the three materials.
The basic physical and mechanical properties obtained from tests are listed in Table 1. It
can be seen from Table 1 that the three types of material used for matching joint specimens
have different strength. Therefore, either the sandstone–mortar joint or the granite–mortar
joint studied herein had different joint wall strengths.

Table 1. Physical and mechanical properties of materials used for making joint specimens.

Property Cement Mortar Sandstone Granite

Density ρ (g/cm3) 2.10 2.43 2.80
Uniaxial compression strength UCS (MPa) 32.60 95.56 261.55

Tensile strength σt (MPa) 1.80 2.13 6.48
Cohesion c (MPa) 7.00 12.00 23.00

Basic friction angle Φb (◦) 31.50 29.50 35.00
Young’s module E (GPa) 22.32 18.84 57.91

Poisson’s ratio ν 0.30 0.28 0.22
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3.2. Shear Test Method

After the joint specimen was installed in the shear box, the normal load was applied
at a rate of 0.5 kN/s until it reached the specific normal stress level, which then remained
constant. Subsequently, the shear load was applied at a rate of 0.5 mm/min. Each test
was terminated when the shear displacement reached 10 mm. Figure 4 shows the joint
specimens used in the test.

 

Figure 4. Joint specimens before shear tests.

All shear tests were performed on a YZW50 electro-hydraulic servo shear test system,
as shown in Figure 5a. The shear apparatus has a servo control function, which can apply
a normal load and a tangential load simultaneously. The maximum normal load and the
maximum tangential load are 500 kN and 300 kN, respectively. The sensors equipped on the
hydraulic cylinder can monitor the normal and tangential loads as well as displacements
in real time. The shear box used in the test has semi-open structure, which is composed of
four refined steel plates and four sets of high-strength bolts, as presented in Figure 5b.

  
(a) (b) 

Figure 5. YZW50 electro-hydraulic servo shear test system. (a) Overall view of the apparatus; (b) the
local view of shear box.

The shear tests were conducted under normal stresses of 0.5, 1.0, 2.0 and 3.0 MPa.
According to the type of joint materials, the sandstone–mortar joint and granite–mortar joint
were named SC and GC, respectively. The specimens with JRC of 2.8, 10.8 and 18.7 were
numbered R1, R2 and R3, respectively. For the sake of observing the failure characteristics
of joint surfaces after test, the joint surface of all mortar blocks was coated with a layer of
red ink and dried naturally for three days before shear test.

4. Experiment Results and Analyses

4.1. Shear Properties of Rough Discontinuities Possessing Different Joint Wall Strengths

Figure 6 presents the curves of shear stress vs. shear displacement of sandstone–mortar
joints and granite–mortar joints with JRC of 2.8, 10.8 and 18.7. It can be found that with the
increase in shear displacement, the shear stress increased approximately linearly until it
reached the peak value. After the peak shear stress, with the continuous increase in shear
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displacement, the shear stress of joints with JRC of 2.8 remained almost stable, while the
shear stress of joints with JRC of 10.8 and 18.7 appeared to show stress drop but eventually
approached a stable value, namely the residual shear strength. In general, the shear stiffness
and peak shear strength of the two types of rough discontinuities possessing different joint
wall strengths increased significantly with the increase in normal stress.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 6. Shear curves of rough discontinuities. (a) GCR1; (b) SCR1; (c) GCR2; (d) SCR2; (e) GCR3;
and (f) SCR3.
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4.2. Failure Mechanism of Rough Discontinuities Possessing Different Joint Wall Strengths

Figure 7 presents the failure characteristics of discontinuities possessing different
joint wall strengths with JRC of 2.8. It can be seen from Figure 7 that the failure of joint
specimens with JRC of 2.8 mainly showed up as friction failure. For sandstone–mortar
discontinuities, there were different degrees of wear on the surface of both sandstone and
cement mortar, and the damage of cement mortar was more obvious. The damage area
and damage depth of the joint surface increased with the increase in normal stress. For
granite–mortar discontinuities, the damage was mainly concentrated on the side of the
cement mortar. The asperity slightly climbed during the shear process. Due to the slip
friction between the upper and lower joint blocks, the asperity on the surface of the mortar
was ground and microcracks appeared on the asperity of granite. With the migration of
ground mortar particles, the mortar particles were crushed and bonded on the surface
of the granite. With the increase in normal stress, the degree of friction damage on the
surface of mortar was strengthened and the number of ground mortar particles increased.
Figure 7e presents the microscopic failure mechanism of the joint specimen with JRC of 2.8.
Based on the strength of rock and mortar, granite and sandstone are named as hard rock,
while mortar is named as soft rock. Slight dilation accompanied with the sliding friction
between asperities appeared in the joint during the shearing process. Due to the strength
difference of hard rock and soft rock, the asperity of soft rock was ground and the asperity
of hard rock produced microcracks.

 
Figure 7. Failure characteristics of specimen SCR1 under normal stress of (a) 0.5MPa, (b) 3MPa, and
specimen GCR1 under normal stress of (c) 0.5MPa, (d) 3MPa, and (e) sketch map for illustrating the
failure mechanism of discontinuities possessing different joint wall strengths with JRC of 2.8.

Figure 8 shows the failure characteristics of joints with JRC of 10.8. Both types of
discontinuities possessing different joint wall strengths exhibited shear failure after dilation.
For sandstone–mortar discontinuities, sandstone and mortar only exhibited relative friction
and wear between asperities after dilation under low normal stress, and slight scratches
appeared on the surface of sandstone and mortar. Meanwhile, the edge of the sandstone
surface was fractured due to stress concentration. With the increase in normal stress, the
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size of the damaged area increased gradually. Under high normal stress, both the asperities
of sandstone and mortar exhibited climbing shear failure, and stress concentration occurred
at the edge of mortar. For granite–mortar discontinuities, some asperities on the mortar
surface were crushed and cut off under low normal stress, and only a small amount of
friction damage appeared on the granite surface. In contrast, under high normal stress,
the damage area of granite asperities increased significantly and some asperities were
cut off. Meanwhile, the edge of the granite broke due to stress concentration. A great
deal of asperities on the surface of cement mortar were cut off. Under the interaction of
normal stress and shear stress, the generated moment led to tensile cracks in cement mortar.
Figure 8e presents the microscopic failure mechanism of the joint specimen with JRC of
10.8. Discontinuities exhibited obvious dilation during the shearing process and the torque
generated during the climbing process led to tensile cracks in both hard rock and soft rock.
The shear damage of asperities was deeper due to the lower strength of soft rock.

 
Figure 8. Failure characteristics of specimen SCR2 under normal stress of (a) 0.5 MPa, (b) 3.0 MPa, and
specimen GCR2 under normal stress of (c) 0.5 MPa, (d) 3.0 MPa, and (e) sketch map for illustrating
the failure mechanism of discontinuities possessing different joint wall compressive strengths with
JRC of 10.8.

Figure 9 presents the failure characteristics of discontinuities possessing different
joint strengths with JRC of 18.7. The damage depth and damage area of discontinuities
with JRC of 18.7 were greater. Plenty of asperities were cut off on the surface of hard rock
and soft rock, and massive fragmented rock particles were produced by extrusion and
crushing of asperities on the discontinuity. Under high normal stress, multiple tensile
cracks appeared in the mortar, and asperities of mortar were completely chewed off due to
the interpenetration of tensile cracks. Figure 9e presents the microscopic failure mechanism
of the joint specimen with JRC of 18.7. Under the effect of the torque generated during
the shear process, asperities of hard rock were partially sheared due to the higher strength
of the hard rock. Meanwhile, tensile cracks inside the soft rock were interpenetrated and
asperities of soft rock were completely chewed off.
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Figure 9. Failure characteristics of specimen SCR3 under normal stress of (a) 0.5 MPa, (b) 3.0 MPa, and
specimen GCR3 under normal stress of (c) 0.5 MPa, (d) 3.0 MPa, and (e) sketch map for illustrating
the failure mechanism of discontinuities possessing different joint wall compressive strengths with
JRC of 18.7.

It can be realized from the above analysis that discontinuities possessing different joint
wall strengths needed to overcome the dilation and friction resistance of the surface asperity
under low normal stress, and the damage was mainly manifested as the wear and shear of
asperities on the soft rock. The shear strength of discontinuities was mainly influenced by
the strength of the soft rock. The upper and lower blocks of the discontinuities came into
close contact with the increase in normal stress. Plenty of asperities on the soft rock were
sheared and crushed, while asperities of hard rock were partially embedded in the soft
rock and tightly engaged with the soft rock subjected to higher normal stress. Moreover,
asperities of the hard rock also successively experienced dilation and shear failure under
sustained shear effect, which greatly improved the peak shear strength and shear stiffness
of the discontinuities. The shear strength of discontinuities possessing different joint wall
strengths was mainly governed by the shear strength of the hard rock.

On the basis of the above analysis, the shear process of discontinuities possessing
different joint wall strengths can be divided into four stages combined with the shear
process of the GCR3 specimen, as illustrated in Figure 10. (a) Stage of tight matching: The
upper and lower blocks of the discontinuities possessing different joint wall strengths came
into light contact and coupled compaction under the effect of normal stress. (b) Stage of
climbing wear of soft rock and crack formation of hard rock: As the shear proceeds, the
joint walls of discontinuities dislocate relatively accompanied by dilation. Meanwhile, part
of the asperities of the soft rock is worn down and cracks appears in the asperity of the hard
rock. (c) Stage of partial shear of soft rock and crack propagation of hard rock: Asperities
of the soft rock are partially cut off when the shear stress endured by the soft rock reaches
its shear strength. Asperities of the soft rock are completely cut off and cracks in asperities
of the hard rock further expands under high normal stress. (d) Stage of entire cutting of
asperities: As the shear stress of discontinuities increases continually, asperities of the hard
rock are partially cut off. Meanwhile, obvious tensile cracks occurred due to the tensile
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stress in the soft rock exceeding the tensile strength. Interpenetration of tension cracks
causes the soft rock to be completely chewed and crushed; hence, the discontinuity was
completely broken. The summary of these four stages is shown in Figure 10e.

 

Figure 10. Shear failure process of rough discontinuities possessing different joint wall strengths.
(a) Stage of tight matching; (b) stage of climbing wear of soft rock and crack formation of hard rock;
(c) stage of partial shear of soft rock and crack propagation of hard rock; (d) stage of entire cutting of
asperities; (e) sketch map of the shearing process.

5. Numerical Simulation of Shear Test of Discontinuities Possessing
Different Joint Wall Strengths

5.1. Fundamental Introduction of UDEC

The Universal Distinct Element Code (UDEC) is a two-dimensional block discrete
element software for solving discontinuous medium problems, which adopts continuum
mechanics theory to analyze rock mechanics problems. Moreover, the UDEC is a calculation
program guided by discrete element theory, which satisfies the basic requirements of
dealing with engineering problems of a discontinuous medium. For discontinuities of
structures (such as structural planes in rock mass, cracks and joints), the UDEC handles
them as an internal boundary interface between divided blocks and assigns values to the
mechanical parameters of rock joints. The new contact between the joint walls during
shearing can also be automatically identified according to the calculation process. As for
the divided discrete blocks, the UDEC can handle them as rigid blocks or deformed blocks.
The deformed block is covered by the grid element, and the mechanical effect inside the
rock block is simulated by the given constitutive criterion between the grids. The deformed
block can also generate certain displacement, rotation and deformation along the rock
joint. Compared with the traditional numerical software of geotechnical engineering which
sets the grid unit as the rigid block, the UDEC is more appropriate for the simulation of
mechanical properties of real rock materials.

5.2. Determination of Constitutive Model and Its Parameters

In this study, the Mohr–Coulomb model is adopted to simulate the material of joint
blocks. The parameters used for numerical simulation include material density (ρ), bulk
modulus (K), shear modulus (G), cohesion (c), internal friction angle (Ø) and tensile strength
(T). The bulk modulus (K) and shear modulus (G) are calculated from the following equation,

K =
E

3(1 − 2V)
, G =

E
2(1 + V)

(1)

where V is the Poisson’s ratio, E is the Young’s modulus.
The constitutive model of discontinuities possessing different joint wall strengths was

a continuously yielding model (CY model). The required parameters for this model include
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shear stiffness (Ks), normal stiffness (Kn), roughness (R), initial peak friction angle (Øim)
and basic friction angle (Øb). The shear stiffness (Ks) and normal stiffness (Kn) of the
discontinuities were calculated according to the following equation.

Kn = anσn
en , Ks = asσn

es (2)

where an and en are the parametric factors of the normal stiffness, as and es are the parametric
factors of the shear stiffness, σn is the normal stress. Based on the laboratory test results, the
normal and shear stiffness parameter factors were calibrated by the trial and error method.
The parameters used in numerical simulation are listed in Table 2.

Table 2. Mechanical properties of joints.

Numerical
Parameters

an en as es R Øi
m (◦) Ø (◦)

SCR1 0.815 0.738 0.574 0.832 0.0008 32.530 30.270
SCR2 0.932 0.796 0.865 0.894 0.0023 45.280 30.270
SCR3 1.348 0.951 1.097 0.875 0.0047 46.840 30.270
GCR1 0.946 0.803 0.681 1.073 0.0008 33.190 33.490
GCR2 1.245 0.992 1.157 0.926 0.0023 43.450 33.490
GCR3 1.578 1.179 1.437 0.841 0.0047 44.620 33.490

5.3. Establishment of Numerical Model of Shear Tests

A rectangular block with a size of 100 mm × 40 mm was established, and discon-
tinuities possessing different joint wall strengths with three types of morphology were
imported into the middle of the rectangle to construct numerical models corresponding
to the joint specimens tested in the laboratory. The initial rectangular block was divided
into the triangular mesh element. The smaller the size of the mesh element, the more
realistic the shear mechanics regularity of discontinuities. However, the computational
load of the computer will also increase, which reduces the computational efficiency of
the numerical model. Therefore, in order to elaborately investigate the shear mechanical
properties of discontinuities with inclusion of the computational efficiency, the block region
within 6 mm from the discontinuity was finely divided into grids with size 1 mm. In
contrast, the grid size of the remaining block region was 1.5 mm. With reference to the
laboratory shear test, the upper block of the model was set as sandstone or granite, while
the lower block of the model was set as mortar. The numerical model of discontinuities
possessing different joint wall strengths is shown in Figure 11. The loading scheme in
numerical simulation was consistent with laboratory tests. The numerical analysis pro-
gram of discontinuities was compiled with Fish, which monitored the shear stress, shear
displacement and normal displacement.

 

Figure 11. Numerical model of discontinuities possessing different joint wall strengths. (a) Two-
dimensional grid model, and (b) numerical model with boundary conditions.
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6. Results and Analysis of Numerical Simulation

6.1. Numerical Shear Characteristic of Discontinuities Possessing Different Joint Wall Strengths

After each shear simulation was completed, the numerical test data were derived.
Figure 12 presents the comparison between the experimental and numerical results of the
shear curves of joint specimens.

  
(a) (b) 

  
(c) (d) 

 
(e) (f) 

Figure 12. Comparison results of numerical curve and test curve of discontinuities possessing
different joint wall strengths. (a) GCR1; (b) SCR1; (c) GCR2; (d) SCR2; (e) GCR3; and (f) SCR3.

It is visible from Figure 12 that the numerical results are basically consistent with
the experimental results. Both the test curve and the numerical curve had obvious peak
values and showed a progressive failure process. The peak shear strength, residual shear
strength and shear stiffness in numerical results increased significantly with the gradual
increase in normal stress. Under high normal stress, the shear stress of discontinuities
with JRC of 18.7 decreased steeply after reaching the peak value, which means the brittle
failure was caused by the great difference in strength between the hard rock and the
soft rock. That is to say, for discontinuities possessing different joint wall strengths with
JRC of 18.7, the convex structure of the discontinuity would suddenly break under the
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effect of high normal stress. Therefore, the overall failure mode of discontinuity was
manifested as brittle shear failure, which was consistent with the test results. It can be
seen that the numerical results fully verified the accuracy of the test results, and further
that the CY model in UDEC is completely applicable to the shear numerical simulation
of discontinuities possessing different joint wall strengths. Figure 13 presents the shear
stress contours of the discontinuities possessing different joint wall strengths when the
shear displacement reached 5 mm.

 
(a) 

(b) 

 
(c) 

 
(d) 

Figure 13. Cont.
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(e) 

 
(f) 

Figure 13. Shear stress contours of discontinuities possessing different joint wall strengths with shear
displacement of 5 mm. (a) GCR1; (b) GCR2; (c) GCR3; (d) SCR1; (e) SCR2; and (f) SCR3.

It is visible from Figure 13 that in the case of equal roughness, the shear stress of
discontinuities increased with the increase in normal stress. In the case of the same normal
stress, the shear stress endured by discontinuities with large roughness was significantly
greater than that of discontinuities with small roughness. Simultaneously, the shear stress
endured by discontinuities was mostly concentrated on the asperity facing the shear
direction. Comparing with the test results, the friction damage and cutting phenomena of
asperities mostly occurred in the morphology facing the shear direction. Meanwhile, it can
be realized from the shear stress contour that the shear stress endured by granite–mortar
discontinuities was greater than shear stress endured by sandstone–mortar discontinuities
under the same normal stress. This is owing to the strength difference between granite
and mortar being greater, and the embedding effect and furrow effect of asperity being
more significant in the shear process. Therefore, the shear stress endured by granite–mortar
discontinuities increased obviously.

6.2. Dilation Law of Discontinuities Possessing Different Joint Wall Strengths

The numerical dilation data of discontinuities possessing different joint wall compres-
sive strengths were derived, and curves of normal displacement vs. shear displacement
were plotted, as shown in Figure 14.

The dilation displacement of discontinuities increased with the increase in shear
displacement. In the initial stage of the numerical test, the dilation displacement increased
rapidly. However, there was a turning point of increasing rate when the peak shear
displacement was reached, the increasing rate of dilation displacement decreased and
the dilation curve tended to be gentle. Dilation displacement eventually reached a stable
value with the continuous increasing of shear displacement. This was because asperities
of discontinuities were cut off in quantities after the shear stress reached the peak value.
The dilation effect was significantly weakened until asperities entered the grinding and
migration stage, and the dilation displacement then tended to be stable. In conclusion,
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the dilation displacement of discontinuities was concerned with normal stress. With the
gradual increase in normal stress, the cutting effect between asperities of discontinuities
was significantly enhanced, thus weakening the climbing dilation effect between asperities
and decreasing the dilation displacement gradually. In addition, the increasing rate of
dilation displacement also gradually decreased. Dilation values (mm) of discontinuities
possessing different joint wall strengths with different morphologies are listed in Table 3.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 14. Shear dilation curves of discontinuities possessing different joint wall strengths. (a) GCR1;
(b) SCR1; (c) GCR2; (d) SCR2; (e) GCR3; and (f) SCR3.
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Table 3. Dilation displacement of discontinuities possessing different joint wall strengths (mm).

σn (MPa) SCR1 SCR2 SCR3 GCR1 GCR2 GCR3

0.5 0.107 0.419 0.244 0.083 0.397 0.243
1 0.082 0.391 0.217 0.060 0.367 0.211
2 0.068 0.353 0.204 0.056 0.338 0.196
3 0.053 0.317 0.177 0.051 0.289 0.147

It is visible from Table 3 that under the effect of the same normal stress, the dilation
displacement of discontinuities with JRC of 10.8 was the maximum, the dilation displace-
ment of discontinuities with JRC of 18.7 was second, while the dilation displacement of
discontinuities with JRC of 2.8 was the minimum. The reason is that the undulation of
discontinuities with JRC of 10.8 was the largest; thus, the climbing effect was the most
significant correspondingly. As for discontinuities with JRC of 2.8, the number of rough
construction was the least, which is why the dilation effect was basically weakened and
the dilation displacement was the minimum. Comparing two types of discontinuities
possessing different joint wall compressive strengths with the same roughness, asperities of
granite had more obvious embedding effects on mortar due to the compressive strength of
granite being approximately three times that of sandstone. Therefore, the damage degree of
granite–mortar discontinuities during the shearing process was more severe as a result of
the meshing and shearing effects of asperities being greatly enhanced, which weakened the
climbing dilation effect correspondingly. Eventually, the dilation value of granite–mortar
discontinuities was smaller than that of sandstone–mortar discontinuities.

6.3. Shear and Dilation Properties of Rock–Mortar Discontinuities and Rock–Rock Discontinuities

In order to further investigate the difference of shear properties between discontinu-
ities possessing identical joint wall strengths and discontinuities possessing different joint
wall strengths, numerical shear tests of granite discontinuities, sandstone discontinuities
and mortar discontinuities with JRC of 10.8 were performed. The identifier of granite
discontinuities was set as GGR2, the identifier of sandstone discontinuities was set as SSR2
and the identifier of mortar discontinuities was set as CCR2. Shear curves of discontinuities
possessing identical joint wall strengths and discontinuities possessing different joint wall
strengths under different normal stresses are shown in Figures 15 and 16.

After comparing the numerical results of discontinuities possessing identical joint wall
strengths and discontinuities possessing different joint wall strengths, it can be realized
that the peak shear strength and residual shear strength of granite–mortar discontinuities
were between those of granite discontinuities and mortar discontinuities. Meanwhile, the
peak shear strength and residual shear strength of sandstone–mortar discontinuities were
also between those of sandstone discontinuities and mortar discontinuities. Therefore, it
can be concluded that the peak shear strength and residual shear strength of discontinuities
possessing different joint wall strengths are between those of discontinuities possessing
identical joint wall compressive strengths composed of hard rock and discontinuities pos-
sessing identical joint wall compressive strengths composed of soft rock. Comparing the
numerical results of three types of discontinuities possessing identical joint wall compres-
sive strengths, the results showed that the peak shear strength of granite discontinuities
was greater than that of sandstone discontinuities, and the peak shear strength of mor-
tar discontinuities was the smallest. Moreover, the residual shear strength of the three
types of discontinuities possessing identical joint wall strengths had identical regularity.
Figures 17 and 18 present the dilation curves of the discontinuities possessing identical
joint wall strengths and discontinuities possessing different joint wall strengths.
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(a) (b) 

  
(c) (d) 

Figure 15. Shear curves of GGR2, GCR2 and CCR2 under normal stresses are (a) 0.5 MPa, (b) 1.0 MPa,
(c) 2.0 MPa and (d) 3.0 MPa.

  
(a) (b) 

  
(c) (d) 

Figure 16. Shear curves of SSR2, SCR2 and CCR2 under normal stresses are (a) 0.5 MPa, (b) 1.0 MPa,
(c) 2.0 MPa and (d) 3.0 MPa.
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(a) (b) 

  
(c) (d) 

Figure 17. Dilation curves of GGR2, GCR2 and CCR2 under normal stresses are (a) 0.5 MPa,
(b) 1.0 MPa (c) 2.0 MPa and (d) 3.0 MPa.

 
(a) (b) 

Figure 18. Cont.
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(c) (d) 

Figure 18. Dilation curves of SSR2, SCR2 and CCR2 under normal stresses are (a) 0.5 MPa, (b) 1.0 MPa,
(c) 2.0 MPa and (d) 3.0 MPa.

Figure 17 shows that the dilation displacement of granite–mortar discontinuities was
between that of granite discontinuities and mortar discontinuities. Figure 18 shows that the
dilation displacement of sandstone–cement mortar discontinuities was between sandstone
discontinuities and mortar discontinuities. Simultaneously, the climbing dilation effect
was strengthened due to the increase in joint wall strength on both sides of discontinuities
possessing identical joint wall compressive strengths. Therefore, the dilation displacement
of granite discontinuities was the largest, the dilation displacement of sandstone disconti-
nuities was second and the dilation displacement of mortar discontinuities was the smallest.
The specific dilation values of rock–rock discontinuities and rock–mortar discontinuities
are listed in Table 4.

Table 4. Dilation values of rock–rock discontinuities and rock–mortar discontinuities (mm).

Normal Stress (MPa)
The Identifier of Specimens

SSR2 SCR2 CCR2 GCR2 GGR2

0.5 0.468 0.419 0.398 0.397 0.506
1 0.418 0.391 0.355 0.367 0.471
2 0.376 0.353 0.311 0.338 0.398
3 0.337 0.317 0.265 0.289 0.362

7. Conclusions

(1) Three-dimensional engraving technology can effectively fabricate joint specimens that
are applicable to laboratory tests. The joint specimen fabricated by this method has the
morphological characteristics of being highly consistent with the prototype, which is
available to analyze the shear properties and morphological characteristics of the rock
joint with different joint wall strengths made by various rock and rock-like materials.

(2) The shear curve of the numerical simulation is basically consistent with the test curve,
which verifies the accuracy of the CY constitutive model in simulating progressive
failure of discontinuities possessing different joint wall strengths. Integrating the shear
stress contour of the numerical simulation and the test results to analyze, the damage
area in the shearing process of discontinuities possessing different joint wall strengths
is mainly concentrated on the asperity facing the shear direction. The shear wear
and cutting destruction of discontinuities possessing different joint wall strengths are
mainly distributed in the soft rock.

41



Appl. Sci. 2025, 15, 5289

(3) The dilation displacement of discontinuities possessing different joint wall compres-
sive strengths decreases with the increase in normal stress. Due to the cooperative
effect of roughness and undulation, the dilation displacement of discontinuities pos-
sessing different joint wall strengths with JRC of 10.8 is the largest, discontinuities
possessing different joint wall strengths with JRC of 18.7 is second and discontinuities
possessing different joint wall strengths with JRC of 2.8 is the smallest. The embed-
ding effect of asperities is enhanced and the climbing dilation effect is weakened as
a result of the great difference in joint wall strength on both sides of granite–mortar
discontinuities. Therefore, the dilation displacement of granite–mortar discontinuities
is smaller compared with sandstone–mortar discontinuities.

(4) On basis of the numerical results, the peak shear strength and residual shear strength
of discontinuities possessing different joint wall strengths are between those of discon-
tinuities possessing identical joint wall strengths composed of hard rock and disconti-
nuities possessing identical joint wall strengths composed of soft rock. Meanwhile,
the dilation displacement of discontinuities possessing different joint wall strengths
is also between discontinuities possessing identical joint wall strengths composed of
hard rock and discontinuities possessing identical joint wall strengths composed of
soft rock.
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Abstract: The unified hardening model for clays and sands (CSUH) can adequately repre-
sent the stress–strain characteristics of various soil types. However, being an incremental
elastoplastic constitutive model, the CSUH model requires extensive iterative compu-
tations during parameter identification, resulting in significant computational time. To
improve computational efficiency, this study derives the elastoplastic compliance matrix
and stress–strain incremental relationships under different stress paths, eliminating the
repeated solving of equations typically required during iterative processes. Furthermore, a
dynamic step size iterative method is proposed based on the changing slope characteristics
of the stress–strain curves. This method divides the total axial strain into two segments: in
the initial segment (approximately the first 30% of total strain), where the curve slope is
steep, smaller step sizes with arithmetic progression distribution are employed, while in the
latter segment (approximately the remaining 70%), characterized by a gentle curve slope,
larger and uniformly distributed step sizes are adopted. Comparative analyses between
the proposed dynamic step size method and the traditional constant-step iterative method
demonstrate that, under the premise of ensuring calculation accuracy, the dynamic step
size method significantly reduces the iteration steps from 3000 to 50, thus decreasing the
computational time by approximately 47 times. Finally, the proposed method is applied
to parameter identification of Fujinomori clay, calcareous sand, and Changhe dam rockfill
materials using the CSUH model. The predictions closely match experimental results,
confirming the CSUH model’s capability in accurately describing the mechanical behaviors
of different soils under various stress paths. The dynamic step size iterative approach devel-
oped in this study also provides valuable insights for enhancing computational efficiency
and parameter identification of other elastoplastic constitutive models.

Keywords: CSUH model; dynamic step size; flexibility matrix; incremental relationship;
soil mechanical properties

1. Introduction

The constitutive relationship of soil, also known as the constitutive model, focuses
on the stress–strain behavior of soil, providing a mathematical expression that reflects
the complex stress–strain characteristics of soil. It serves as a fundamental theoretical
basis in geotechnical engineering and has significant applications in dam construction,
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railways, and other engineering projects [1–4]. The Modified Cam-Clay (MCC) model [5,6],
a classical elastoplastic constitutive framework, has been widely successful in capturing
the mechanical behavior of normally consolidated clay. However, the MCC model shows
limitations in capturing the behavior of overconsolidated clays, such as abrupt transitions
in stress–strain curves between elastic and plastic responses and an overestimation of
peak strength [7]. To better characterize the strain softening and dilatancy behavior of
overconsolidated saturated clay, Yao et al. [8–10] introduced the Unified Hardening (UH)
model based on the MCC model. By modifying only the hardening parameter of the
MCC model, the UH model can uniformly describe strain hardening and softening, as
well as contraction and dilatancy, in clays with different densities (both normally and
overconsolidated clays), demonstrating broad applicability.

In engineering practice, not only clays but also granular soils such as sands, rockfill
materials, and railway ballast are encountered. However, the UH model, which is designed
for clays, cannot adequately describe the stress–strain behavior of granular soils. To address
this, Yao et al. [11] further developed the Unified Hardening model for Clays and Sands
(CSUH) based on the UH model. The CSUH model is capable of describing both clays and
granular soils and can degenerate into the UH and MCC models, representing a theoretical
enhancement and innovative development of the MCC model [12].

Before applying the CSUH model to laboratory experiments and engineering simu-
lations, it is essential to accurately calibrate its parameters. When using inverse methods
for parameter calibration, it is necessary to compute the error between the theoretical
predictions of the constitutive model and the experimental observations, which requires
numerical integration to obtain the theoretical response curves. POPP et al. [13] imported
experimental data into Isight and used its optimization algorithms to automatically adjust
the model parameters in the finite element software ABAQUS 2025, thereby minimizing the
error between the simulated and experimental stress–strain curves for parameter calibra-
tion. In recent years, adaptive step-size control in the field of finite element computational
methods has received considerable attention in the field of computational mechanics. For
instance, Sloan et al. [14,15] proposed an adaptive step-size scheme based on local trunca-
tion error estimation, where each substep is computed using both a formula of order p and
another of order p + 1. The difference between the results is used to estimate the local error,
which then guides the automatic adjustment of the step size. Such methods are known for
their robustness and general applicability, especially in finite element integration where the
shape of the stress–strain curve is not known a priori. However, these approaches typically
require multiple computations and error analyses at each step, resulting in increased com-
putational effort. Other adaptive schemes, such as embedded Runge–Kutta or arc-length
methods, are also widely used in related fields.

An alternative approach for computing theoretical constitutive model curves during
parameter inversion is explicit iteration [12,16]. Common iterative methods include the
forward Euler method and the fourth-order Runge–Kutta method. The fourth-order Runge–
Kutta method provides high computational accuracy and stability, but it is computationally
expensive. In contrast, the forward Euler method is simple to implement, yet only first-
order accurate; when the curves exhibit steep slopes or strong nonlinearities, significant
integration errors may occur unless a very small step size is used. Consequently, improving
accuracy with the forward Euler method typically requires increasing the number of
iterations, which reduces computational efficiency in practical applications.

Among these approaches, the uniform-step forward Euler method is the most com-
monly used. However, its limited accuracy often necessitates finer discretization, further
increasing computational costs. For instance, Yin et al. [17] developed the ErosOpt software
for parameter calibration, which can conveniently call the user material subroutine (UMAT)
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in ABAQUS to compute theoretical response curves for various constitutive models. Nev-
ertheless, because ErosOpt employs the uniform-step forward Euler method and requires
assembling the element matrix and solving the system of equations based on boundary con-
ditions at each incremental step, the process consumes significant computational resources,
resulting in relatively slow parameter inversion.

Soil stress–strain curves typically exhibit nonlinear characteristics, with significant
variations in slope at different stages. Existing methods for solving theoretical constitutive
model curves primarily rely on FEM or explicit iteration methods with uniform step sizes,
which do not fully consider the influence of stress–strain curve slope variations on the
required iteration step size. To improve the computational efficiency of the CSUH model,
this study proposes a dynamic iteration method with adaptive step size adjustment. This
method adjusts iteration step sizes according to variations in the stress–strain curve slope,
significantly reducing the number of iterations while maintaining computational accuracy.

This paper first introduces the flexibility matrix of general elastoplastic constitutive
models and presents the stress–strain incremental iteration equations under different
stress paths. Subsequently, the fundamental theoretical framework of the CSUH model is
outlined, followed by a detailed explanation of the proposed dynamic iteration method.
The effectiveness of the dynamic step size iteration method is verified through comparisons
with traditional uniform step size iteration methods. Finally, this method is employed
for parameter inversion of the CSUH model using Fujinomori clay, calcareous sand, and
Changhe dam rockfill material. The prediction results demonstrate that the CSUH model
accurately describes the mechanical behavior of different soil types under various stress
paths. The findings of this study provide valuable insights for improving the computational
efficiency of the CSUH model and other elastoplastic constitutive models.

2. Elastoplastic Constitutive Relationship Theory

2.1. General Elastoplastic Constitutive Relationship

In the elastoplastic constitutive relationship of soil, the elastic part is generally de-
scribed by Hooke’s Law, while the plastic part consists of the yield condition, flow rule,
and hardening law.

The yield condition can be quantitatively described using the yield surface equation,
f, which determines the stress condition at which plastic deformation begins. The yield
surface equation, f, is a function of stress, σ, and the hardening parameter, H:

f (σ, H) = 0 (1)

The flow rule can be quantitatively described using the plastic potential surface
equation g, which defines the direction of plastic strain increments. The plastic potential
surface equation, g, is generally expressed as follows:

g(σ, C) = 0 (2)

where C is a constant.
The hardening law essentially determines the hardening parameter, H, which governs

the magnitude of plastic strain increments. The hardening parameter, H, is generally a
function of plastic strain:

H(εp) (3)

where εp represents the plastic strain. Different constitutive models adopt different defini-
tions of plastic strain. For example, the MCC model uses the plastic volumetric strain, ε

p
v, as

the hardening parameter, i.e., H(εp) = ε
p
v. The CSUH model, on the other hand, adopts a
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plastic volumetric strain incorporating a stress ratio coefficient as the hardening parameter,

expressed as H
(

ε
p
v

)
=
∫ (M4

Y−η4)
(M4

c−η4)
dε

p
v, where η represents the stress ratio, while M4

Y and

M4
c denote the potential failure stress ratio and characteristic state stress ratio, respectively.

Further details will be introduced later.

2.2. Elastoplastic Stress–Strain Relationship

According to the classical small-strain elastoplastic theory, the total strain, ε, is de-
composed into an elastic strain part, εe, and a plastic strain part, εp. The elastic strain is
calculated using Hooke’s Law, while the plastic strain is determined using plasticity theory.
When adopting an incremental formulation, we have the following:

{dε} = {dεe}+ {dεp} (4)

Assuming that the constitutive relationship of the material in the elastic region is given
by the following:

{dεe} = [Ce]{dσ} (5)

where [Ce] is the elastic compliance matrix. If the elastic strain increment vector, {dεe},
and the stress increment vector, {dσ}, are principal strain increments and principal stress
increments, respectively, then [Ce] is a third-order compliance matrix. When both vectors
have dimensions of 6 × 1, [Ce] is a sixth-order compliance matrix.

Since plastic strain increments do not contribute to stress increments, from Equation (5),
the relationship between the total stress increment and the total strain increment is given by
the following:

{dε − dεp} = [Ce]{dσ} (6)

Alternatively, this can be rewritten as follows:

{dε} = ([Ce] + [Ce]){dσ} = [Ce]{dσ} (7)

where [Ce] is the plastic compliance matrix. Using incremental plasticity theory, for non-
associated flow rules, we can express the formulation as follows:

{dεp} = Λ
{

∂g
∂σ

}
(8)

where Λ is a scalar factor representing the magnitude of the plastic strain increment,
referred to as the plastic multiplier.

During plastic loading, the consistency condition df = 0 must be maintained, leading
to the following:

d f =
∂ f
∂σ

: {dσ}+ ∂ f
∂H

dH = 0 (9)

Since the hardening parameter, H, is often considered a function of plastic strain or
accumulated plastic strain, we have the following:

dH =
∂H
∂εp : {dεp} (10)

Substituting Equation (8) into Equation (10):

dH = Λ
[

∂H
∂εp :

{
∂g
∂σ

}]
(11)
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Substituting Equation (11) into Equation (9) to obtain Λ:

Λ = −
∂ f
∂σ : {dσ}

∂ f
∂H

[
∂H
∂εp :

{
∂g
∂σ

}] (12)

Substitute Equations (8) and (12) into Equation (6):

{dε} = [Ce]{dσ}+
⎛
⎝−

∂ f
∂σ : {dσ}

∂ f
∂H

[
∂H
∂εp :

{
∂g
∂σ

}]
⎞
⎠{ ∂g

∂σ

}
(13)

Equation (13) can also be rewritten in terms of the elastoplastic compliance matrix,
forming the stress–strain increment equation:

{dε} =

⎧⎪⎨
⎪⎩[Ce] +

⎛
⎜⎝−

{
∂g
∂σ

}{
∂ f
∂σ

}T

∂ f
∂H

[
∂H
∂εp : ∂g

∂σ

]
⎞
⎟⎠
⎫⎪⎬
⎪⎭{dσ} (14)

2.3. Iterative Formula of Stress and Strain Increment Under Different Boundary Conditions

The principal stress and principal strain can be used to simulate common variables
in laboratory true triaxial and conventional triaxial tests. The approach to solving the
constitutive model’s stress–strain increment iteration equations under different bound-
ary conditions, also known as different stress paths, involves solving a system of equa-
tions consisting of the third-order compliance matrix form of the stress–strain increment
Equation (16), the intermediate principal stress coefficient Equation (18), and the stress path
equation. The maximum principal strain increment, dε1, is used to express the intermediate
principal strain increment, dε2, the minimum principal strain increment, dε3, the maximum
principal stress increment, dσ1, the intermediate principal stress increment, dσ2, and the
minimum principal stress increment, dσ3. From Equation (14), the stress–strain equations
expressed in the third-order compliance matrix form can be obtained as follows:

{dεi} =
[
Cij
]{

dσj
}

, i = 1, 2, 3, j = 1, 2, 3 (15)

Of course, Equation (15) can also be expressed in the following form:

⎧⎪⎨
⎪⎩

dε1

dε2

dε3

⎫⎪⎬
⎪⎭ =

⎡
⎢⎣C11 C12 C13

C21 C22 C23

C31 C32 C33

⎤
⎥⎦
⎧⎪⎨
⎪⎩

dσ1

dσ2

dσ3

⎫⎪⎬
⎪⎭ (16)

In experiments, the maximum principal strain increment, dε1, is generally a known
quantity, representing the axial strain. To express the remaining five variables in terms of
dε1, two additional equations are needed. One equation can be derived from the stress
path, while the other can be obtained using the intermediate principal stress coefficient, b,
or the stress Lode angle, θ. The definition of the intermediate principal stress coefficient, b,
is given as follows:

b =
σ2 − σ3

σ1 − σ3
(17)

where b is a constant, provided as an initial condition. This relationship remains valid
throughout the increment process:

b =
dσ2 − dσ3

dσ1 − dσ3
(18)
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The increment formulation is independent of the constitutive model, and different
models use different compliance matrices. During loading and unloading, the compliance
matrix,

[
Cij
]
, is taken as the elastoplastic compliance matrix and the elastic compliance

matrix, respectively. The following sections present the incremental formulations for some
commonly used stress paths.

2.3.1. Isotropic Compression (ISO) Stress Path

In the isotropic compression stress path, hydrostatic pressure is applied to compress
the specimen uniformly in all directions. The stress increments in the three principal
stress directions are equal, dσ1 = dσ2 = dσ3, and the strain increments are also equal,
dε1 = dε2 = dε3. Using the condition that the three stress increments are identical, it
follows that the intermediate principal stress coefficient b = 0, dσ1 = dσ3. By combining
this condition with Equation (16), a system of equations consisting of five equations and
six variables is obtained: ⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

dσ1 = dσ3

b = dσ2−dσ3
dσ1−dσ3

= 0
dε1 = C11dσ1 + C12dσ2 + C13dσ3

dε2 = C21dσ1 + C22dσ2 + C23dσ3

dε3 = C31dσ1 + C32dσ2 + C33dσ3

(19)

where b is a known quantity determined from the experiment, and the compliance matrix
elements are provided by the constitutive model. Consequently, dε2, dε3, dσ1, dσ2, and dσ3

can all be expressed in terms of dε1:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

dσ1 = dε1
C11+C12+C13

dσ2 = dσ1

dσ3 = dσ1

dε2 = (C21 + C22 + C23)dσ1

dε3 = dε2

(20)

If the initial shear state (initial stress p0 and initial void ratio e0) is known, the MCC
and CSUH models can perform iterative calculations based on Equation (20).

2.3.2. Oedometer Compression (K0) Stress Path

The oedometer compression test involves placing a soil sample in a rigid ring that re-
stricts lateral deformation while allowing vertical drainage and compression. The boundary
condition for this test is dε2 = dε3 = 0, which implies that the lateral stresses, dσ2 and dσ3,
are not equal, but their relationship can be determined. This leads to b = 0. By formulating
and solving the system of equations in a manner similar to the isotropic compression stress
path, we obtain the following:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

dσ1 = (C22+C23)dε1
C11(C22+C23)−C21(C12+C13)

dσ2 = C21dε1
C21(C12+C13)−C11(C22+C23)

dσ3 = dσ2

dε2 = 0
dε3 = 0

(21)

2.3.3. Constant σ3 Drained Shear Stress Path

A constant σ3 shear stress path maintains σ3 unchanged throughout the shear process.
To obtain different values of σ3, a consolidation (drained compression) test is typically
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required first. Common consolidation tests include isotropic compression path consolida-
tion tests and K0 consolidation tests. Different consolidation paths lead to different initial
stresses and initial void ratios during the shear stage. After consolidation, the pressure
conditions and void ratio can be determined, and the shear test can then proceed. In the
equation of the constant σ3 shear stress path, dσ3 = 0. By formulating and solving the
system of equations in a manner similar to the isotropic compression stress path, we obtain
the following: ⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

dσ1 = dε1
C11+bC12

dσ2 = bdε1
C11+bC12

dσ3 = 0
dε2 = (C21 + bC22)dσ1

dε3 = (C31 + bC32)dσ1

(22)

Conventional triaxial consolidated drained shear (CD) stress path testing is the most
common constant σ3 shear test. To solve for the stress–strain relationship in a CD test, one
only needs to set b = 0 in Equation (22) and iterate. When b = 1, Equation (22) can be used to
calculate a triaxial extension test. It is important to distinguish between triaxial extension
tests and triaxial extrusion tests. In a triaxial extension test, the confining pressure σ3

remains unchanged, whereas in a triaxial extrusion test, the axial stress remains unchanged
while the confining pressure increases.

2.3.4. Undrained Shear Stress Path with Constant Confining Pressure

The undrained shear stress path is unique as it is a volumetric strain-controlled
path. The boundary condition is that the volumetric strain increment satisfies dεv =

dε3 + dε3 + dε3 = 0, By formulating and solving the system of equations similarly to the
isotropic compression stress path, we obtain the following:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

dσ1 = dε1
(C11+bC12)− A·D

B

dσ3 = − A·dσ1
B

dσ2 = bdσ1 + (1 − b)dσ3

dε2 = (C21 + bC22)dσ1 + ((1 − b)C22 + C23)dσ3

dε3 = (C31 + bC32)dσ1 + ((1 − b)C32 + C33)dσ3

(23)

In Equation (23), A, B, and D are defined as follows:

⎧⎪⎨
⎪⎩

A = C11 + C21 + C31 + b(C12 + C22 + C32)

B = C13 + C23 + C33 + (1 − b)(C12 + C22 + C32)

D = (1 − b)C12 + C13

(24)

The terms A, B, and D have no physical significance and are only used to simplify
the length of Equation (23). When b = 0, Equation (23) reduces to the conventional triaxial
consolidated undrained (CU) stress path.

2.3.5. Constant Mean Effective Stress (p) Drained Shear (p0) Stress Path

The constant p drained shear stress path maintains the effective mean principal stress,
p, constant during shearing. The condition for this stress path is dp = dσ1+dσ2+dσ3

3 = 0. By
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formulating and solving the system of equations, similar to the isotropic compression stress
path, we obtain the following:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

dσ1 = (b−2)dε1
(b−2)C11+(1−2b)C12+(1+b)C13

dσ2 = (1−2b)dε1
(b−2)C11+(1−2b)C12+(1+b)C13

dσ3 = (1+b)dε1
(b−2)C11+(1−2b)C12+(1+b)C13

dε2 = ((b−2)C21+(1−2b)C22+(1+b)C23)dε1
(b−2)C11+(1−2b)C12+(1+b)C13

dε3 = ((b−2)C31+(1−2b)C32+(1+b)C33)dε1
(b−2)C11+(1−2b)C12+(1+b)C13

(25)

At this point, the iterative stress–strain increment equations for the five commonly
used stress paths have been fully derived.

3. CSUH Model: Framework and Theory

3.1. Three-Dimensional Constitutive Model Framework

Yao Yangping et al. [11] proposed a unified hardening (CSUH) model based on the
Modified Cam-Clay (MCC) model, which can describe both overconsolidated clay and
sand. The CSUH model effectively captures the stress–strain behavior of various soil types,
including clay, sand, and rockfill, under different initial conditions and stress paths. It
represents a theoretical advancement and innovative development of the MCC model [12].

To apply the constitutive model to true triaxial laboratory test predictions or engineer-
ing practice, it is necessary to extend the model to three dimensions. The Transformed
Stress (TS) method, proposed by Yao et al. [18], is a three-dimensional extension approach
for constitutive models. Its principal stress formulation is expressed as follows:

σ̃i = p +
qc

q
(σi − p), i = 1, 2, 3 (26)

where σi, p, and q represent the principal stresses, mean principal stress, and generalized
shear stress in the real stress space, respectively; σ̃i and qc denote the principal stresses and
generalized shear stress in the transformed stress space, respectively. The qc varies based
on different strength criteria. The mean principal stress ppp in the real stress space is equal
to that in the transformed stress space.

Since this method can be formulated based on different strength criteria (such as
the SMP criterion, Mohr–Coulomb criterion, Lade criterion, and generalized nonlinear
strength criteria), it is applicable to materials with varying strength characteristics. Figure 1
illustrates the transformed stress method based on the SMP strength criterion. Figure 1a
shows the SMP strength criterion and the generalized Mises strength criterion in the real
stress space. The SMP criterion in the real stress space is transformed into the generalized
Mises strength criterion in the transformed stress space, assuming that the constitutive
model is established in the transformed stress space. The real stress–strain relationship is
obtained by differentiating the yield surface in the transformed stress space with respect
to the real stress space. Figure 1b presents the transformation illustration in the π-plane.
Figure 1c depicts the yield surface of the CSUH model in both the real principal stress
space and the transformed principal stress space. Figure 1d shows the p-q cross-section of
Figure 1c, where Me represents the critical state stress ratio under triaxial extension.
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Figure 1. Transformed stress method: (a) SMP and von Mises Yield Criteria in True Stress Space;
(b) Transformation Illustration on the π-Plane; (c) CSUH Model Yield Surface(χ = 0) in Principal
Stress Space; (d) Yield Surface in the p–q Plane.

When applying the TS method to extend the CSUH model into three dimensions,
it is assumed that the CSUH model is formulated in the transformed stress space. The
plastic potential surface equation, g, of the CSUH model in the transformed stress space is
expressed as follows:

g̃ = ln p̃2 + ln
(

1 +
q̃2

M2
c p̃2

)
= 0 (27)

where p̃ and q̃ denote the effective mean principal stress and shear stress in the transformed
stress space, respectively. The tilde symbol (~) indicates variables in the transformed stress
space. The parameter py represents the horizontal coordinate of the plastic potential sur-
face’s intersection with the p-axis. The characteristic state stress ratio, M̃c, has a geometric
interpretation as the stress ratio at the upper quadrant point of the ellipse.

The yield surface equation, f, of the CSUH model in the transformed stress space is
given by the following:

f̃ = ln
[(

1 +
(1 + χ)q̃2

M2 p̃2 − χq̃2

)
p̃ + p̃s

]
− ln( p̃x0 + p̃s)− H̃

cp
= 0 (28)

where M is the critical state stress ratio, representing the slope of the conventional triaxial
compression critical state line (CSL) in the p-q space. The critical state parameter, χ, adjusts
the shape of the yield surface. When χ = 0, the function, f, degenerates into an elliptical
yield surface, as shown in Figure 1d. The parameter, ps, represents the hardening parameter.
The plastic compression coefficient is defined as cp = (λ − κ)/(1 + e0), where λ and κ are
the compression and rebound indices from isotropic compression tests, respectively. The
variable px0 denotes the horizontal coordinate of the initial yield surface intersection with
the p-axis under the initial conditions. The term H represents the hardening parameter:

H̃ =
∫ M̃4

Y − η̃4

M̃4
c − η̃4 dε

p
ν (29)

In this equation, η̃ = q̃
p̃ represents the current stress ratio in the transformed stress

space, M̃Y is the potential failure stress ratio, and dε
p
v is the increment of plastic volumetric
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strain. During the shearing process, the characteristic state stress ratio, M̃c, and the potential
failure stress ratio, M̃Y, change with the state parameter, ξ̃, which indicates the current
degree of compaction, as shown in Equations (30) and (31). From these equations, it is
evident that H̃ is also state-dependent.

M̃c = M · exp(−m · ξ̃) (30)

M̃Y = 6

⎡
⎣
√

12(3 − M)

M2 exp
(
− ξ̃

λ − κ

)
+ 1 + 1

⎤
⎦
−1

(31)

In these equations, the dilatancy parameter, m, scales the influence of ξ̃ and thereby
affects M̃c. The state parameter, ξ̃, is defined as follows:

ξ̃ = Z − λ ln
(

p̃ + ps

1 + ps

)
− (λ − κ) ln

⎛
⎝
(

M2+η̃2

M2−χη̃2

)
p̃ + ps

p̃ + ps

⎞
⎠− e (32)

where ps is the hardening parameter:

ps = exp
(

N − Z
λ

)
− 1 (33)

The Unified Hardening Model for Clays and Sands (CSUH) has eight fundamental
parameters: M, ν, κ, λ, N, Z, χ and m. For the same type of soil, regardless of different
stress paths and initial states (initial confining pressure p0 and initial void ratio e0), the
same set of parameters is used.

3.2. Third-Order Flexibility Matrix of the Model

Based on Equation (14), the incremental relationship is expressed in the form of a
third-order flexibility matrix:

{dε}3×1 =

{[
Ce
]

3×3
+
[
Cp
]

3×3

}
{dσ}3×1 (34)

For isotropic materials:

[Ce]3×3 =
1
E

⎡
⎢⎣ 1 −ν −ν

−ν 1 −ν

−ν −ν 1

⎤
⎥⎦ (35)

where E is the elastic modulus and ν is Poisson’s ratio.
In Equation (34), the third-order plastic flexibility matrix [Ce]3×3 is given as follows:

[
Cp
]

3×3
= −

{
∂g̃
∂σ̃

}
3×1

{
∂ f̃
∂σ

}T

1×3

∂ f̃
∂H̃

[{
∂H̃
∂εp

}T

1×3

{
∂g̃
∂σ̃

}
3×1

] (36)

where the yield surface equation, f̃ , is differentiated with respect to the true stress, σ, and
the hardening parameter, H̃, the plastic potential surface equation, g̃, is differentiated with
respect to the transformed stress, σ̃, and the hardening parameter, H̃, is differentiated
with respect to the true strain, εp. These differentiation processes require the application
of the chain rule. The yield surface equation, f̃ , and plastic potential surface equation, g̃,
are generally expressed as functions of p̃ and q̃, while p̃ and q̃ are functions of stress, σi.
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Based on the SMP strength criterion and the transformed stress (TS) method, we obtain
the following: ⎧⎪⎪⎨

⎪⎪⎩
p̃ = p = (σ1 + σ2 + σ3)/3
q̃ = qc =

I1 I2−9I3+3
√

(I1 I2−I3)(I1 I2−9I3)
4I2

(37)

where I1, I2, and I3 are the first, second, and third invariants of the principal stress tensor,
respectively, and qc is the transformed generalized shear stress based on the SMP strength
criterion. The derivation results for Equation (36) of the CSUH model are provided in [11]
and will not be reiterated here. Equation (8) can also be expressed as follows:

{
dε

p
v

}
= Λ̃

{
∂g̃
∂ p̃

}
(38)

The derivative of the hardening parameter with respect to plastic strain can also be
expressed as the derivative with respect to plastic volumetric strain. Therefore, for the
CSUH model, Equation (36) can be rewritten as follows:

[
Cp

ij

]
= cp

M̃4
c − η̃4

M̃4
Y − η̃4

∂ f̃
∂σj

∂g̃
∂ p̃

∂g̃
∂σ̃i

, i = 1, 2, 3, j = 1, 2, 3 (39)

The loading and unloading criteria are defined as follows:

d ftrial =
∂ f̃
∂σ1

dσ1 +
∂ f̃
∂σ2

dσ2 +
∂ f̃
∂σ3

dσ3 (40)

If the strain increment dεd\varepsilondε calculated using the elastic flexibility matrix
in Equation (34) indicates loading, the total flexibility matrix, which includes both the elastic
and plastic flexibility matrices, should be used to recalculate the stress–strain increment
in Equation (34). If the strain increment calculated using only the elastic flexibility matrix
indicates unloading, the calculation is considered correct, and the next step of elastic
prediction can proceed.

If the trial value, ftrial, calculated using the elastic compliance matrix, [Ce], in Equation (34)
is greater than zero, it indicates loading. In this case, the elastoplastic compliance matrix, which
is the sum of the elastic compliance matrix and the plastic compliance matrix, should be used to
recalculate the stress–strain increments in Equation (34). Conversely, if the trial value, d ftrial,
calculated using the elastic compliance matrix is less than zero, it indicates unloading, meaning
the trial calculation is correct. In this scenario, the stress–strain increments in Equation (34) can
be accurately computed using only the elastic compliance matrix, and the next step of the elastic
trial calculation can proceed.

4. Dynamic Iteration Method

4.1. Common Iteration Methods

The inversion of constitutive model parameters using optimization algorithms requires
extensive computations, with the most time-consuming part being the iterative stress–strain
increment calculation, similar to Equation (20). The process of determining constitutive
model parameters through optimization involves providing different parameter sets to
the constitutive model. The model then computes the theoretical stress–strain curve
corresponding to the given parameters and initial conditions from the experiment. The
computed theoretical stress–strain curve is compared with the experimental stress–strain
curve, and the error is fed back to the optimization algorithm. Based on this error feedback,
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the optimization algorithm adjusts and attempts to provide improved model parameters.
Consequently, the inversion process requires frequent evaluation of stress–strain increments
to generate the stress–strain curve.

As previously discussed, different constitutive models can adopt a unified iterative
stress–strain increment formulation, similar to Equation (20), for stress–strain curve calcula-
tions. Several numerical methods can be applied for iteration, including the forward Euler
method, the fourth-order Runge–Kutta (RK4) method, and implicit iteration methods. The
RK4 method offers higher computational accuracy and better stability but faces challenges
in practical applications due to its complex implementation and high computational cost.
Implicit iteration methods, such as the backward Euler method and the Newton-Raphson
method, allow for larger incremental steps but require solving nonlinear equations itera-
tively, which may lead to convergence issues. The semi-implicit return mapping method
performs well in handling elastoplastic problems, but its implementation is complex, and
its computational efficiency is relatively low.

Due to its simplicity, intuitiveness, and ease of implementation, the forward Euler
method is widely used. This method is based on a first-order Taylor expansion, where the
stress state of the next step is directly computed using the tangent modulus of the current
step. The core concept is to discretize the continuous stress–strain relationship into an
incremental form. According to the forward Euler method, the stress–strain increment in
Equation (20) and subsequent stress paths can be simplified as Cndε1:

[σ, ε]n+1 = [σ, ε]n + Cndε1 (41)

where [σ, ε]n+1 represents the stress and strain at step n + 1, [σ, ε]n represents the stress and
strain at step n, Cn is the compliance matrix computed based on the stress state at step n,
and dε1 is the incremental maximum principal strain.

Figure 2 illustrates the accuracy comparison between the RK4 method and the forward
Euler method. While RK4 provides higher accuracy, its computational cost is significantly
higher than the forward Euler method. However, it was observed that when the total axial
strain is uniformly divided into 3000 increments, the integration curves obtained from both
methods with 3000 uniform steps are nearly identical, as shown in Figure 2. This indicates
that using 3000 uniform steps can yield an accurate stress–strain curve. Since RK4 requires
solving the compliance matrix at four different substep increments, whereas the forward
Euler method only requires one calculation, the computational cost of the forward Euler
method is significantly lower. Therefore, when the iteration step count reaches 3000, the
forward Euler method not only reduces computational effort but also provides satisfactory
results, making it the preferred choice for computing the constitutive model stress–strain
curve.

Figure 2. Stress–strain curves for the CU stress path obtained using different integration methods
with 3000 uniform step sizes.
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Compared with the computational cost of the optimization algorithm itself, the iter-
ative evaluation of the constitutive model’s stress–strain increment equation is the most
time-consuming part of the entire inversion process. Even with 3000 iteration steps using
the forward Euler method, the computation time remains excessively long.

4.2. Proposed Dynamic Iterative Method

The slope of the stress–strain curve of soil is not uniform. As shown in Figure 3, the
slope of the curve is steep in the front part and gentle in the latter part. By segmentally
adjusting the model’s iterative increment step size, the total number of iterations can be
reduced, thereby accelerating the speed of parameter inversion.

q

u

S n=p S n p

Figure 3. Segmented adjustment of the iterative increment step size Δε1 in the constitutive model.

When the curve slope is large, a small axial strain increment, Δε1, can cause a signifi-
cant stress increment, whereas when the curve slope is small, a larger axial strain increment,
Δε1, induces only a minor stress increment. If the same iterative increment step size, Δε1, is
used regardless of the curve slope, Δε1 must be set sufficiently small to ensure accuracy
when the slope is large, which results in a high number of iterations and slow computation.

To enhance the numerical computation efficiency of the constitutive model, a dynamic
iterative method that adjusts the iterative increment step size in segments is proposed
to reduce the total number of iterations. A smaller iterative step size is adopted when
the stress–strain curve slope is large, while a larger step size is used when the slope is
small. This approach ensures accuracy while reducing the number of iterations, thereby
accelerating the computation speed. Generally, the axial strain distributed in an arithmetic
sequence accounts for about 30% of the total axial strain, while the uniformly distributed
axial strain accounts for about 70%. The segmentation position dynamically changes with
the total axial strain.

As shown in Figure 3, the total axial strain, ε1max, is divided into two parts. The first
part adopts an arithmetic sequence distribution, with its axial strain, S1n, accounting for a
proportion, pt, of ε1max, where the strain increment, Δε1, follows an arithmetic sequence
distribution. The second part adopts a uniform distribution, with axial strain S2n accounting
for a proportion (1 − pt) of ε1max, where Δε1 is uniformly distributed.

Given a total number of iterations, Ns, the number of iterations in the uniform distri-
bution part is Ns2 = ptNs, and the corresponding axial strain increment, Δε1, is as follows:

Δε1 =
S2n

Ns2
=

(1 − pt)ε1max

ptNs
(42)
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Assuming that the initial iterative step size, a1, in the arithmetic sequence part is 1/10
of the uniform distribution step size Δε1, we have:

a1 =
Δε1

10
(43)

Given the total number of iterations Ns, the number of iterations in the arithmetic
sequence part is Ns1 = (1 − pt)Ns. The common difference d of the arithmetic sequence and
the iterative increment step size, an, can be expressed as follows:

d =
2(S1n − a1Ns1)

Ns1(Ns1 − 1)
(44)

an = a1 + (n − 1)d (45)

By selecting an appropriate proportion, pt, and a reasonable total iteration count, Ns, a
highly accurate stress–strain curve can be obtained with a reduced number of iterations.
When ε1max =20%, pt = 0.3, and Ns = 50, the step sizes of different partitions obtained using
Equations (42) to (45) are shown in Figure 4.

Figure 4. Step Size for Different Step Partitions.

As shown in Figure 5, the results of 50 steps arithmetic sequence step size (dynamic
iteration method parameters pt = 0.3, Ns = 50) are similar to those of 3000 steps uniform
step size, indicating that the dynamic iteration method effectively reduces the number of
iterations to 1/60 of the original while maintaining accuracy.

Figure 5. Comparison of Uniform and Arithmetic Sequence Distributed Iterative Increment
Step Sizes.
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Figures 2, 5 and 6 present the stress–strain curve of the CSUH model using Toyoura
Sand parameters from Table 1 under a confining pressure of 500 kPa and a void ratio of 0.84
in CU tests. According to Equation (16), theoretically, the numerical computation iterative
increment step size, dε1, should be infinitely small. However, practical calculations reveal
that 3000 steps are generally sufficient for high accuracy (as shown in Figure 2). Since the
step size is not infinitely small in actual computation, dε1 is denoted as Δε1, and the same
applies to other principal strain and stress increments.

(a) (b)

(c) (d)

(e) (f)

Figure 6. Cont.
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(g) (h)

(i) (j)

(k) (l)

Figure 6. Differences between dynamic iteration method curves and 3000 uniform step size curves
for different pt and Ns values: (a) ε1-q curve at pt = 0, Ns = 50, with MRE = 0.2495; (b) ε1-u curve at
pt = 0, Ns = 50, with MRE = 0.5378; (c) ε1-q curve at pt = 0.09, Ns = 50, with
MRE = 0.1512; (d) ε1-u curve at pt = 0.09, Ns = 50, with MRE = 3.4802; (e) ε1-q curve
at pt = 0.3, Ns = 50, with MRE = 0.0229; (f) ε1-u curve at pt = 0.3, Ns = 50, with
MRE = 0.07622; (g) ε1-q curve at pt = 0.6, Ns = 50, with MRE = 0.0619; (h) ε1-u curve at pt = 0.6,
Ns = 50, with MRE = 0.1534; (i) ε1-q curve at pt = 0.3, Ns = 30, with MRE = 0.0401; (j) ε1-u curve at
pt = 0.3, Ns = 30, with MRE = 0.1331; (k) ε1-q curve at pt = 0.3, Ns = 70, with MRE = 0.0153; (l) ε1-u
curve at pt = 0.3, Ns = 70, with MRE = 0.0528.
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Table 1. Parameters used for calculating theoretical curve values of the CSUH model [11].

Parameters M ν κ λ N Z χ m

Values 1.25 0.3 0.04 0.135 1.973 0.934 0.4 1.8

Figure 6 shows the computational results of the dynamic iteration method with
different values of pt and Ns. The red line represents the calculation curve with 3000
uniform steps. Fifty interpolation points are taken at equal arc lengths on the curve to
represent the experimental values. Corresponding points to the interpolation points are
found on the dynamic iteration method calculation curve. The error between the dynamic
iteration method calculation curve and the curve with 3000 uniform steps is measured
using mean relative error (MRE) from reference [12]. The dynamic iteration method with pt

= 0 and Ns = 50 is equivalent to using 50 uniform step iterations. As shown in Figure 6a,b,
the dynamic iteration method (blue dots) differs significantly from the 3000 uniform steps
calculation curve (red), with an MRE of 0.2495 for q and 0.5378 for u. The dynamic iteration
method with pt = 0.09 and Ns = 50 yields the worst computational results, as shown
in Figures 6c,d and 7a.

Figure 7. Sensitivity analysis of pt and Ns: (a) Average MRE of q and u corresponding to different pt

when Ns = 50; (b) average MRE of q and u corresponding to different Ns when pt = 0.3; (c) composite
scaled sensitivity (CSS) of pt and Ns.

Figure 7 shows the variation in MRE and parameter sensitivity analysis for different
pt and Ns values. The sensitivity analysis method adopts a local sensitivity analysis
method, namely Composite Scale Sensitivity (CSS) [19]. Figure 7c shows that pt has a
larger sensitivity while Ns has a smaller sensitivity, indicating that the choice of pt is the
most important in the dynamic iteration method. From Figure 7a, it can be seen that when
pt is greater than 0.12, the MRE does not change significantly. Therefore, for this typical
stress–strain curve with a slope that is initially large and then small, pt = 0.3 is appropriate.
As shown in Figure 7, under the extreme condition where the total number of iteration steps
Ns is reduced to 30, the proposed dynamic iteration algorithm still demonstrates excellent
numerical stability, with the generated stress–strain curves maintaining a high degree of
agreement with the full 3000-step iteration results (MREs of q and u are 0.041 and 0.1331,
respectively). In contrast, the traditional numerical scheme with equal step-size iteration
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encounters complex numbers due to the large initial step size, and both the fourth-order
Runge–Kutta method and Euler method exhibit severe numerical divergence. The dynamic
iteration method, with a smaller initial step size, improves iteration efficiency by two orders
of magnitude while ensuring computational accuracy.

Taking the inversion of the CSUH model parameters for the Changhe dam rockfill in
Section 5.3 as an example, the inversion process includes one isotropic compression test
and four CD tests, totaling 414 data points. Based on the dynamic iterative method with
segmented adjustment of the model iteration increment step size, this paper developed
parameter inversion software using VBA language on the Excel platform (website: https:
//github.com/longbiscuit/ModelParaOpt2.0_Excel_STADE, accessed on 29 April 2025.).
The software runs on a Dell Inspiron 13 7000 series laptop (Dell Inc., Austin, TX, USA).
Experimental results show that when the number of iterations is 50, the computation
time is about 7 min; when the number of iterations increases to 3000, the required time is
332 min. Compared with the traditional method, the computation time is reduced to 1/47
of the original, as shown in Figure 8.

Figure 8. Computational Time for Inversion with Different Iteration Counts.

In conclusion, the proposed dynamic iterative method with segmented iterative incre-
ment step sizes significantly reduces the number of iterations while ensuring prediction
accuracy, greatly enhancing the efficiency of parameter inversion.

5. CSUH Model Iterative Inversion Parameters

5.1. Fujinomori Clay

In all parameter inversion calculations presented in Section 5, the dynamic iterative
method is consistently used, with parameter pt = 0.3 and Ns = 50. The parameter inversion
process refers to references [12,16].

To verify the capability of the CSUH model in describing the stress–strain characteris-
tics of different types of soil, a dynamic iterative method was used to predict the CSUH
model parameters for Fujinomori clay. The initial conditions are shown in Table 2.

Table 2. Initial Shear State of Fujinomori Clay.

OCR 1 2 4 8

p0 196 196 196 98
e0 0.769 0.719 0.668 0.684

For the sample with OCR = 8.0, where p0 = 98 kPa, the process involved first con-
solidating to the preconsolidation pressure σc = 784 kPa, then unloading to p0 = 98 kPa,
and finally performing a constant p shear test at p0 = 98 kPa. The loading and unloading
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processes for other overconsolidation ratios were similar. The CSUH model parameters are
shown in Table 3.

Table 3. CSUH Model Parameters for Fujinomori Clay.

Parameters M ν κ λ N Z χ m

Values 1.36 0.0 0.02 0.093 1.26 1.26 0.05 5

5.1.1. Constant p Compression Test

As shown in Figure 9, the points represent the experimental results, while the lines
represent the CSUH model predictions. The minimum overconsolidation ratio (OCR) is 1.0,
corresponding to normally consolidated soil with the lowest density. The maximum OCR
is 8, corresponding to heavily overconsolidated soil with the highest density.

Figure 9. Comparisons between the constant p compression test results of the Fujinormori clay and
the CSUH predictions [20].

Figure 9 shows that normally consolidated clay exhibits strain hardening and shear
contraction, while heavily overconsolidated clays display strain softening and volumetric
dilation. As the OCR increases, the peak stress ratio gradually increases, and the volumetric
deformation transitions from shear contraction to initial shear contraction followed by
shear dilation. When OCR = 8, the peak stress ratio is the highest, and the amount of
volumetric dilation is the largest. Moreover, the CSUH model predictions align well with
the experimental results for clays with different overconsolidation ratios, indicating that
the CSUH model can reasonably quantify the differences in dilatancy behavior among soils
with varying densities.

5.1.2. True Triaxial Test

The true triaxial test for Fujinomori clay follows the basic procedure of first undergoing
isotropic consolidation to p = 196 kPa, followed by a constant p (or constant σm) shear test
at an axial strain rate of 1% per day.

As shown in Figure 10, the CSUH model predictions agree well with the experimental
results. This further demonstrates that, after incorporating the transformed stress method,
the CSUH model can quantitatively describe the differences in the frictional behavior of
soils under different stress Lode angles (θ).
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(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 10. Comparisons between the true triaxial test measured results under constant p stress
path with different medium principal stress coefficient b of the Fujinormori clay and the CSUH
predictions [21] (dots: measurements; lines: predictions): (a) Medium principal stress ratio b = 0,
equivalent to stress Lode angle θ = 0◦; (b) Medium principal stress ratio b = 0.268; (c) Medium
principal stress ratio b = 0.5; (d) Medium principal stress ratio b = 0.732; (e) Medium principal stress
ratio b = 1.
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As shown in Figure 10, the horizontal axis represents εi, where i may denote 1, 2,
or 3. The upper part of the vertical axis corresponds to σ1 and the ratio σ1/σ3, while
the lower part represents the volumetric stress σv. In Figure 10, lines indicate theoretical
calculation results, whereas symbols denote experimental data. Specifically, the black solid
square points represent ε1-εv, the black open square points denote ε1-σ1/σ3, the red open
circles indicate ε2-σ1/σ3, and the blue open triangles correspond to ε3-σ1/σ3. The relevant
explanations have been added to the figure caption.

In summary, the predictions for conventional triaxial and true triaxial tests of saturated
Fujinomori clay indicate that the CSUH model can not only quantitatively distinguish the
differences in dilatancy behavior among clays with different densities but also accurately
capture the variations in frictional characteristics under different stress Lode angles.

5.2. Calcareous Sand

Weng Yiling [22] conducted CD and CU tests on dredged calcareous sand (also known
as coral reef sand) from the Nansha Islands. The calcareous sand foundation mainly
consists of gravelly sand or gravel soil, which is an uncemented loose material. In this
study, experimental data for calcareous sand particles smaller than 0.075 mm were used to
validate the model. The CSUH model parameters are listed in Table 4, and the comparison
results are shown in Figures 11 and 12.

Table 4. CSUH model parameters for calcareous silt.

Parameters M ν κ λ N Z χ m

Values 1.473 0.337 0.023 0.057 1.332 1.21 0.99 0.145

 
(a) (b) 

Figure 11. Comparisons between the CD test measured results of the calcareous silt and the CSUH
predictions [22]: (a) Axial Strain vs. Deviatoric Stress; (b) Axial Strain vs. Volumetric Strain.

From Figure 11, it can be observed that under different confining pressures, the
calcareous sand exhibits strain hardening and shear contraction in the CD tests.

As shown in Figure 12, the calcareous sand reaches peak strength at a relatively small
strain, followed by strain softening until the strength nearly approaches zero. Meanwhile,
pore pressure rises to a level almost equal to the axial stress, indicating that the soil sample
is approaching a liquefied state. Therefore, when analyzing the effective stress ratio, it can
be observed that the measured effective stress ratio exhibits anomalies, which were also
noted in the literature [22].
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(a) (b) 

Figure 12. Comparisons between the CU test measured results of the calcareous silt and the CSUH
predictions [22]. (a) Axial Strain vs. Deviatoric Stress; (b) Axial Strain vs. Excess Pore Pressure.

5.3. Rockfill Material

Liu et al. [23] conducted isotropic compression, CD, and CU tests on the main rockfill
material (composed of hard diorite) from the Changhe dam. The CSUH model parameters
for the rockfill material are listed in Table 5.

Table 5. CSUH model parameters for the rockfill material from the Changhe dam.

Parameters M ν κ λ N Z χ m

Values 1.678 0.272 0.021 0.087 1.125 0.742 0.385 1.716

5.3.1. Isotropic Compression Test

Figure 13 presents the results of isotropic compression tests on the rockfill material
from the Changhe dam, along with the corresponding CSUH model predictions. The
comparison between the predicted and experimental results indicates that the CSUH model
can effectively describe the compression hardening behavior of large-grained granular soils
such as rockfill. Compression hardening refers to the characteristic where the modulus of
the soil increases with increasing density during compression, often described as “the more
it compresses, the harder it gets” [24].

Figure 13. Comparisons between the isotropic compression test measured results of the rockfill from
the Changhe dam and the CSUH predictions [23].
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5.3.2. CD Triaxial Compression Test

Figure 14 compares the CD test results of the rockfill material under different confining
pressures with the CSUH model predictions. The experimental results indicate that at lower
confining pressures, the material exhibits slight strain softening and volume dilation, whereas
at higher confining pressures, it exhibits strain hardening with volume contraction throughout.
This behavior is primarily attributed to particle breakage in the rockfill material.

 
(a) (b) 

Figure 14. Comparisons between the CD test measured results of the rockfill from the Changhe dam and
the CSUH predictions [23]: (a) Axial Strain vs. Deviatoric Stress; (b) Axial Strain vs. Volumetric Strain.

Since both rockfill and sand exhibit breakage characteristics, their qualitative mechani-
cal behaviors are similar. However, rockfill is more prone to breakage than sand, leading
to quantitative differences in test results. For example, in Figure 11, the calcareous sand
with an initial state of (400 kPa, 0.982) and in Figure 14, the rockfill with an initial state of
(3500 kPa, 0.367) both exhibit a final volumetric strain of approximately 6% after shearing.
This suggests that if the initial conditions were the same, the final volumetric strains of the
calcareous sand and rockfill would likely be different.

5.3.3. CU Triaxial Compression Test

Figure 15 compares the CU test results of the rockfill material under different confining
pressures with the CSUH model predictions. From Figure 15a, it can be observed that under
different confining pressures, the rockfill material exhibits strain hardening. Figure 15b
shows that as axial strain increases, pore pressure initially rises rapidly and then gradually
decreases, indicating a tendency for the rockfill material to undergo initial shear contraction
followed by shear dilation in undrained conditions. Additionally, higher confining pres-
sures result in greater pore pressure buildup, which offsets part of the confining pressure.
As a result, for the same initial confining pressure, p0, the undrained shear strength, qf, is
lower than the drained shear strength.

A comparison between Figures 14b and 15b reveals that under an initial confining
pressure of 3500 kPa, the rockfill material undergoes continuous shear contraction in the
drained test, whereas in the undrained test, it also exhibits dilation. The good agreement
between the experimental results and the CSUH model predictions demonstrates that the
CSUH model can quantitatively describe the differences in dilation behavior of the same
material (rockfill) under different drainage conditions.
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(a) (b) 

Figure 15. Comparisons between the CU test measured results of the rockfill from the Changhe dam
and the CSUH predictions [23]: (a) Axial Strain vs. Deviatoric Stress; (b) Axial Strain vs. Excess
Pore Pressure.

6. Conclusions

This study proposes a dynamic iterative method with segmented adjustment of incre-
mental step sizes to improve the efficiency of parameter inversion for the CSUH model.
Through theoretical analysis and experimental validation, the following key conclusions
are obtained:

(1) The elastoplastic flexibility matrix of the elastoplastic constitutive model and the in-
cremental stress–strain relationships under different boundary conditions are derived.
This eliminates the need to solve equation systems when calculating theoretical model
curves, thereby accelerating computation speed.

(2) Based on the variation characteristics of the stress–strain curve slope, the iterative
step size is distributed using an arithmetic sequence over 30% of the total axial strain
range, while a uniform distribution is applied over the remaining 70%. This effectively
balances computational accuracy and efficiency. The study shows that this method
reduces the number of iterations from the traditional 3000 steps to just 50 steps,
decreasing computation time by approximately 47 times while maintaining accuracy
comparable to the fourth-order Runge–Kutta method.

(3) The CSUH model accurately describes the stress–strain characteristics of different soil
types (such as clay, sand, and rockfill) under various stress paths, including isotropic
compression, constant p drained conditions with different intermediate principal
stress ratios, CD, and CU tests.

The dynamic iterative method proposed in this study significantly enhances the effi-
ciency of parameter inversion for elasto-plastic models, creating favorable conditions
for the practical engineering application of the CSUH model. However, the CSUH
model exhibits limitations in characterizing stress–strain behaviors of structured soils,
anisotropic formations, and environments influenced by variable water content, prolonged
creep processes, or thermal variations. Specialized constitutive formulations are required
for these complex scenarios, necessitating tailored parameter recalibration and iterative
scheme redevelopment.

In addition, it should be noted that the current validation is primarily performed
on datasets used for model calibration and has not yet been extended to independent
datasets or new, unseen stress paths. Although the dynamic iterative method demonstrates
clear advantages in computational efficiency and accuracy in the present cases, further
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comprehensive cross-validation and testing on independent datasets and more complex
loading conditions are needed in future research to fully establish the generalizability and
robustness of the proposed approach.
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Abstract: The width of the pillar is an important factor in the stability of the underground
space and the efficiency of resource recovery. This study aims to model the performance
of retained walls in panel barrier pillar stopes. By simplifying the three-dimensional
problem based on the mining operation, a two-dimensional mechanical model of non-
equal-width retained walls was established, and the stress and deflection were solved
analytically. The calculated deformation characteristics of equal-width and non-equal-
width retained walls were analyzed and compared with numerical simulations. The results
indicated that the deformation of retained walls is mainly influenced by the roof loads,
the uniaxial compressive strength, and the internal friction angle of backfill materials. For
equal-width retained wall design, corresponding to the areas of pillar stopes where the
uniaxial compressive strength and internal friction angle of backfill materials are low, great
lateral pressure will be created on the retained walls. This results in significant flexural wall
deformations in this area, increasing the risk of wall collapses. In comparison, for non-equal-
width retained walls, the width is defined based on the surrounding backfill materials,
which could greatly reduce the risk of potential damage. For the mining operation at the
actual mine, the non-equal-width design with 2.5 m and 4.0 m intervals was adopted for
the panel barrier pillar stopes, and the final displacement of the roof of the stope after
the completion of the mining is 34 mm, and the two sides of the mine wall remain in
good integrity with no significant peeling or cracking identified. This design improves the
recovery rate of mineral resources and the stability of mining.

Keywords: optimization of retained walls; pillar stability; room and pillar mining; mine
backfill effects

1. Introduction

With the depletion of shallow mineral resources, mining inevitably goes deeper, where
the operation faces significantly more additional challenges [1–5]. At shallower depths,
the ground stresses around the ore body are low, so only a minimal number of pillars
need to be retained as necessary ground supports to ensure the safety of the underground
operation [6,7]. However, for deep mining, more in-depth geological investigations are
required to help select the best mining method and design the most suitable pillar layout,
to make the mining process safe and efficient [8,9].

In deep mining, in situ stresses around the ore body are much higher and it is difficult
to effectively control the pressure of surrounding rocks using only pillars. Therefore, in
mining practice, a large number of mines try to fill the mined areas with tailings and
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other mining wastes to bear the stresses of surrounding rocks together with pillars [10].
Back-filling using tailings also brings additional environmental benefits by addressing the
issues of accumulated tailings on the ground surface, hence helping promote the restoration
of ecological environments after mining [11,12]. At the early stage of the backfilling process,
mine pillars are still the main stress-bearing structures and the backfill mainly plays
the role of limiting the lateral displacement of mine pillars and improving their bearing
capacity [13–16]. With the development of backfill technology, the strength of backfilled
material has been enhanced and the contact area between the backfill and the roof has
been gradually increased. Therefore, the overall bearing capacity of the backfill has been
increased significantly to improve its ability to limit the movement of the roof strata [17–19].
This potentially allows the mining of previously retained pillars to improve the recovery of
mineral resources [20]. The original pillars are left temporarily to divide the mining area and
to ensure that multiple stopes are mined simultaneously without interfering with each other.
Subsequently, these temporary pillars are mined, with only a few thin walls (thin pillars)
left permanently underground. These thin walls are mainly used to prevent the mixing of
backfill materials and ores at each stope. At the same time, these permanent thin walls can
also limit the lateral displacement of backfill materials and build a load-bearing system
together with the backfill to maintain the stability of the goaf [21]. There are a significant
number of published studies on the load-bearing mechanism of the backfill and pillars
in underground space [22–24]. Wang et al. [25] investigated the joint bearing mechanism
between the backfill and the surrounding rocks using indoor uniaxial compression tests,
and the results indicated that pillars could enhance the uniaxial compressive strength
and the elastic modulus of the backfill. Zhu et al. [26] used particle flow code numerical
simulation software to investigate the load-bearing effects of support pillars consisting of
backfill and coal walls under different conditions, and the results indicated that the width
of the residual coal pillars had the greatest influence on the stability of the support pillars
relative to factors such as mining depth, mining thickness, filling material, and filling ratio.
However, most published research focuses on the interaction behavior of a single backfill
material with the pillar, and there are few studies on the case of two backfill materials. In
practice, more than one backfill material exists because of the economic benefits.

In this study, based on elastic mechanics, the stress and deformation characteristics of
permanently retained thin walls in panel barrier pillar stopes are solved when different
backfill materials are used in adjacent stopes. The theoretical findings are verified by
numerical simulations and collected monitoring data. The results obtained from this study
will help design the optimal width of the retained walls to maximize the recovery of
mineral resources.

2. Project Overview and Mining Methods

The study area is a mine in China, where direct mining is risky due to the thickness
of the ore body and the depth of its burial. The mining method is sublevel open stoping
with backfilling. In this operation, the ore body is firstly divided into different panels along
the trend; then, a fixed-width barrier pillar is designed between the panels, and the room
stopes and pillar stopes are alternately distributed along the panels perpendicular to the
ore body trend, as shown in Figure 1. The mining of the ore body is divided into three
steps: The first step is to mine the room stopes under the primary support provided by
ore pillars on both sides and then backfill the mined stopes using the cemented tailings
backfill material. The second step is to mine the pillar stopes under the support of cemented
backfills on both sides and then backfill the mine stopes using the full-tailings backfill
material. After completing the previous two steps, most of the mineral resources have been
recovered. To further improve the recovery of mineral resources, the third step is to mine
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the panel barrier pillar stopes, and finally backfill the mined area also using the full-tailings
backfill material.

l l

a a

Figure 1. Schematic diagram of mining and filling sequence.

Although this step-by-step mining process is more complex, it can effectively control
the regional stresses and maintain the stability of the stopes throughout the gradual mining
and backfilling, and ultimately achieve the goal of less ore loss.

In Figure 1, l1 is the length of the room stope; l2 is the length of the pillar stope; and
a is the width of the room stope and pillar stope.

3. Mechanical Modeling of the Permanent Thin Wall

At the third mining step, the thin walls on both sides of the barrier pillar stope are
permanently retained in order to prevent mixing of the backfill material with the ore inside
the stope. The thin wall has a small direct contact area with the roof compared with
the backfill materials, which are the main bearers of the roof loads at this stage. On the
horizontal plane, the wall has a large contact area with the backfill materials, so the forces
acting on the wall can be simplified to only the lateral loads from the backfill materials. The
basic assumptions for the thin walls are as follows: the wall is a continuous, homogeneous,
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isotropic, and perfectly elastic material, and the magnitude of the wall displacement is
much smaller than its own size.

3.1. Mechanical Model of the Thin Wall When Using One Backfill Material

For the case of the same backfill material being used in both the room stopes and
pillar stopes, if l1 = l2 (see Figure 1), the width of the thin wall does not change in the
z-axis direction, as shown in Figure 2. In this case, it can be assumed that the lateral load q
applied by the backfill materials to the thin wall does not change perpendicular to the wall.
Therefore, the three-dimensional spatial problem can be simplified to a two-dimensional
plane problem.

Figure 2. Mechanical model of the thin wall when using one backfill material.

As can be seen from Figure 2, the thin wall is only bearing lateral loads from backfill
materials, and it can be regarded as a beam structure undergoing pure bending deformation;
therefore, its deflection and stresses satisfy Equations (1) and (2), respectively.

Eo Izw′′ = −M(x) (1)

σ = −M(x)
Iz

y (2)

Iz =
ab3

12
(3)

where Eo is the elastic modulus of the thin wall; Iz is the inertia moment of the wall cross-
section about the neutral axis; b is the width of the wall; w is the deflection of the wall; and
M(x) is the bending moment of the wall under the lateral load q.

The two ends of the wall are parts of the surrounding rocks, so fixed constraints are
applied. From structural mechanics, under uniform load, the bending moment and shear
force at the two end points of the beam are as follows:

{
Fx=0 = Fx=h = qh/2

Mx=0 = Mx=h = −qh2/12
(4)

From Equation (4), the bending moment along the x direction can be derived
as follows:

M(x) = − qh2

12
+

qhx
2

− qx2

2
(5)
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By combining Equations (1) and (5), the deflection equation of the wall can be solved
by integration:

Eo Izw = − q
24

x4 +
qh
12

x3 − qh2

24
x2 + C1x + C2 (6)

where C1 and C2 are undetermined coefficients.
Using Equation (6) and the boundary conditions of

{
w | x=0 = 0
w | x=h = 0

(7)

the deflection of the wall can be derived as follows:

w = − q
2Eoab3

(
x4 − 2hx3 + h2x2

)
(8)

As expected, the deflection of the wall is directly proportional to the roof load and
inversely proportional to the length of the mine wall, the elastic modulus, and the cube of
the width.

3.2. Mechanical Model of the Thin Wall When Using Two Backfill Materials

In practice, pillar stopes are mined under the condition that both sides are backfilled
at the first mining step, which uses the cemented tailings backfill material, which has
sufficient strength to ensure that the backfill will not fail during the mining process of pillar
stopes. After the recovery of pillar stopes, to reduce costs, full-tailings backfill instead
of cemented tailings materials are used for the backfill. This results in different lateral
loads being applied to the thin walls at different locations. Assuming that the lateral
loads applied to the wall by cemented and un-cemented backfill materials are q1 and q2,
respectively, the two walls of the same barrier pillar stope will have different deflections,
as shown in Figure 3a. In this situation, the deformations of thin walls in adjacent barrier
pillar stopes will affect each other, so the three-dimensional problem cannot be simplified
into a two-dimensional plane problem.

Figure 3. Mechanical model of the thin wall when using two backfill materials.

Since the thin wall deformation of adjacent barrier pillar stopes is different, the mutual
influence is the root cause of the inability to reduce the three-dimensional problem to a
two-dimensional one. Then, if it is guaranteed that the thin wall deformation of adjacent
barrier pillar stopes is the same, the mutual influence between them will disappear. At
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this point, they can be regarded as two mutually independent planes, each calculated. As
shown in Equation (8), the wall deflection is a function of the lateral load and the wall
width. The width of the thin wall can be adjusted according to the lateral loads if it is
desired to keep the deflection identical to ensure no interference of wall deformations
between adjacent barrier pillar stopes. Based on Equation (8), this situation occurs when
the values of wall width satisfy the following relationship:

q1

q2
=

b3
1

b3
2

(9)

As the backfill material bears the roof loads under lateral pressure support from the
thin wall, the lateral pressure q and the roof pressure p satisfy the following relationship
according to the Mohr–Coulomb criterion:

p = σcb +
1 + sin ϕb
1 − sin ϕb

q (10)

where σcb is the uniaxial compressive strength and ϕb is the internal friction angle of the
backfill material.

By combining Equations (9) and (10), to achieve the same wall deflection, the width of
the thin wall should satisfy the following:

b1

b2
= 3

√
(p − σcb1)

(p − σcb2)
· 3

√
(1 − sin ϕb1)(1 + sin ϕb2)

(1 + sin ϕb1)(1 − sin ϕb2)
(11)

where σcb1 and σcb2 are the uniaxial compressive strength values of the backfill materials in
room stopes and pillar stopes, respectively; ϕb1 and ϕb2 are the internal friction angles of
the backfill materials in room stopes and pillar stopes, respectively.

From Equation (11), one can observe that the thin wall width is mainly influenced by
the roof load, uniaxial compressive strength, and the internal friction angle of the backfill
materials. The wall width needs to increase as the roof load increases, the uniaxial com-
pressive strength decreases, or the internal friction angle decreases. Without considering
the influence of internal friction angles, when the roof load is much larger than the uniaxial
compressive strength of both backfill materials and the uniaxial compressive strength of
both backfill materials is close to each other, the width ratio of the two walls would be close
to 1. When the roof load is close to the uniaxial compressive strength of one backfill mate-
rial, but very different from the uniaxial compressive strengths of the other, the width ratio
of the two walls would be far away from 1. From the perspective of internal friction angle,
the smaller the difference in the internal friction angle between the two filling materials,
the closer the width ratio of the two walls would be to 1. In summary, the different-width
walls will be a better choice when the mine pressure and the backfill materials satisfy
the following conditions: (a) there is a large difference between the uniaxial compressive
strengths of the two backfill materials; (b) there is a large difference between the roof load
and the uniaxial compressive strength of one of the backfill materials; and (c) there is a
large difference between the internal friction angles of the two backfill materials.

3.3. Optimization of the Width for the Thin Wall

The roof of underground excavations will cave when it loses its support. Engineering
practices have indicated [27,28] that the roof will reach a stable state after an arch structure
is formed by caving. The arch structure can help re-distribute the ground stresses of the
roof strata to unexcavated areas on both sides of the excavation. This stable arch structure
formed by the phenomenon of stress redistribution is known as a natural arch.
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For the mining operation described in this paper, backfill materials are used to replace
the original rocks to support the roof strata. However, as the strength of the backfill materi-
als is far lower than that of the original rock, they cannot completely replace the original
rock to bear the stresses from the roof strata, so stress redistribution will inevitably occur.
Based on the characteristics of a natural arch, the roof loads will gradually be re-distributed
to rocks on both sides of the excavation if the bearing capacity of the substructure is insuffi-
cient. This is the case for the mining operation described, where the backfill will only bear
the weight of caved loose rocks, as shown in Figure 4.

Figure 4. Schematic diagram of load distribution.

Based on the theory related to natural arches and the findings of our previous stud-
ies [29,30], the radius R of the rock mass in the disturbed region surrounding the mine with
risk of falling can be determined as:

R =

[
(ρrgH + cr cot ϕr)(1 − sin ϕr)

cr cot ϕr

] 1−sin ϕr
2 sin ϕr

√(
h
2

)2
+
(na

2

)2
(12)

where ρr is the density of the roof rock, g is the gravity acceleration (9.8 m/s2), H is the
depth of the stope from the ground, h is the height of the mine wall, cr is the cohesion of
the roof rock, ϕr is the internal friction angle of the roof rock and n is the number of stopes
along the direction of the stope width.

The gravitational pressure of the caved rocks, namely, the roof load p, applied to the
backfill is

p = ρrg
(

R − h
2

)
(13)

According to the mine site test data, the mechanical parameters of different materials
are shown in Table 1. Other required parameters are H = 720 m, n = 19, h = 25 m, and
a = 18 m.

To ensure the stability of the thin wall, it is required that both the maximum com-
pressive stress and the maximum tensile stress within the mine wall are less than their
corresponding strength values. From Equation (5), M(x) is a quadratic function whose
maximum appears at x = h/2. When x = h/2, by combining Equations (2), (3) and (5), the
stress inside the thin wall can be obtained:

σ = − qh2

2ab3 y,− b
2
≤ y ≤ b

2
(14)
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From this equation, the maximum compressive stress in the wall appears at y = b/2,
and the maximum tensile stress at y = −b/2. From Equations (10), (12) and (13), when
b1 < 1.23 m or b2 < 3.94 m, the tensile stress inside the wall is greater than the tensile
strength, and therefore tensile damage may occur. From Equation (11), the deflections of
the wall with different widths are the same when b1:b2 = 0.63. In this case, using b1 = 2.48 m
and b2 = 3.94 m can ensure that the deflections of both walls are the same, and the wall will
not be damaged as it has not exceeded its own ultimate stresses under the lateral loading
of the backfill.

Table 1. Physical and mechanical parameters of different materials.

Name Density (kg·m−3)
Elastic Modulus

(GPa)
Cohesion

(MPa)

Internal
Friction Angle

(◦)
Poisson Ratio Compressive Strength

(MPa)
Tensile Strength

(MPa)

Ores 3020 28.14 25.63 46.2 0.301 102.86 2.02
Roof
rock 2600 6.13 15.20 35.1 0.327 51.32 1.16

Floor
rock 2620 13.48 20.37 43.8 0.210 86.33 1.47

Cemented
Backfill 1740 0.85 1.02 34.6 0.311 2.19 0.23

Backfill 1640 0.41 - 22.1 0.403 0 -

4. Numerical Simulation and Engineering Verification

4.1. Numerical Model and Initial Conditions

The geological conditions of the mine were simplified, and a 1000 m × 1200 m ×
1200 m (x × y × z) numerical model was constructed using COMSOL Multiphysics 6.2
software, as shown in Figure 5a. The thickness of the roof strata in the upper part of the
model is 720 m, the thickness of the ore body in the middle part of the model is 25 m,
and the thickness of the floor rocks in the bottom part of the model is 255 m. Figure 5b,c
illustrate the location of the ore body in the model and the layout of the stopes within the
mine, respectively. The model was meshed using free tetrahedral units. Fine mesh was used
in the mining area to ensure the accuracy of the model while coarse mesh was used in areas
far away from the stopes to reduce the computational cost, resulting in a total of 640,207
elements. The minimum cell mass is 0.278, the average cell mass is 0.721, and the cell
volume ratio is 2.43 × 10−4, giving the mesh a high overall mass. In this case, the Drucker–
Prager criterion was used. This criterion is a modified version of the Mohr–Coulomb
criterion, retaining the ability to use the Mohr–Coulomb parameters while avoiding the
problem of sharp corners that tend to occur in the principal stress space when the Mohr–
Coulomb criterion is used. The parameters used in the simulations are listed in Table 1. As
the model is large and the excavated area is located in the center of the model, far from the
boundary, it can be assumed that there is no displacement at the bottom and only vertical
displacement around the surrounding area. The following boundary conditions were used:
fixed constraints on the bottom surface of the model, fixed displacement constraints in
the normal directions of the four side surfaces of the model, and no constraint for the top
surface of the model. Only gravitational loads were considered. The model is the result
of a simplification of the actual mine, and in the simulation calculations, it is assumed
that all material properties are homogeneous and isotropic, ignoring the anisotropy of
materials in the actual geological environment. Moreover, the boundaries are set to be
fixed or free, which may deviate from the actual situation. The current model is mainly
applicable to laminated rock structures. For geological environments that are unstratified,
highly fractured, or where there are a large number of faults, the predictive power of the
model may be reduced.
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Figure 5. Numerical model: (a) meshing, (b) the location of the ore body, and (c) the layout of stopes.

4.2. Analysis of Simulation Results

The simulation was conducted according to the three-step mining processes. Figure 6
shows the contour plot of the vertical displacement in cross-section I-I (Figure 5) after the
mining of the barrier pillar stopes is completed. The maximum displacement is found to
be about 12 cm at the roof of the panel barrier pillar stope. The backfill materials of room
stopes and pillar stopes play a partial bearing role and restrict the roof displacement, so the
displacement at these locations is about 3 cm. The contour map of the vertical displacements
shows a dome structure, which is in general agreement with the assumptions of a caved
natural arch formed at the top of the excavation.

Figure 6. Contour plot of the vertical displacement on the I-I cross-section.

In this study, simulations were run for both equal-width and non-equal-width thin
walls. For the first case, the room stopes and pillar stopes were set to the same size, and
the width of the thin walls was set at 3.25 m, as shown in Figure 7a. As different backfill
materials were used in the room stopes and pillar stopes, the horizontal displacement
of the thin wall near the pillar stope is greater than that near the room stope, which is
expected. For the case when the width of the thin walls is different, at 2.5 m and 4 m,
respectively, the results are shown in Figure 7b. Compared with Figure 7a, the horizontal
displacement of the thin wall close to the room stopes becomes much larger, while the
horizontal displacement of the wall close to the pillar stope is slightly reduced.
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Figure 7. Horizontal displacement of the thin walls: (a) equal-width walls and (b) non-equal-
width walls.

To have a better understanding of the horizontal displacement of the thin wall, the
horizontal displacement in the middle of the thin walls from different stopes was extracted
and is plotted in Figure 8. la−1, la−2, lb−1, and lb−2 are the four segments, as shown in
Figure 7, and their corresponding simulation results are listed in Table 2. When the width
of the thin wall is 3.25 m, the average horizontal displacement of the wall close to the room
stope is 4.92 cm, while the average horizontal displacement of the wall close to the pillar
stope is 7.28 cm. The horizontal displacement of the wall close to the room stopes is only
67.6% of that close to the pillar stopes. In other words, the wall close to the pillar stopes may
be damaged first, leading to stress concentration in the walls close to the room stopes which
may be subsequently damaged. If the width of the wall was reduced to 2.5 m near the
room stopes and increased to 4 m near the pillar stopes, it could be found that the average
horizontal displacement of the wall increased to 5.96 cm for the 2.5 m wall and decreased
to 5.72 cm for the 4 m wall. In this case, the horizontal displacements of both walls are
approximately equal. In other words, the deformations of both walls were relatively more
coordinated, and the risk of partial failure and overall collapse was reduced.

Figure 8. Horizontal displacement in the middle of the thin wall.
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Table 2. Parameters of selected segments in the middle of the thin wall.

Name Starting Point Coordinates (P1) Ending Point Coordinates (P2) Width Average Horizontal Displacement

la−1 (12.5, 179.5) (12.5, 182.75) 3.25 4.92
la−2 (12.5, 200) (12.5, 196.75) 3.25 7.28
lb−1 (12.5, 181) (12.5, 183.5) 2.50 5.96
lb−2 (12.5, 201.5) (12.5, 197.5) 4.00 5.72

4.3. Verification Against Filed Data

The mine was mined in strict accordance with the design discussed above. From steps
1 to 3, the difficulty of mining gradually increases but the ore recovery rate increases. To
understand the wall stability and the roof collapse within the barrier pillar stopes after
mining, the Cavity Monitoring System (CMS) developed by Optech Company (Troy, MI,
USA), was used to scan the goaf [30]. The collected data were further processed using the
Qvol software, and then a 3D model of the goaf was built using the DIMINE modeling
software. Examples of the typical cross-sectional profiles of the G6 goaf in the panel barrier
pillar stope are shown in Figure 9.

Figure 9. Typical profiles of the G6 goaf in the panel barrier pillar stope.

The scan results shown in Figure 9 indicate that the width of the retained walls is in
good agreement with the design value without significant over-break or under-break. The
scanning confirmed that both walls remain in good integrity with no significant peeling or
cracking identified. No large quantities of backfill materials were found to have entered
the stope during the mining process, and the walls performed well in isolating the backfill
from the stopes. In addition, BGK-A3 multi-point displacement gauges were installed
on the roof of the barrier pillar stopes to monitor the roof displacements. After 6 months
of monitoring, the maximum displacements were 34 mm at the monitoring points in the
G6 goaf. It is worth explaining that the maximum displacement monitored by numerical
simulation is 12 cm, which is 3.5 times that of the on-site monitoring result, and there is
some error. The main reason for this phenomenon is that the on-site monitoring results
only represent the maximum displacement near the monitoring point, and do not represent
the maximum displacement of the whole roof, so the maximum displacement of the roof
on-site will be greater than 34 mm. In addition, the simulation parameters are the average
of the rock tests at several sampling points, which may have some differences with the
rock at the location of the monitoring point. Also, the simulation process simplifies the
strata, and other reasons can lead to these errors. Although there was some error in the
modeling and monitoring results, these displacements were within the safe range, proving
that the backfill in this case had provided sufficient additional support to the roof strata.
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The results demonstrated that the backfill, in this case, worked well, the thin wall did not
appear to have large deformations or damages, the theoretical and numerical simulation
results agreed well, and the layout of non-equal-width walls had a great application value
in this type of mining operation.

5. Conclusions

This study modeled the performance of retained walls in panel barrier pillar stopes.
By simplifying the three-dimensional problem based on the mining operation, a two-
dimensional mechanical model of non-equal-width retained walls was established, and
the stress and deflection were solved analytically. The following key conclusions
were obtained:

(1) Retained barrier walls will be subjected to bending deformation under the lateral
pressure created by the backfill materials. The degree of deformation is mainly influenced
by the roof loads, as well as the uniaxial compressive strength and the internal friction
angle of the backfill materials. A greater width of the retained walls will be required for
higher roof loads, lower uniaxial compressive strength, or a lower internal friction angle of
backfill materials.

(2) For the case when different backfill materials with different mechanical properties
are used for room stopes and pillar stopes, non-equal width of the retained walls should be
designed to ensure that the deformations of the walls are coordinated under the effect of
different backfill materials. This will avoid the wall damage caused by over-deformation in
part of the retained wall.

(3) The field project chose to use a non-equal-thickness spacing arrangement for the
wall in the panel barrier pillar. The monitoring results indicated that the roof displacements
of the G6 goaf at the third mining step were 34 mm and both sides of the backfill materials
played a good role in supporting the roof. The backfill had sufficient stability in limiting its
lateral displacement and the retained walls performed well in preventing the flow of the
backfill materials into the stope during the mining operation. The theoretical model has
been demonstrated to be able to provide answers to the problems discussed.
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Abstract: With the advancement of the construction of urban underground spaces, it is
inevitable that new tunnels will pass through existing pipelines. To ensure the safety and
stability of these pipelines, it is essential to strictly control the impact of shield tunneling.
The hardening soil model with small-strain stiffness (HSS) comprehensively accounts for
the small-strain behavior of soil, and the calculated results are closer to the values mea-
sured in engineering compared to those of other models. Consequently, it has been widely
adopted in the development and utilization of underground spaces. The selection of pa-
rameters for the HSS model is particularly critical when performing numerical simulations.
This article establishes the proportional relationships between the small-strain moduli of
the HSS model in the loess region of Xi’an through standard consolidation tests, triaxial
consolidation drained shear tests, and triaxial consolidation drained loading−unloading
shear tests. Additionally, an empirical formula for the static lateral pressure coefficient
applicable to loess was derived and validated through engineering examples.

Keywords: HSS model; indoor testing; tunnel engineering; numerical simulation; loess

1. Introduction

With the rapid development of China’s economy and the acceleration of urbanization,
traffic congestion has become an increasingly severe problem, causing significant incon-
venience to residents during travel. The construction of urban underground railways has
emerged as an important measure to address these issues. However, the layout of urban
underground pipelines is intricate and complex, and tunnel excavation or foundation pit
excavation must often occur close to existing pipelines [1,2]. This increases the complexity
of underground engineering and places higher demands on deformation control during
the project.

Numerical simulation has been widely used to predict the deformation and dis-
turbance caused by underground engineering projects such as tunnels and foundation
pits [3,4]. When finite element software is used for modeling, the choice of soil constitutive
model has a significant impact on the prediction results.

The traditional Mohr−Coulomb constitutive model is an ideal elastoplastic model that
does not account for the correlation between soil stiffness, stress, and stress path. Generally,
it is considered to effectively reflect the failure stress state of soil and is widely used in
engineering. However, this model does not account for soil unloading and rebound behav-
iors, resulting in calculation outcomes that are often overly conservative and unsuitable for
engineering projects with stringent deformation-control requirements.

Appl. Sci. 2025, 15, 1278 https://doi.org/10.3390/app15031278
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Atkinson and Smallfors [5] defined the small-strain range for soil as being between
0.0001% and 0.1%. Numerous engineering practices have shown [6–9] that a considerable
portion of the soil surrounding underground structures is in a small-strain state under
working loads. For instance, Burland [7] analyzed the excavation deformation of a deep
foundation pit in the UK and found that the deformation of the soil was within 0.03%.
Figure 1 [9] shows the strain range of the soil under various engineering conditions. The
stiffness of soil under small-strain conditions exhibits a high degree of nonlinearity, and
the true stiffness value of soil under small-strain conditions is significantly higher than the
nominal elastic stiffness value obtained from conventional experiments. The HSS (harden-
ing soil model with small-strain stiffness) model is a high-order elastoplastic hyperbolic
model that considers the increased stiffness of soil during unloading, comprehensively
considers the small-strain characteristics of soil, and can more accurately describe the
plastic characteristics and small-strain conditions of soil. After years of research, this con-
stitutive model has matured and is widely applied in engineering practice [10–14]. After
practical engineering verification [11,15–17], compared with simple models such as M−C,
the prediction results of the HSS model were found to be closer to the measured values in
engineering applications.

Figure 1. Strain limits for soil under conditions associated with various geotechnical engineering projects.

The difficulties and key point in using the HSS model for analysis and calculation lie
in determining soil parameters. Currently, extensive relevant research has been conducted
in only a few areas, such as Shanghai [18,19], while there are few instances of using the
HSS constitutive model to study underground engineering in the loess region of Xi’an. In
practical engineering, the HSS model parameters for loess are often based on empirical data
from other regions, which significantly affects the accuracy of model predictions. Against
this backdrop, this paper focuses on the newly constructed subway tunnel in Xi’an, and the
research combines indoor tests and back-analysis methods to recommend HSS parameter
values suitable for the loess region of Xi’an.

2. The Parameters and Introduction of the Hardening Soil Model with
Small-Strain Stiffness Model

The HSS model was proposed by Benz [20] based on the hardening soil (HS) model,
taking into account the nonlinear relationship between the shear stiffness and strain of soil
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in the small-strain range. Compared to the HS model, it can more comprehensively reflect
the mechanical properties of soil such as small-strain behavior, compressive hardening,
and dilatancy. The characteristics of common soil constitutive models are shown in Table 1.

Table 1. Characteristics of common constitutive models.

Model
Category

Elasticity or Plasticity
Shear

Hardening
Compression

Hardening
Dilatancy

Small-Strain
Characteristic

Stress Path
Dependence

Linear Elastic Elasticity × × × × ×
D−C Elasticity

√ √ × × √
M−−C Perfect Elastoplasticity × × √ × ×

DP Elastoplasticity
√ × √ × ×

HS Plasticity
√ √ √ × √

HSS Plasticity
√ √ √ √ √

The HS model contains a total of 11 parameters, while the HSS model adds two additional
small-strain parameters based on this, as shown in Table 2. In the Tables 1 and 2, “

√
” indicates

that the indicator can be reflected, while “×” and “-” indicate that the indicator can not
be reflected.

Table 2. The parameters and names of parameter in the HSS and HS models.

Parameter Parameter Name HS HSS

c′ Effective cohesion of soil
√ √

ϕ′ Effective internal friction angle of soil
√ √

ψ Dilation angle of soil
√ √

Rf Failure ratio as determined by triaxial drainage shear test
√ √

vur Loading−unloading Poisson’s ratio
√ √

K0 Initial coefficient of earth pressure at rest
√ √

pref Reference stress
√ √

m Power exponent related to the modulus stress
√ √

Eref
50 Reference secant modulus as determined by triaxial consolidation drainage shear test

√ √
Eref

oed Tangent modulus under reference stress as determined by standard consolidation test
√ √

Eref
ur Loading and unloading modulus as determined by triaxial drainage shear loading−unloading test

√ √
Gref

0 Initial dynamic shear modulus -
√

γ0.7 Shear strain corresponding to the attenuation of shear modulus to 70% of the initial shear modulus -
√

Although these parameters can be obtained through indoor testing, they are quite
complex, and it is difficult to provide all parameters in geological exploration reports.

Two of the parameters, c′ and ϕ′, can be taken from geological exploration reports.
This article provides recommended values for Eref

50 , Eref
oed, Eref

ur , and Rf based on indoor
testing, while the estimation of other parameters relies on relevant research experience or
parameter inversion methods to obtain values.

3. The Indoor Tests on Loess Materials

3.1. Test Purpose

The parameters Eref
50 , Eref

oed, and Eref
ur in the HSS model, as well as the proportional rela-

tionship between these parameters and the compression modulus Es1−2, can be obtained
through standard consolidation tests and triaxial consolidation drained tests. The soil
sample was taken from the construction site of Xi’an East Chang’an Street Subway Line 15,
and the basic parameters of the soil sample are shown in Table 3.
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Table 3. The basic properties of the soil used in the indoor test.

Soil Sample
Dry Density
ρs/
(
kg·m−3

) Water Content
w/%

Void Ratio
/m

Loess 1.562 21 0.75

The instrument used for the standard consolidation test was a single-lever consoli-
dation apparatus, as shown in Figure 2a; the instrument used for the triaxial test was a
stress-strain controlled triaxial shear permeameter, as shown in Figure 2b.

(a) (b)

Figure 2. Photos of instruments used in the tests.

3.2. Test Procedure

(1) Standard consolidation test

(a) In the consolidation container, the following were placed in order from bot-
tom to top: large permeable stones, filter paper, a ring-knife containing the
saturated soil sample (with the ring-knife facing downward), filter paper, and
small permeable stones. Then, the guide ring was placed and covered with the
pressure cap. The permeable stones and filter paper had been pre-soaked to
moisten them.

(b) Water was injected into the grooves around the ring-knife to ensure that the sat-
urated sample remained unaffected by water evaporation during consolidation.
During the test, the water in the grooves was replenished as needed.

(c) The crossbeam used to apply vertical pressure was lowered, ensuring that the
bolts at the bottom of the crossbeam were securely fitted into the concave holes
on the upper part of the pressure cover. Then, the dial indicator was installed
and adjusted to zero.

(d) The vertical load was applied in five sequential stages: 50 kPa, 100 kPa, 200 kPa,
400 kPa, and 800 kPa. For each load level, the dial indicator reading was
allowed to stabilize before the next load level was applied.

(e) The readings of the dial indicator were recorded after each level of load
had stabilized.
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(2) Triaxial consolidation drained shear test

(a) Water-head saturation: The water head outside the pressure chamber was set
to approximately 1 m higher than the top of the sample. Under the influence
of gravitational potential energy, water gradually seeped upward from the
bottom of the sample, while gas was expelled through the exhaust pipe at the
top of the sample.

(b) Back-pressure saturation: Water-head saturation often fails to fully saturate
the sample, making back-pressure saturation necessary. The back pressure was
set to 100 kPa, the confining pressure to 110 kPa, and the test duration to 3 h.

(c) B-value detection: The back pressure and undrained conditions were kept
unchanged, and the confining pressure was increased by 30 kPa. Then, the
pore water pressure coefficient B was measured. When B = Δu/Δσ > 95%,
the sample was considered saturated.

(d) Consolidation: The back pressure was maintained at the level of the saturated
back pressure, and the effective confining pressure was set to 100 kPa, meaning
that the confining pressure was 100 kPa greater than the back pressure. The
consolidation time was 1 to 2 days.

(e) Drained shear: The confining pressure was kept constant, and the strain rate
was controlled with an equal strain rate of 0.008 mm/min to ensure that the
pore water in the sample was fully drained. The test was stopped when the
strain of the sample reached 20% or when the sample exhibited significant
strain softening.

(3) Triaxial consolidation drained loading−unloading shear test

The only difference between the triaxial consolidation drained loading−unloading
shear test and the triaxial consolidation drained shear test was in step (e).

Step (e): Loading−unloading shear: During the drained shear process, when the axial
strain reached approximately 40% of the axial strain corresponding to the peak strength
of the sample in the triaxial consolidated drained test, shearing was stopped and axial
unloading was carried out to zero. After the unloading was complete, the drained shear
process was repeated until the end of the test.

3.3. Tests Result

The reference tangent modulus Eref
oed and compression modulus Es1−2 of the soil sample

were obtained through standard consolidation tests. Three parallel tests were conducted,
and the relationship between the axial load and axial strain of the soil sample is presented
in Figure 3. The fitted curve function R2 for all three tests exceeded 0.99, resulting in Eref

oed
values of 6.78, 6.86, and 6.41 MPa for the three soil samples, respectively, with an average
value of 6.68 MPa.

Figure 4 illustrates the relationship between the void ratio and axial load in the
standard consolidation test. Through parallel testing of samples a, b, and c, the compression
moduli Es1−2 of the soil samples were determined to be 7.08 MPa, 6.93 MPa, and 6.84 MPa,
respectively, with an average value of 6.95 MPa.

In Figure 5, the stress−strain relationship curves for soil samples a, b, and c obtained
from the triaxial consolidation-drained shear tests are presented. From these curves,
the failure values qf and the reference secant modulus Eref

50 at the reference stress can
be determined. The qf values were set to the peak stress values, which were 268.0 kPa,
264.3 kPa, and 266.6 kPa, respectively. The value of Eref

50 is equal to the slope of the line
connecting the origin of the coordinate system with the point on the curve corresponding
to 0.5qf. These values were 8.75 MPa, 8.19 MPa, and 9.22 MPa, respectively, yielding an
average Eref

50 value of 8.72 MPa.
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(a) The test curve of sample a (b) The test curve of sample b 

 

 

(c) The test curve of sample c  

Figure 3. Relationships between axial load and axial strain, as determined by the standard
consolidation test.

 
Figure 4. Relationship between void ratio and axial load diagram, as determined by the standard
consolidation test.
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Figure 5. Stress−strain relationship based on the triaxial test.

In the definition of the HSS model, the axial strain ε1 has a hyperbolic relationship
with the deviatoric stress q, as shown in Formula (1):

ε1 =
1

2E50
· q

1 − q/qa
(q < qf) (1)

After transformation, a linear relationship between ε1/q and ε1 can be obtained, as
shown in Formula (2):

ε1

q
=

ε1

qa
+

1
2E50

(q < qf) (2)

Due to the difficulty of perfectly aligning the actual stress−strain relationship with
a hyperbolic curve, the transformed ε1/q − ε1 relationship curve will also deviate from
linearity. To reduce human factors and perform a better linear fitting, the fitting line was
made to pass through the points where the stress levels q/qf were 70% and 95%, and the
ε1/q − ε1 relationship line was plotted [11] (as shown in Figure 6); by taking the reciprocal
of the slope of this line, the asymptotic value qa could be obtained, and the failure ratio
Rf = qf/qa, resulting in Rf values of 0.75, 0.84, and 0.86, with Rf set to 0.85.

Figure 6. Curve graph of the relationship between ε1/q and ε1.

91



Appl. Sci. 2025, 15, 1278

To obtain the reference loading and unloading modulus Eref
ur , triaxial consolidation

drained loading and unloading tests were required. The stress−strain curve obtained
during the loading and unloading test at the reference confining pressure pref = 100 kPa is
shown in Figure 7. During the loading and unloading process, the test curve of the soil
sample exhibited a hysteresis loop. Connecting the two endpoints of the hysteresis curve,
the slope of the resulting straight line is the reference loading and unloading modulus of
the soil sample. The Eref

ur values obtained from three sets of tests were 44.1 MPa, 41.7 MPa,
and 43.4 MPa, with an average value of 43.1 MPa.

   
(a) The test curve of sample a (b) The test curve of sample b 

 

 

(c) The test curve of sample c  

Figure 7. Stress−strain curves of the triaxial loading and unloading test.

4. Selection of HSS Model Parameters

Through the above three parts of the test, the compression modulus Es1−2 of the
soil sample can be obtained, as well as the small-strain moduli Eref

oed, Eref
50 , Eref

ur at the
reference stress pref = 100 kPa, and the failure ratio Rf. This allows us to determine
the ratio of the soil sample’s compression modulus to its small-strain moduli, which is
Es1−2 : Eref

oed : Eref
50 : Eref

ur = 1 : 0.96 : 1.25 : 6.2.
The value of Gref

0 needs to be determined through resonant column tests; it can also be
calculated using empirical formulas. The initial dynamic shear modulus of soil G0 is also
known as the maximum shear modulus Gmax; Hardin [21] provided an expression for Gmax

based on the soil’s initial void ratio e0 through extensive tests, and this is Equation (3); after
summarizing the effects of e0 and confining pressure on Gmax, Hardin [22] improved this
formula, thus obtaining Formula (4).

Gmax = 33 × (2.97 − e0)
2

1 + e0
(3)
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Gmax =
A(2.973 − e)2

1 + e
(

p′

pa
)

n

(4)

In the formula, p′ represents the average effective confining pressure and pa is the
reference confining pressure, typically equal to standard atmospheric pressure (100 kPa).

After considering the effect of moisture content on the initial dynamic shear modulus
of loess, Jian Tao et al. [23] improved Hardin’s empirical Formula (4), and fitted the functions
of A and n with respect to water content, making it more suitable for loess regions, as
shown in Formulas (5) and (6).

A = 129.094 × (100w)−0.364 (5)

n = 0.301(100w)0.060 (6)

Gu Xiaoqiang [17] derived the fitting functions (7) and (8) between the void ratio e
and Gref

0 based on field wave-speed tests.

Gre f
0 = 67.5e−1.57 (7)

Gre f
0 = 98.9e−0.45 (8)

In this context, Formula (7) is more suitable for clay, while Formula (8) is more suitable
for sand.

In actual engineering practice, the initial dynamic shear modulus Gref
0 can also be

determined based on empirical values. As can be seen from Table 4, the value of Gref
0 in

various regions generally ranges from 1.5 to 5 times that of the Eref
ur . In loess regions, the

ratio Gref
0 /Eref

ur typically falls between 1.5 and 3.

Table 4. The modulus ratios of HSS models in different regions.

Region Soil Sample Eref
oed/Es Eref

50 /Eref
oed Eref

ur /Eref
50 Gref

0 /Eref
ur

Gaoxiong [17] Sand - 1 3 2.42
Tongchuan [24] Loess 0.93 12.46 7.6 2.23

Xi’an [25] Loess 1.77 1.61 5.29 1.73
Yan’an [26] Loess - 1.2 3 3
Jinan [27] Clay 1 1 8 1.5
Jinan [28] Silty clay - 0.91 6.97 1.74

Shanghai [18] Soft clay 0.63~1.06 1.08~1.2 6.7~11.6 0.8~1.2
Shanghai [29] Clay 0.9 1.2 6~8 2.5~4.9
Wuhan [30] Silty clay 0.7~0.8 0.7~1.5 3.7~5.8 2.1~3.0

Hangzhou [31] Clay 0.92 1.18 6.53 2
Hangzhou [32] Silty clay 0.73~1 1~2.22 5~8.97 1.3~3

Suzhou [33] Silty clay, Silt - 0.8 4 3.8~4.55
Yancheng [34] Silty clay 0.84 1.5 5.56 1.57~1.73

Changzhou [35] Clay, Silty clay - 1.33~1.50 3.6~4.3 1.6~2.0
Paris, France [36] Sand - 1 2.5 1.89

London, Britain [37] Clay - 2 5.3 4.16
Lisbon, Portugal [38] Stiff clay - 1 3 2.3
Jurmala, Latvia [39] Subglacial till - 1 3 2.96

Incheon, South Korea [40] Sediment - 1.25 3 2.65
Ledsgård, Sweden [41] Clay - 1 3 2.53~3.03

However, since the value of Gref
0 has a significant impact on the prediction gener-

ated by the numerical simulation, this paper will further analyze the value of Gref
0 in the

loess region.
The coefficient of earth pressure at rest K0 can be obtained through stress-path triaxial

tests, and some geological survey reports may also provide it. However, in practical
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applications, it is usually calculated using empirical formulas, such as those for clay
(K0 = 0.95 − sin ϕ′) and for sand (K0 = 1 − sin ϕ′). According to the theory of elasticity, it
can also be calculated using Poisson’s ratio ν (see Formula (9)):

K0 = ν/(1 − ν) (9)

Gu Xiaoqiang et al. [19] established the relationship between K0 and the void ratio e
based on indoor tests. For cohesive soils, the relationship is as expressed in Formula (10),
while for sandy soils, it is as shown in Formula (11):

K0 = 0.049e + 0.02Ip + 0.139 (10)

K0 = 0.154e + 0.224 (11)

In the formulas mentioned, Ip represents the plasticity index.
Since Formulas (10) and (11) are derived from the K0 test values of typical soils in the

Shanghai area, they are subject to regional limitations. Shanghai is characterized by soft
clay soil, the mechanical properties of which may differ significantly from those of loess in
the Xi’an area.

Wang Yu-chuan [42] obtained the fitting formula for K0 of loess by fitting it with the
over-consolidation ratio (OCR), as in Formula (12):

KOCR = 0.42 × OCR0.36 (12)

Due to the significant influence of water content and stress history on the K0 value of
loess, Formulas (10) and (11), provided by Gu Xiaoqiang, do not account for the impact
of stress history. Although Formula (12) is a fitting formula specifically for loess, it also
fails to consider the effects of water content w and void ratio e. Consequently, using these
formulas to calculate the K0 value of loess may lead to some deviation.

This article fits the water content w, void ratio e, over-consolidation ratio, and the
coefficient of earth pressure at rest K0 for loess, resulting in Formula (13):

K0 = 1.4w + 0.033e + 0.11OCR−0.28 (13)

The deviation between the K0 calculated using this formula and the experimental
results does not exceed 15%, as shown in Figure 8. This indicates that Equation (13) is more
suitable than the previous equation for calculating the K0 of loess.

Figure 8. Comparison chart between K0 calculated by various formulas and test results.
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Other parameters can be determined based on the geological survey report and
relevant research experience.

m was set to 0.75.
The value of ψ can be set according to Bolton’s [43] recommendation: for sandy soil,

ψ = ϕ′ − 30◦, and when ϕ′ < 30◦, ψ is set to 0; for clayey soil, ψ is set to 0.
Based on soil parameters in Shanghai, when the void ratio e is less than 1.0, Rf is set to

0.95. However, Zhong Peng [24] suggests that for loess, Rf should be between 0.8 and 0.9.
This article, based on the results of tests, set Rf to 0.85.

When there are no experimental data available, vur can be set according to the recom-
mended value in the PLAXIS (version, 20.1.0.98) manual, which is 0.2.

γ0.7 can be set in the range 1 × 10−4 to 4 × 10−4 [44,45]. This article used the
value 2 × 10−4.

5. Engineering Verification

5.1. Project Overview

The proposed construction of the Xi’an Metro Line 15, from Shenzhou 2nd Road
Station to East Chang’an Street Station, involves tunneling beneath the Heihe River water-
supply pipeline (Phase II, single pipe). The right line is 1018.923 m long, and the left
line is 1018.952 m long (including a short chain of 0.271 m). Both the left and right lines
feature a single slope, with maximum gradients of 30.147‰ and 30.138‰, respectively.
The burial depth of the tunnel arch top ranges from 19.94 m to 43.55 m, and the stable
water-level burial depth is between 21 m and 35.8 m. The surrounding rock and soil are
mainly classified as Class IV and Class V surrounding rocks. The minimum net distance
between the shield-tunnel structure and the Heihe pipeline is only 3.867 m. The Heihe
River water-supply pipeline has been in service for more than 20 years; it has low structural
strength and is easily damaged due to long-term neglect. During the tunneling process, it
is necessary to strictly control the disturbance to the water pipeline.

Figure 9 is a plan view of the relationship between the tunnel and the water
pipeline. Figure 10 shows the internal view after tunnel construction.

 
Figure 9. Plane diagram of the relationship between the tunnel and the Heihe River phase 2 water-
supply pipeline.

95



Appl. Sci. 2025, 15, 1278

 
Figure 10. Internal photo of tunnel.

The geological survey report provided soil-layer parameters, as shown in Table 5.

Table 5. Partial physical and mechanical parameters of soil.

Soil Layer Name
Unit Weight

Natural Water
Content

Void Ratio
Over-Consolidation

Ratio
Compression

Modulus

Consolidated Quick Shear Test

Cohesion Internal Friction Angle
γ w e OCR Es c ϕ

kN·m−3 % - - MPa kPa ◦

I Plain Fill 15.7 - - - - 0 5.0
II 3-1 New Loess 16.97 19.5 0.887 2.41 10.1 34.0 23.5
III 3-2 Paleosol 18.52 18.7 0.713 1.34 11.2 34.0 24.0

IV 4-1-1 Old
Loess 16.87 21.2 0.925 1.30 9.7 34.0 24.0

V 4-1-2 Old Loess 19.52 21.2 0.768 1.03 6.6 33.5 22.5
VI 4-2-2 Old

Loess 19.72 24.1 0.688 1.01 7.5 34.0 24.0

5.2. Modeling

Using the PLAXIS 3D finite element software for modeling, this study analyzed the
left line tunnel passing beneath the Heihe River water-supply pipeline. The geometric
dimensions of the model are 70 m × 90.5 m × 70 m. The tunnel has a circular cross-section
with an inner diameter of 5.5 m and an outer diameter of 6.2 m. The cross-section of the
Heihe River phase 2 water-supply pipeline is horseshoe-shaped, with a width of 2.5 m, a
height of 2.5 m, and a wall thickness of 0.3 m. The model structure is shown in Figure 11.
Considering the properties of various materials, the plain fill is modeled using the Mohr-
Coulomb model, while the concrete lining of the tunnel and the water-supply pipeline
are modeled using the linear elastic model. All other soil types are modeled with the
HSS model.

The partial parameters of the HSS model for each soil layer are shown in Table 6.
The basic parameters of the concrete lining for tunnels and the Heihe Water Pipeline

are shown in Table 7.
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Figure 11. Model structure diagram.

Table 6. Partial parameters of HSS model.

Soil Layer Name Eref
oed/MPa Eref

50 /MPa Eref
ur /MPa K0

II 3-1 New Loess 9.7 12.6 62.6 0.40
III 3-2 Paleosol 10.8 14 69.4 0.39

IV 4-1-1 Old Loess 9.3 12.1 60.1 0.43
V 4-1-2 Old Loess 6.3 8.3 40.9 0.43
VI 4-2-2 Old Loess 7.2 9.4 46.5 0.47

Table 7. The table of concrete lining.

Structure
Thickness Unit Weight

Elastic
Modulus

Poisson’s
Ratio

m kN·m−3 GPa -

Lining of tunnel 0.35 24.1 34.5 0.2
Lining of Heihe Water Pipeline 0.3 23.5 25.5 0.2

5.3. Analysis of Simulated Result

Numerical simulations were conducted using the HSS model, HS model, and M−C
model for the shield tunnel passing beneath the Heihe River phase 2 water-supply pipeline.
For the simulation using the HSS model, calculations were performed based on the im-
proved Formulas (4), (7) and (8), as well as on results with 1.5Eref

ur , 2Eref
ur , and 3Eref

ur multipli-
ers. The simulation results were compared and verified against on-site monitoring data, as
shown in Figure 12a. The comparison between the calculation results of the M−C and HS
models and the field monitoring data is presented in Figure 12b.

As the shield tunnel advances, the settlement at the center of the bottom of the Heihe
River water-supply pipeline gradually increases. The maximum value monitored on-site is
2.5 mm. The maximum settlement value simulated by the M−C model is 13.6 mm, while
the maximum settlement simulated by the HSS model when Gref

0 = 1.5Eref
ur is 4.1 mm. It

can be seen that the HSS model fits the on-site monitoring data better than the M−C and
HS models. The engineering requirement is that the cumulative settlement of the Heihe
River water pipeline must not exceed 8 mm. It is evident that the calculation results of the
M−C and HS models are overly conservative, and the accuracy of these results no longer
meets the needs of this project.
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                (a)  

 

               (b) 

Figure 12. Variations in the bottom centerline settlement of the Heihe water pipeline due to shield
tunneling. (a) The settlement prediction results of the HSS model under different values of G0.
(b) The prediction results of the HS model and M-C model.

Among the various methods of determining the value of Gref
0 , the simulation results

from the three empirical formulas are similar, but all are lower than the on-site monitor-
ing data. When Gref

0 is set to 2Eref
ur , the simulation results from the HSS model are the

closest to the on-site monitoring data, and the settlement values obtained from the sim-
ulation are slightly greater than the monitoring data, which could be more conducive to
construction safety.
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6. Conclusions

This article obtained several parameters of the HSS model for Xi’an loess through
indoor tests, established proportional relationships between the parameters, and vali-dated
them using engineering examples. The conclusions are as follows:

(1) The proportional relationship between the small-strain moduli in the HSS model for
Xi’an loess was obtained through indoor tests. Numerical simulations were performed
for various values of the initial dynamic shear modulus Gref

0 . Through a comparison
of the simulation results with the field monitoring data, it was found that when the
ratio of Es1−2, Eref

oed, Eref
50 , Eref

ur and Gref
0 in the HSS model is 1:0.96:1.25:6.2:12.4, and

Rf = 0.85, the simulation results are closest to the field monitoring data. This can
provide a reference for similar engineering analyses in the Xi’an loess region.

(2) By fitting the data, a functional relationship between the coefficient of earth pressure
at rest K0 and the water content w, void ratio e, and over-consolidation ratio OCR
for loess was established. The deviation between the values calculated using this
fitting formula and the test data is within 15%, providing an empirical method for
determining the K value of Xi’an loess.

(3) Through numerical analysis of the section between Shen Zhou 2nd Road Station and
Dong Chang’an Street Station on Xi’an Metro Line 15, it was found that compared to
the M−C and HS models, the HSS model results are closer to the field monitoring data.
The HSS model is more suitable for projects with stricter settlement requirements, and
it also validates the feasibility of applying the HSS parameters proposed in this paper.

(4) The above conclusions are derived from the study of loess in the Xi’an area, and
further research is needed to determine whether they are applicable to loess in other
regions. Future studies will conduct experiments on loess from more regions and at
different depths to analyze and summarize the patterns of HSS model parameters for
loess in various areas.
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Abstract: The size distribution of rock fragments significantly influences subsequent
operations in geotechnical and mining engineering projects. Thus, accurate prediction of
this distribution according to the relevant blasting design parameters is essential. This
study employs artificial intelligence methods to predict the fragmentation of open-pit
bench blasting. The study employed a dataset comprising 97 blast fragment samples.
Random forest and XGBoost models were utilized as base learners. A prediction model
was developed using the stacking integrated strategy to enhance predictive performance.
The model’s performance was evaluated using the coefficient of determination (R2), the
mean square error (MSE), the root mean square error (RMSE), and the mean absolute error
(MAE). The results indicated that the model achieved the highest prediction accuracy, with
an R2 of 0.943. In the training set, the model achieved MSE, RMSE, and MAE values of
0.00269, 0.05187, and 0.03320, while in the testing set, these values were 0.00197, 0.04435,
and 0.03687, respectively. The model was validated using five sets of actual blasting block
data from a northeastern mining area, which yielded more accurate prediction results.
These findings demonstrate that the stacking strategy effectively enhances the prediction
performance of a single model and offers innovative approaches to predicting blasting
block size.

Keywords: blasting fragmentation prediction; stacking integrated strategy; random
forest; XGBoost

1. Introduction

The proper fragmentation of blasting has always been the goal of rock mining pro-
duction. Many subsequent operations after blasting, including loading, transport, and
grinding, are affected by the degree of fragmentation [1]. High-quality breakage can avoid
the need for the secondary blasting of large rock pieces, reduce the energy consumed by
crushers and grinders, increase digging capacity and loading productivity, and reduce
production costs [2,3]. The breakage of rock is a complex and dynamic process, and rock
fragmentation can be affected by a number of variables. Numerous previous studies
have shown that the parameters that determine fragmentation can be categorized into
controllable and uncontrollable. The design parameters of blasting and explosive-related
parameters are controllable, whereas uncontrollable parameters include the physical and
mechanical properties of the rock and its structure [4,5]. When establishing the prediction
model for the blasting situation, the controllable and uncontrollable parameters should be
considered comprehensively. However, due to the difficulty in obtaining parameters in
actual projects, ensuring the validity of collected parameters is challenging. Therefore, it
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is urgent to establish a feasible model considering a variety of factors to predict the size
of fragmentation.

As early as the last century, attempts have been made to establish empirical formulas
for predicting blasting fragmentation by summarizing and analyzing data. Rosin and
Rammler [6] proposed the Rosin–Rammler semi-empirical formula, which provides a rough
judgment of block size through the relationship between characteristic bulkiness and the
cumulative passing percentage. The Kuznetsov formula combines factors such as explosive
quality and rock strength for block size prediction [7]. Cunningham further developed the
Kuz–Ram model based on the Rosin–Rammler and Kuznetsov formulations [8]. Due to
the shortcomings of the Kuz–Ram model in fine fragment prediction, many scholars have
subsequently continued to modify and improve it. Ouchterlony et al. [9] developed the
Kuznetsov–Cunningham–Ouchterlony (KCO) model based on the Kuz–Ram model, which
compensates for its shortcomings in predicting fine fragments and its limitations regarding
the upper limit of block size.

During blasting, uncontrolled parameters affect rock fragmentation to a greater extent
compared to controlled parameters [10], making it difficult to propose a fitting equation for
fragmentation that accounts for all blasting influences. With the extensive development and
application of AI technology in many fields, it has gradually become an effective method for
solving complex prediction problems [11–18]. Kulatilake et al. [19] used a Back Propagation
Neural Network (BPNN) model to predict the average particle size of blast fragmentation,
training it with four learning algorithms. Its predictive ability was confirmed to be superior
to multiple regression models used by previous scholars. Monjezi et al. [20] constructed an
artificial neural network (ANN) to predict the degree of rock fragmentation by comparing
several methods. He pointed out through sensitivity analysis that the most influential
parameters in the fragmentation process were powder factor, burden, and bench height.
In addition to neural networks, there are multiple other methods for prediction. For
example, Philip et al. [21] established the XGBoost model to predict rock fragmentation
and compared it with the prediction results of BPNN, confirming that XGBoost has better
prediction ability and faster prediction speed. Esmaeili et al. [22] constructed a Support
Vector Machine (SVM) model and an Adaptive Network-based Fuzzy Inference System
(ANFIS) based on Principal Component Analysis (PCA) and compared the prediction
results with the Kuz–Ram method. Their findings further proved that the accuracy of AI
methods is better compared to previous empirical formulas. It is evident that random forest,
XGBoost, SVM, and neural network algorithms are common choices among researchers for
prediction.

To ensure and improve prediction accuracy, many scholars choose to optimize the
prediction process using optimization algorithms. For example, Asl et al. [23] optimized
the ANN model prediction process using the firefly algorithm, resulting in coefficients of
determination R2 of 0.94 and 0.93 for the prediction of rock fragments and fly-rock. Jia
et al. [24] established an extreme learning machine model using Grey Wolf Optimization
(GWO) and compared the prediction results of the average size of blast fragmentation before
and after optimization, proving that the optimization algorithm can effectively improve
the model’s prediction accuracy. Some scholars have further improved optimization
algorithms. Rong et al. [25] conducted a study on the parameters of Convolutional Neural
Network (CNN) and Multilayer Perceptron (MLP) for predicting the mean fragment size,
and utilized the GWO algorithm to optimize the training process, further improving model
performance. Rather than using a single algorithm to optimize the model, using multiple
optimization algorithms and comparing the prediction quality can make the prediction
results more convincing. Li et al. [26] used five optimization algorithms, including the
Salp Swarm Algorithm, GWO, and Particle Swarm Optimization (PSO), to optimize the
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forecasting performance of the Support Vector Regression (SVR) model. They combined
these algorithms with three mathematical indicators to compare and evaluate the best
prediction model.

Although the prediction method for optimizing the basic algorithm has gradually
developed and matured, enhancing the model’s accuracy and prediction ability, there are
still some limitations of the single prediction method due to the relatively complex factors
affecting the fragmentation produced by rock blasting. To improve the generalization
ability of a single algorithm, some scholars have integrated algorithms to predict the
blasting effect. Barkhordari et al. [27] established various integrated models, including
the simple averaging ensemble, weighted averaging ensemble, separate stacking model,
and Bayesian–eXtreme Gradient Boosting, filling the gap in predicting blasting fly-rock
using integrated models. Kaffayatullah et al. [28] also introduced the AdaBoost algorithm
in their study on predicting compressive strength. However, AdaBoost and XGBoost
are essentially integrated models of homogeneous algorithms, with poor integration of
the advantages of non-homogeneous algorithms. Koopialipoor et al. [29] combined the
different characteristics of four models and achieved the highest prediction accuracy for
rock deformation using the stacking-tree-RF-KNN-MLP structure. Kadingdi et al. [30]
utilized random forest, Gaussian Process (GP), and Gradient Boosting Machine (GBM)
as base learners to establish a stacking ensemble model for predicting ground vibration,
significantly improving the model’s predictive performance. Wu et al. [31] employed a
stacking ensemble learning method that combined LightGBM, random forest, and XGBoost
as base learners, and Ridge, Lasso, and Linear Regression as meta-learners to predict
rock compressive strength (RCS). The model demonstrated excellent prediction accuracy,
achieving an R² of 0.946. It can be seen that the stacking integrated model gives better
prediction results than a single model in all cases. It also offers better performance in fusing
different qualitative single models to combine their respective strengths, as well as in model
generalization. Currently, the effectiveness of applying the stacking ensemble model to blast
fragmentation prediction remains unknown, and this area requires further exploration.

This study aims to improve prediction accuracy by applying a stacking ensemble
model to blast fragmentation prediction. In this study, 97 samples of data collected from
blasts conducted around the world by T. Hudaverdi et al. [4] are used as datasets. The model
performance of random forest, XGBoost, and SVM was compared, and the base learner was
selected. An integrated model was developed using the stacking integration strategy to
predict the size of rock fragments produced by blasting. The predictive performance of the
model was evaluated using four mathematical indicators: R2, MSE, RMSE, and MAE. The
importance of features using random forest and XGBoost was analyzed, and the impact
of various input parameters on the size of blasting blocks was compared. Finally, the
predictive performance of this model was validated using actual engineering blasting data.

2. Ensemble Machine Learning (ML) Models

Unlike the traditional approach of developing a single learner, ensemble learning
aims to construct a model by combining multiple weak learners, seeking an approach to
create a strong learner that surpasses the performance of a single one, thereby improving
the efficiency, stability, and resilience of the model. Common ensemble learning methods
include bagging, boosting, and stacking.

2.1. Bagging and Boosting

The bagging algorithm, also known as ‘bootstrap aggregating’, was proposed by
Breiman in 1996 [32]. The random forest algorithm, also proposed by Breiman, is based
on the bagging concept, combining multiple single decision trees. The principle of the
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bagging algorithm involves randomly sampling multiple subsets from the original dataset
with replacement, ensuring that the size of each subset is the same as the original dataset.
Each subset is used to independently train a learner, and during prediction, the bagging
algorithm combines the predictions of all learners to derive the final prediction result.
Bagging can significantly reduce model variance and improve generalization performance,
but it is sensitive to noisy data and prone to consistency issues.

The boosting algorithm, on the other hand, combines weak learners into a strong
learner by chaining them together. It enhances the accuracy of the algorithm and is more
generalizable [33]. Boosting trains its base learners using the initial training set and, based
on their performance, constructs the next base learner. If the previous round’s prediction
was incorrect, higher weights are assigned to the misclassified instances in the next round
of prediction. Ultimately, the outputs of the weighted combination of multiple learners
are used to derive the final result. Compared to bagging, boosting is more effective in
reducing bias and improving training accuracy, thus addressing the problem of underfitting.
However, both bagging and boosting are essentially ensemble algorithms of homogeneous
learners, and their schematic diagrams are shown in Figure 1.

 
(a) 

 
(b) 

Figure 1. Schematic diagram of the bagging and boosting algorithms: (a) the bagging algorithm;
(b) the boosting algorithm.

2.2. Stacking Strategy

The stacking strategy was first proposed by David H. Wolpert and further developed
by Leo Breiman, who introduced ‘Stacked Regressions’ using generalized linear models [34].
Unlike bagging and boosting algorithms, the stacking algorithm combines multiple base
learners using a nonlinear integration method to form a multilayered strong learner. These
base learners can be different types of heterogeneous learners. For example, in a two-layer
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learner structure, the stacking algorithm first trains the base learners in the first layer. The
results from the first layer are then used as a new training and testing set for the second
layer (meta-learners) to train and predict. The basic principle of the stacking strategy is
shown in Figure 2.

 

Figure 2. Stacking strategy schematic diagram.

The blending algorithm is very similar to the stacking algorithm, as both of them
are effective ensemble learning methods designed to enhance prediction performance.
Compared to the stacking algorithm, the blending algorithm directly uses non-overlapping
data to train different base learners. Therefore, when sample data are insufficient, the
blending method uses fewer data in the second layer, making it prone to overfitting. In
contrast, the stacking method uses all data at each training layer, resulting in a more robust
forecasting ability. In this study, with only 97 sets of prediction data, the sample data are
relatively insufficient. Thus, the stacking method was chosen for model fusion.

2.3. Base Learner
2.3.1. Random Forest

Random forest is an ensemble algorithm based on classification and regression trees,
proposed by Breiman by combining the bagging method and the Random Subspace
method [35]. By combining multiple individual trees to form a forest, random forest
can achieve more reliable prediction results. The randomness of the random forest algo-
rithm is mainly reflected in two aspects: first, samples are drawn from the original dataset
with replacement using bootstrap sampling, forming training subsets to train decision
trees. Next, the Random Subspace method is used to randomly select the feature variables
required for each node split in the decision trees, generating multiple decision trees. Finally,
the predictions of all decision trees are aggregated to produce the final prediction result.
The random forest method requires few parameters to be tuned during implementation,
and its randomness effectively prevents overfitting issues, making it widely used in the
prediction of blasting effects [36–38]. The principle formula for generating random forests
is as follows:

RF(x) =
1

Ntrees

Ntrees

∑
i=1

fi(x) (1)

where RF(x) is the prediction result of the random forest method on sample x; Ntrees

represents the number of decision trees in a random forest; fi(x) indicates the prediction
result of the ith decision tree on sample x.
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2.3.2. XGBoost

Extreme Gradient Boosting (XGBoost) was proposed by Chen et al. based on improve-
ments to the Gradient Boosting Decision Tree (GBDT) algorithm [39]. Based on decision
trees, the XGBoost algorithm leverages advantages such as parallel tree boosting, regular-
ization, and efficient tree pruning to handle regression and classification problems more
effectively [40]. The decision trees in XGBoost are sequentially constructed, with each new
tree considering the prediction errors of the previous tree. Adjustments are made based
on the modified sample distribution to train the next tree. The core idea is to optimize
the objective function. XGBoost can be seen as a soft computing library that combines
new algorithms with gradient-boosting decision tree algorithms to improve prediction
accuracy [41]. Figure 3 shows the pseudocode for the XGBoost algorithm.

 

I
d

gain ←
G ← H ←

k m
← ←
j in sorted(I, by ) 

← + ← +
← G − ← H −

score ← score + − )

Figure 3. Splitting pseudocode of a single leaf node in XGBoost algorithm.

2.3.3. SVM

Support Vector Machine (SVM) can be regarded as a supervised learning technique
suitable for classification and regression problems, and it is widely used to solve various
engineering problems [42,43]. Support Vector Regression (SVR) is a non-probabilistic
algorithm based on VC dimension theory and a branch of SVM. It fits the regression
function by constructing an optimal hyperplane, optimizing the model by minimizing
total loss, and maximizing the margin. Its innovation lies in introducing an artificially set
‘margin band’, which transforms the regression problem into an optimization problem
and allows for certain errors. In SVR, input features are mapped into a high-dimensional
feature space, giving it a strong capability to handle high-dimensional data [44]. The
computational principles of SVR can be represented by the following formulas [45]:

f(x) = [ω·ϕ(x)] + b (2)

where f (x) is the constructed linear regression function; ω is the weight coefficient; ϕ(x) is
a nonlinear mapping function; b ∈ R is the deviation term.
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3. Database

3.1. Data Description

The database used in this study was established by Hudaverdi et al. [4] based on the
collection and evaluation of several blasting tests in different mines and rock formations
around the world, all of which involved open-pit bench blasting. This database contains
a total of 97 samples of blasting data covering various open-pit mines in the world, and
takes into account five blasting design parameters, including burden (B), spacing (S), bench
height (H), stemming (T), and hole diameter (D). The inputs for the blast design parameters
are in the form of ratios to avoid the influence of different parameter units on predictions.
Additionally, the explosive parameters, structural parameters, and physical and mechanical
properties of the rock were used as input parameters. Specifically, this study used bench
height to drilled burden (H/B), spacing to burden (S/B), burden to hole diameter (B/D),
stemming to burden (T/B), powder factor (Pf ), in situ block size (XB), and modulus of
elasticity (E) as input variables, with mean fragment size (X50) as the output variable.

In order to better characterize the data used, Figure 4 shows the detailed distribution
of the seven input parameters through a combination of bar charts and violin plots, with
the mean and median of the data indicated by solid and hollow dots in the half violin
plots. It can be observed that the sample point distribution of most input parameters is
relatively concentrated, particularly for input parameter E, which is mostly concentrated
in the 0–20 and 40–70 intervals. Table 1 details the four statistical characteristics of all
input parameters, including minimum, maximum, mean, and standard deviation. Figure 5
illustrates the degree of correlation between the input parameters using a heat map. It can
be observed that there is a certain correlation between the input parameters, which makes
them reasonable as input variables for the model. The dataset was randomly divided
into two groups: 80% was used as the training set to construct the prediction model, and
the remaining 20% was used as the testing set to evaluate the model’s performance. To
reduce bias among the input variables and enhance the model’s accuracy, the data were
normalized using the StandardScaler function before prediction. The standardization
formula is as follows:

x* =
x − μ

σ
(3)

where μ is the mean of the data set, σ is the standard deviation of the dataset, and x and x*
are the data values before and after standardization, respectively.

 
(a) (b) 

Figure 4. Cont.
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(c) (d) 

 
(e) (f) 

 

 

(g)  

Figure 4. Distribution of input parameters: (a) spacing to burden; (b) bench height to drilled
burden; (c) burden to hole diameter; (d) stemming to burden; (e) powder factor; (f) insitu block size;
(g) modulus of slasticity.

Table 1. Statistical characterization of model input parameters.

Parameters Minimum Maximum Mean Standard Deviation

S/B 1.00 1.75 1.20 0.109
H/B 1.33 6.82 3.44 1.64
B/D 17.98 39.47 27.21 4.77
T/B 0.50 4.67 1.27 0.688

Pf(kg/m3) 0.22 1.26 0.53 0.238
XB(m) 0.02 2.35 1.17 0.479
E(GPa) 9.57 60.00 30.74 17.72
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Figure 5. Heat map of input parameter correlation distribution.

3.2. Model Validation and Evaluation

To ensure the accuracy and predictive effectiveness of the established model, the
validation and evaluation process of model performance is essential. This study compared
and screened the predictive performance of base learners and utilized the stacking strategy
to establish a prediction model. Figure 6 illustrates the overall analysis and modelling
process of the prediction model. To assess the effectiveness of the model, the mean square
error (MSE), mean absolute error (MAE), determination coefficient (R2), and root mean
squared error (RMSE) were utilized as the evaluation metrics. When the value of R2 is
closer to 1, and the values of MSE, MAE, and RMSE are closer to 0, it indicates a better
predictive performance of the model. The evaluation indicators are calculated using the
following formulas [26,46–48]:

MSE =
1
n

n

∑
i=1

(ŷi − yi)
2 (4)

MAE =
1
n

n

∑
i=1

|ŷi − yi| (5)

RMSE =

√
1
n

n

∑
i=1

(ŷi − yi)
2 (6)

R2 = 1 − ∑n
i=1 (ŷi − yi)

2

∑n
i=1 (yi − yi)

2 (7)

where n is the number of input–output data in the algorithm, ŷ is the predicted value of the
model, y is the true value of the model, and y is the average value of the model predictions.
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Figure 6. Stacking integrated model prediction flowchart.

4. Results and Discussion

4.1. Model Construction and Prediction Results

To construct the prediction model, this study followed three steps: determining
evaluation indexes, selecting the best-performing single model (random forest, SVM, or
XGBoost) as the base learner, and training the meta-learner to predict the average fragment
size (X50) of the blasted rock. This study used Python 3.9 as the programming language,
Pycharm 2023.3.6 as the program’s running software, and the packages in the configured
environment, including Pandas, Numpy, and Scikit-learn.

As mentioned earlier, after constructing the models, their parameters were selected and
tuned to improve the prediction of the three single learners. Specifically, the parameters
for the random forest model were set to random_state = 1 and n_estimators = 50; the
parameters of the SVM model were set to kernel = poly, degree = 5, and C = 1; and the
parameter of the XGBoost model was set to learning_rate = 1.9. Some of the prediction
results of the three models are presented in Table 2.
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Table 2. Partial prediction results of the testing sets.

Model True Value Predicted Value

Random Forest

0.44 0.4154
0.1 0.1259
0.35 0.4042
0.25 0.2578
0.74 0.6014

Support Vector Machine

0.44 0.2504
0.1 0.1826
0.35 0.2503
0.25 0.3287
0.74 0.4342

XGBoost

0.44 0.3273
0.1 0.2011
0.35 0.2740
0.25 0.2437
0.74 0.7453

By drawing predictive regression diagrams, the predicted values of the four models are
compared with the actual values, facilitating a clearer judgment of the models’ prediction
performance. To compare the prediction accuracy of each model in the training and the
testing sets, the results for each set were plotted in the same regression plot, as shown in
Figure 7. In these plots, the vertical axis represents the predicted values, and the horizontal
axis represents the true values. Diagonal dashed lines are added to each regression plot
to indicate a perfect fit. When the predicted value is larger than the true value, the point
is located above the diagonal; when the predicted value is smaller, the point is below the
diagonal. As the predicted values converge closer to the true values, their distance to the
diagonal decreases until they appear on the line when they are equal. The more target
points located on the diagonal, the better the predictive performance of the model.

The results in Figure 7 show that the XGBoost model has the best prediction accuracy
in the training set, where the predicted values are essentially the same as the true values,
and only a few sample points fall outside the perfect fit diagonal. The prediction accuracy
of the random forest model is slightly weaker, but most of the sample points are distributed
near the diagonal. The model is more accurate in predicting samples with an X50 range
of 0–0.6. The SVR model’s predictions have a larger bias, and the sample points are very
dispersed, making the model less accurate. However, excellent model performance in the
training set does not represent the overall performance of the model. In the testing set,
the predictions of all three models show certain deviations, and the prediction accuracy
for the minimum and maximum sample points is lower than for those with intermediate
values. Among them, the prediction bias of the XGBoost model in the testing set is more
pronounced, and its prediction accuracy is much worse than in the training set, indicating
that the model is overfitting.

Overall, the random forest and XGBoost models provide better predictions, while
the SVR algorithm provides poorer predictions. Thus, random forest and XGBoost were
chosen as the base learners for the integrated model. The parameters of the random forest
and XGBoost models were continuously adjusted during the model construction process,
and the final parameters were random_state = 27, n_estimators = 76 for the random forest
model; random_state = 42, learning_rate = 0.5 for the XGBoost model.
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Figure 7. Comparison of the prediction results between the training and testing sets of the
four models: (a) random forest; (b) SVR; (c) XGBoost; (d) stacking integrated model.

When constructing the stacking integrated model, considering the size of the dataset,
the first attempt was to use cross-validation to increase the generalization ability of the
model, but the cross-validated model had a poor prediction effect on the test set, and
the stacking fusion model itself could effectively improve the residuals, thus canceling
the cross-validation in order to improve the prediction effect. At the same time, the
XGBoost algorithm has the phenomenon of overfitting, so when building the meta-learner,
linear regression, a relatively simple model, was chosen to avoid overfitting caused by
excessive complexity.

The meta-model was trained, and the prediction results of the stacking integrated
model were obtained, as shown in Figure 7d. For the training set, the prediction effect
of the stacking integrated model is relatively close to that of the random forest, but the
accuracy is not as good as that of XGBoost; for the testing set, the prediction effect of the
stacking integrated model is the best, with the sample points closer to the diagonal. In
summary, the stacking integrated model demonstrates better prediction capability in the
training and testing sets, particularly in the testing set, indicating that the integrated model
is more stable and can avoid overfitting.

4.2. Model Performance Analysis and Discussion

During the research process, four evaluation indicators were used to assess the predic-
tive performance of the model. Table 3 presents the results of the metrics for the training
and testing sets of the stacking integrated model. From the results in the table, it is evident
that the MSE and RMSE values of the integrated model on the testing set are lower than
those on the training set, while the MAE values on the testing set are slightly higher than
those on the training set, though they are very close to each other. A comparison of the
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indicators of the four models is shown in Figure 8. It is evident that the R2 value of the
stacking integrated model is the highest, at 0.943. The R2 value of the random forest model
is relatively close to that of the XGBoost model, with values of 0.797 and 0.758, respectively.
The R2 value of the SVR model is the lowest, at 0.578. The stacking ensemble algorithm
demonstrates significant improvements in R2, achieving increases of 0.146, 0.365, and 0.185
compared to the respective base algorithms.

Table 3. Results of stacking integrated model evaluation indicators.

MSE RMSE MAE

Training set 0.00269 0.05187 0.03320
Testing set 0.00197 0.04435 0.03687

Figure 8. Comparison of R2 values of four models.

The comparison of the MSE, RMSE, and MAE results of the four prediction models,
shown in Figure 9, reveals that the MSE values of the four models are relatively close,
with the stacking integrated model having the lowest value of 0.00197. The MSE values
of the random forest and XGBoost models are 0.00903 and 0.01081, respectively. The SVR
model has the highest MSE value, at 0.01883. The distribution of RMSE and MAE values is
very similar to MSE, with values of 0.04436 and 0.03688 for the stacking integrated model,
0.09503 and 0.0668 for the random forest model, 0.10397 and 0.05264 for the XGBoost model,
and 0.13722 and 0.11388 for the SVM model. Figure 9 clearly shows that the MSE, RMSE,
and MAE results of the stacking integrated model are the lowest among the models, proving
that the integrated model has the best predictive performance. By integrating models, the
issues of insufficient prediction accuracy in base algorithms like random forest and SVR, as
well as the overfitting problem in XGBoost on the training set, can be effectively addressed
and avoided. In summary, using the stacking strategy to construct an integrated model for
predicting X50 can effectively improve predictive performance and better avoid overfitting.

Feature importance analysis can effectively assess the degree of influence of input
variables on X50 prediction. In this study, the importance assessment tools in random
forest and XGBoost were used to extract the importance of input variables of the stacking
integrated model and compare the assessment results of the two. The importance assess-
ment of input features in the random forest algorithm is based on impurity calculation,
and the features are sorted before taking the average value. The final result also requires
normalizing the scores of all features, ensuring that the sum of the importance values of
the features equals 1. The XGBoost algorithm determines the importance of features based
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on their ability to split data at nodes. The stronger the splitting ability, the greater the
contribution to the final result.

Figure 9. Comparison of assessment indicators for the four models.

Figure 10 illustrates the extraction results of the two methods. The input parameter E
is identified as the most important feature variable for predicting X50 in both methods, with
importance values of 0.7129 and 0.4608, respectively. XB and T/B follow, exhibiting similar
importance values. In the random forest method, the importance value of the input variable
T/B is slightly higher, at 0.1183, while in the XGBoost method, XB has a relatively higher
importance value of 0.1503. The importance of the input variables S/B, H/B, and B/D is low,
with B/D having the lowest importance, at 0.0023 in the random forest method and S/B
having the lowest importance, at 0.0335 in the XGBoost method. Among the seven input
parameters in this study, it can be concluded that the input parameter E has the greatest
effect on the X50 prediction results, followed by XB and T/B, while the three parameters
S/B, H/B, and B/D have the least effect on the X50 prediction results.

Figure 10. Comparison of importance values results for input parameters.
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In the field of rock engineering, the elastic modulus (E) reflects the stiffness of rock
and serves as an indicator of the material’s resistance to deformation. The elastic modulus
influences wave velocity, which in turn affects the extent of energy dissipation, resulting in
variations in fragment size during rock blasting. The in situ block size, representing the
fundamental block size of rock mass in its natural state, is determined by the characteristics
of joints and fractures. Rock masses with well-developed fractures are more susceptible
to fragmentation. Stemming length and burden distance are critical parameters in blast
design, influencing the utilization and release of energy by constraining gas escape and
controlling the distance between the blast hole and the free face, respectively. Consequently,
they affect fragmentation efficiency [49–51]. Scholars, in related studies, validated that E,
XB, and T/B are the primary influencing factors in predicting outcomes [52], which further
supports the correctness of the aforementioned analytical results.

All of the above results demonstrate that high prediction accuracy can be obtained by
constructing a stacking integrated model for the prediction of blasting fragmentation. Pre-
vious research on the prediction of blasting effects mainly compared some single prediction
models or optimized a single model [53–55]. Although these methods can achieve good
prediction results, they lack the combination of various prediction methods. Additionally,
the tuning process of these models is usually quite complex and time-consuming. One
major advantage of utilizing the stacking integrated strategy is that it can combine the
strengths of multiple single models and allows for the combination of non-homogeneous
models. Moreover, the construction process of the model is relatively simple, and the
training speed is faster.

4.3. Engineering Validation Results of the Model

In this study, field data from five blasting operations in a northeastern mining area
were collected to validate the performance of the constructed model. The rocks in this
mining area are mainly granite, with moderate hardness, making it a relatively explosive
region. Based on the model’s required input parameters, the specific values of the collected
relevant parameters are shown in Table 4.

Table 4. Blasting parameter statistics.

No.
B

(m)
S

(m)
H

(m)
D

(mm)
T

(m)
Pf

(kg/m3)
XB

(m)
E

(GPa)
X50

(m)

1 7 8.5 15 250 7.5 0.62 1.11 5.6 0.1456
2 7 9 15 250 7.5 0.64 1.11 5.6 0.163
3 7 10 15 250 7.5 0.61 1.11 5.6 0.1962
4 7 9.5 15 250 7.5 0.57 1.11 5.6 0.1997
5 7 9.5 15 250 7.5 0.62 1.11 5.6 0.1786

The fragmentation size X50 of the blasted rock was obtained using the fragmentation
recognition software Split Desktop v4.0.0.42 [56]. Figure 11 illustrates the software’s
recognition of the blasting results on-site. The software effectively maps the boundaries of
rock fragmentation blocks and calculates the distribution of block sizes for this blasting,
using a 1-meter-long ruler placed on-site as a reference.
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Figure 11. Block size recognition results from Split-Desktop software.

To maintain consistency with the input parameters used during model training, the
validation still uses the value of the ratio between the parameters as the model’s input
parameters. Table 5 shows the input parameters and their values for the validation process.
Figure 12 shows the comparison between the model-predicted results and the actual results
of rock fragmentation. To make it easier to compare the difference between the true and
predicted values, a purple color legend representing the true values has been added to
the figure. The model’s predicted values closely match the actual values, with prediction
errors within 0.03 m. This indicates that the prediction model developed in this study
can accurately predict rock fragmentation in open blast projects, which is of practical
significance. However, the cross-validation method commonly adopted by most scholars
was not employed in constructing the stacking model. This may be due to the small dataset
size in this study, which resulted in lower prediction accuracy when using cross-validation
methods. Additionally, during the engineering verification process, Split-Desktop software
v4.0.0.42 inevitably has some errors in recognizing the block size. Therefore, in future
research, it is advisable to consider more diverse datasets and increase the number of
base learners. In practical engineering applications, blasting outcomes can be predicted
in advance based on various design parameters. This enables iterative adjustments to
parameter values, ensuring that the desired fragmentation index is achieved for the project.

Table 5. Validation process input parameters and values.

No. S/B H/B B/D T/B Pf XB E

1 1.2143 2.1429 28 1.0714 0.62 1.11 5.6
2 1.2857 2.1429 28 1.0714 0.64 1.11 5.6
3 1.4286 2.1429 28 1.0714 0.61 1.11 5.6
4 1.3571 2.1429 28 1.0714 0.57 1.11 5.6
5 1.3571 2.1429 28 1.0714 0.62 1.11 5.6

Based on the results of the engineering verification mentioned above, the model can
be used to predict the fragmentation size of the blast in advance, according to the blasting
parameters, before production blasting. The parameters of on-site blasting operations can
be further optimized based on the predicted results to meet the required fragmentation
size for production. Similarly, under the guidance of a large amount of actual on-site
parameters, the predictive accuracy of the stacking model established in this study can be
further improved, providing the potential to develop an intelligent prediction system for
on-site blasting.
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Figure 12. Comparison of results from engineering validation.

5. Conclusion and Summary

During the blasting process, numerous factors, including controllable and uncontrol-
lable ones, affect the blasting results. Thus, it is challenging to use a single-fitting equation
to comprehensively describe the relationship between various influencing factors and frag-
mentation size. Compared to traditional empirical equation prediction methods, artificial
intelligence methods can effectively simulate the relationship between various input and
output parameters. This study utilized a dataset containing 97 data samples and set seven
input parameters to predict the fragmentation size X50. To improve prediction performance,
the prediction effects of three single models—random forest, SVR, and XGBoost—were
compared and selected. A stacking integrated strategy was employed, using random forest
and XGBoost models as base learners to construct the fusion model. This method has been
applied in engineering fields, but its application in predicting blasting fragmentation is
still relatively limited. The predictive performance of the established models was evalu-
ated using four mathematical indicators. The following conclusions can be drawn from
this study:

• The stacking integrated model outperformed the single models and had higher predic-
tive accuracy. The model evaluation yielded an R2 value of 0.943, with MSE, RMSE,
and MAE values of 0.00269, 0.05187, and 0.03320, respectively, on the training set; and
0.00197, 0.04435, and 0.03687, respectively, on the testing set;

• From the feature importance evaluation results of the two methods, it can be seen that
in the process of constructing the model, the input feature E has the highest influence
on the predicted fragmentation size, followed by T/B and XB;

• Compared with the prediction methods of other researchers, the prediction method
established in this study better integrates the advantages of individual algorithms.
The engineering verification results also demonstrated that the constructed algorithm
has good predictive accuracy, and its prediction results can provide references for
blasting design.
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BPNN Back Propagation Neural Network
ANN Artificial Neural Network
SVM Support Vector Machine
ANFIS Adaptive Network-based Fuzzy Inference System
PCA Principal Component Analysis
GWO Grey Wolf Optimization
CNN Convolutional Neural Network
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Abstract: The development of a constitutive model for soil–structure contact surfaces
remains a pivotal area of research within the field of soil–structure interaction. Drawing
from the Gudehus–Bauer sand hypoplasticity model, this paper employs a technique that
reduces the stress tensor and strain rate tensor components to formulate a hypoplastic
model tailored for sand–structure interfaces. To capture the influence of initial anisotropy,
a deposition direction peak stress coefficient is incorporated; meanwhile, a friction pa-
rameter is introduced to address the surface roughness of the contact. Consequently, a
comprehensive hypoplastic constitutive model is developed that takes into account both
initial anisotropy and roughness. Comparative analysis with experimental data from soils
on contact surfaces with diverse boundary conditions and levels of roughness indicates
that the proposed model accurately forecasts shear test outcomes across various contact
surfaces. Utilizing the finite element software ABAQUS 2021, an FRIC subroutine was
developed, which, through simulating direct shear tests on sand–structure contact surfaces,
has proven its efficacy in predicting the shear behavior of these interfaces.

Keywords: hypoplasticity constitutive model; sand–structure contact surface; initial
anisotropy; roughness

1. Introduction

The interaction at the soil–structure contact surface is commonly found in engineering,
occurring in scenarios such as the interface between soil and retaining walls, and between
piles and the encircling soil. Serving as a critical conduit for stress and deformation transfer
between soil and structures, the contact surface is often the weak link in the failure of
soil–structure systems, with its mechanical properties exerting a substantial impact on
the overall stress and deformation of both the soil and the structure. Consequently, the
mechanical characteristics and the development of a constitutive model for soil–structure
contact surfaces have consistently been a significant area of focus in the field of soil–
structure interaction research.

The constitutive model for soil–structure contact surfaces is a fundamental method
for describing their stress–strain relationships. Currently, the constitutive models used in
practical applications include elastic constitutive models, elastoplastic constitutive models,
hypoplastic constitutive models, and damage constitutive models primarily developed for
easily breakable particles [1–7]. However, the equations and theoretical underpinnings of
these models are quite intricate, presenting numerous challenges for research endeavors.
In contrast, hypoplasticity theory is more straightforward in form, with fewer assumptions,
and has proven to be highly amenable to numerical implementation. This has led to its

Appl. Sci. 2025, 15, 244 https://doi.org/10.3390/app15010244
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broad application in characterizing the mechanical properties of geotechnical engineering
materials.

The basic framework of hypoplasticity theory was first proposed by Kolymbas [8]
in 1977, and Dafalias [9] was the first to introduce the term “hypoplasticity”. Based
on the hypoplasticity framework, many scholars proposed constitutive models focusing
on different soil types and aspects. Kolymbas [10] first proposed an isotropic nonlinear
tensor function to describe the relationship between the stress rate and strain rate of
elastoplastic materials. Based on this equation, Wu and Bauer [11] introduced a simple
four-parameter model known as the Wu–Bauer hypoplasticity model. This model is capable
of describing the nonlinear stress–strain relationships of sandy soil under both drained
and undrained conditions, as well as the contraction of loose sand and the dilation of
dense sand. Gudehus [12] and Bauer [13] introduced the concept of critical state into the
Wu–Bauer model and proposed the well-known eight-parameter hypoplasticity model,
i.e., the Gudehus–Bauer eight-parameter model. The model captures the strain softening
behavior of dense sand and the mechanical responses of sandy soils under a variety of
stress paths effectively, including triaxial extension, triaxial compression, laterally confined
compression, and consolidated undrained conditions. Wolffersdorff et al. [14] addressed
the issue of excessive lateral contraction of the Wu–Bauer model under large strains by
establishing the von Wolffersdorff hypoplasticity basic model, where two nonlinear material
parameters were assumed to be equal. Wu et al. [15] introduced a new item that disappears
at the critical state in the von Wolffersdorff hypoplasticity model, resulting in a wildly used
hypoplasticity constitutive model.

As hypoplasticity theory has evolved, researchers in recent years have concentrated
on delineating the mechanical behavior of soil–structure contact surfaces, leading to the
establishment of diverse forms of hypoplasticity constitutive models tailored for these
interfaces [16–21]. Herle [22] pioneered the adaptation of the sandy soil hypoplasticity
model to a sandy soil–structure contact surface hypoplasticity model. This was achieved
by positing that the stress tensor and strain rate tensor at the contact surface are composed
solely of normal and tangential components. Based on that, Gutjahr [23] introduced
the reduced component stress tensor and strain rate tensor into the von Wolffersdorff
eight-parameter hypoplasticity model, establishing a one-dimensional contact surface
hypoplasticity model with a predefined limit state surface.

Herle and Arnold [24] proposed a new transformation method, converting the von
Wolffersdorff eight-parameter model into a two-dimensional contact surface hypoplasticity
model. This model can be used to model line contact in a two-dimensional state and
surface contact under three-dimensional conditions. Based on this model, Stutz et al. [25]
introduced an in-plane stress and established an enhanced three-dimensional sandy soil–
structure contact surface hypoplasticity constitutive model. Following that, Stutz and
Mašín [26] applied the reduced component stress and strain rate tensors to the hypoplastic-
ity Cambridge clay model by introducing a variable that reduces the strength and stiffness
of the contact surface, thereby establishing a three-dimensional Cambridge clay contact
surface hypoplasticity model. As a relatively recent constitutive theory, hypoplasticity
has garnered significant applications in the development of contact surface constitutive
models [27–30].

Initial anisotropy, as an inherent property of soil, has a significant impact on
soil–structure contact surfaces [31–34]. Wu [31] proposed a constitutive model grounded
in a nonlinear tensor function to depict the three-dimensional deformation–strength be-
havior of naturally anisotropic sandy soils, achieving a comprehensive treatment of both
deformation and strength anisotropy. Yang et al. [32] introduced a fabric tensor into the
Gudehus–Bauer hypoplasticity model and proposed a hypoplasticity constitutive model
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for granular soils based on anisotropic critical state theory. Bauer et al. [33] analyzed
the formation of shear bands in cohesionless and initially transversely isotropic granular
materials, presenting a constitutive equation for stress evolution.

Surface roughness of structures is also an important factor influencing the mechanical
properties of contact surfaces, which has been considered by researchers from different
perspectives [24,26,35]. Herle and Arnold [24] proposed a hypoplasticity model that uses
a parameter, Kr, to describe contact surface roughness. Stutz and Mašín [26] argued that
parameter Kr depends on contact surface roughness, establishing an enhanced hypoplastic-
ity contact surface model. Stutz et al. [35] conducted axisymmetric contact surface shear
simulations using hypoplasticity contact and soil models, comparing the results with shear
tests on contact surfaces of varying roughness.

In many existing intrinsic models for hypoplasticity contact surfaces, the stress
and strain rate components within the contact surface are often overlooked, and initial
anisotropy is not considered. This paper introduces a hypoplasticity constitutive model for
sand–structure contact surfaces, derived from the widely adopted Gudehus–Bauer low-
plasticity model by simplifying the stress tensor and strain rate tensor components. The
model incorporates the effects of initial anisotropy and surface roughness. The developed
model is then applied to predict and compare with experimental data from sand–structure
contact surfaces of varying materials and boundary conditions, thereby validating the
model’s rationality.

2. Fundament of the Hypoplastic Constitutive Model for the
Soil–Structure Contact Surface

2.1. Hypoplastic Model for Soil

Traditional geotechnical plasticity mechanics theories are primarily constrained by
two significant limitations [8]: (1) the deformation of the soil is continuous and cannot
objectively be decomposed into elastic and plastic components; and (2) the theory does not
adequately describe the verified incremental nonlinear phenomena. Therefore, Wu and
Kolymbas [36] proposed a tensor function to describe the relationship between stress rate
and strain rate by considering the stress rate as a function of stress and strain rate. The
fundamental equation is as follows:

◦
σ = H(σ,

.
ε) (1)

where
◦
σ is the Jaumann stress rate tensor, defined as follows:

◦
σ =

.
σ + σ

.
ω − .

ωσ (2)

Gudehus [12] and Bauer [13] introduced the critical state (critical stress surface) into
the hypoplastic model and proposed a widely used eight-parameter hypoplastic model
(referred to as the Gudehus–Bauer model), with the basic formula as follows:

◦
σ = L(σ,

.
ε)− N(σ,

.
ε) (3)

In Equation (3), the expressions for tensor functions L
(
σ̂,

.
ε
)

and N(σ̂) are as follows:

L
(
σ̂,

.
ε
)
= a1

2 .
ε + σ̂tr

(
σ̂

.
ε
)

(4)

N(σ̂) = a1(σ̂ + σ̂∗) (5)
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where a1 is a dimensionless scalar factor representing the radius of the critical stress point,
and its expression is as follows:

a1 = [c1 + c2‖σ̂∗‖(1 + cos 3θ)]−1 (6)

c1 =

√
3
8
× 3 − sin ϕc

sin ϕc
(7)

c2 =
3
8
× 3 + sin ϕc

sin ϕc
(8)

where ϕc is the critical friction angle.
In addition, the parameters fs and, in Equation (3), fd are the stiffness factor and the

density factor, respectively. The stiffness factor, fs, is introduced to reflect the influence of
stress level and void ratio:

fs =
hs

nhi

( ei
e

)β 1 + ei
ei

(
3ps

hs

)1−n
(9)

where

hi =
1
c2

1
+

1
3
−
(

ei0 − ed0
ec0 − ed0

)α 1√
3c1

(10)

The density factor, fd, is related to the material density:

fd =

(
e − ed
ec − ed

)α

(11)

In Equations (9)–(11), the exponents α and β are dimensionless constants, while hs and
n are two compression constants (with hs defined as the particle hardness). Moreover, ei, ec,
and ed represent the upper void ratio, critical void ratio, and lower void ratio under the
current stress state, respectively. They are related to the stress level and can be determined
by the following equation:

ei
ei0

=
ec

ec0
=

ed
ed0

= exp
[
−
(

3ps

hs

)n]
(12)

where ei0, ec0, and ed0 represent the upper, critical, and lower void ratios of the initial
state, respectively.

Totally, the Gudehus–Bauer hypoplastic model includes 8 parameters: α, β, ei0, ec0, ed0,
hs, n, and ϕc. This model effectively simulates the nonlinear constitutive relationships of
granular materials while considering the effects of stress level, void ratio, and density.

2.2. Establishment for the Hypoplastic Constitutive Model of the Soil–Structure Contact Surface

The shear behavior and control mechanisms of the contact surface are fundamentally
in line with those of soil. The contact surface can be regarded as a miniature continuous
soil mass, and its deformation pattern is generally akin to that of soil. Consequently, the
contact surface model can be extrapolated from soil constitutive models.

Herle and Arnold [24] established the contact surface model using the von Wolffers-
dorff eight-parameter hypoplastic model for sand by assuming an isotropic stress state at
the contact surface. They also assumed that only in-plane shear stress exists at the contact
surface, with all shear stresses outside the contact surface being zero, i.e., σ23 = σ32 = 0.
The coordinate system for the contact surface is shown in Figure 1.
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Figure 1. Schematic diagram of the contact surface coordinate system.

The stress tensor for the Arnold–Herle contact surface model is given by the following:

σ =

⎡
⎢⎣σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

⎤
⎥⎦ =

⎡
⎢⎣σn τx τz

τx σn 0
τz 0 σn

⎤
⎥⎦ (13)

Similarly, the strain rate tensor is given by the following:

.
ε =

⎡
⎢⎣

.
ε11

.
ε12

.
ε13

.
ε21

.
ε22

.
ε23

.
ε31

.
ε32

.
ε33

⎤
⎥⎦ =

⎡
⎢⎢⎣

.
εn

.
γx
2

.
γz
2.

γx
2

.
εn 0

.
γz
2 0

.
εn

⎤
⎥⎥⎦ (14)

where
.
εn is the normal strain rate at the contact surface; and

.
γx/2 and

.
γz/2 are the shear

strain rates in the x and z directions, respectively.
However, the stresses within the contact surface are autonomous and do not equate

to the normal stress, as depicted in Figure 2. To address this, Mašín [25] revised the
assumptions of the Arnold–Herle contact surface model, proposing that an isotropic stress
state exists within the contact surface, i.e., σ22 = σ33 
= σ11, which develops independently
of the normal stress during shear. The in-plane stress is denoted by σp. The modified stress
tensor and strain rate tensor can be expressed in vector form as follows:

σ =
[
σn σp τx τz

]T
(15)

.
ε =

[
.
εn 0

.
γx
2

.
γz
2

]T
(16)

=pp ,

n

=pp , xx ,
zz ,

Figure 2. Schematic diagram of contact surface stress and strain components.

The three-dimensional hypoplastic constitutive model for the soil–structure contact
surface developed by Mašín [25] can better predict the behavior of the contact surface and
offers higher computational efficiency in numerical simulations. Therefore, this paper will
adopt the assumptions of Mašín [25] to transform the Gudehus–Bauer hypoplastic model
into a hypoplastic constitutive model for the soil contact surface.
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2.3. Hypoplasticity Constitutive Expression of Soil–Structure Contact Surfaces

According to the stress tensor and strain rate tensor in Equations (15) and (16), the
trace of the stress tensor can be obtained as follows:

trσ = σn + 2σp (17)

Then, the stress ratio tensor can be given as follows:

σ̂ =
σ

trσ
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

σn
σn+2σp

σp
σn+2σp

τx
σn+2σp

τz
σn+2σp

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(18)

And the deviatoric stress ratio is expressed as follows:

σ̂∗ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

2
3 · σn−σp

σn+2σp

1
3 · σp−σn

σn+2σp

τx
σn+2σp

τz
σn+2σp

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(19)

By substituting the stress rate tensor into the formula of norm, we can obtain the
following:

∥∥ .
ε
∥∥ = √ .

ε · .
ε =

√
.
εn

2
+ 2
( .

γx
2

)2

+ 2
( .

γz
2

)2

=

√
.
εn

2
+

1
2

.
γx

2
+

1
2

.
γz

2 (20)

Similarly, substituting the deviatoric stress ratio tensor into the norm formula yields
the following:

‖σ̂∗‖ =

√(
2
3
· σn − σp

σn + 2σp

)2
+ 2
(

1
3
· σp − σn

σn + 2σp

)2
+ 2
(

τx

σn + 2σp

)2
+ 2
(

τz

σn + 2σp

)2
(21)

Then, by substituting Equations (15)–(21) into the Gudehus–Bauer eight-parameter
equation, the linear and nonlinear terms of this equation can be calculated as follows:

L
(
σ̂,

.
ε
)
= a1

2 .
ε + σ̂tr

(
σ̂

.
ε
)
= a1

2 .
ε +

σn
.
εn +

3
2 τx

.
γx +

1
2 τz

.
γz(

σn + 2σp
)2 σ (22)

N(σ̂) = a1(σ̂ + σ̂∗) = a1

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

2σn
σn+2σp

− 1
3

2σp
σn+2σp

− 1
3

2τx
σn+2σp

2τz
σn+2σp

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(23)

The final constitutive equation of contact surface can be obtained in vector form
as follows:
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⎡
⎢⎢⎢⎣

.
σn
.
σp
.
τx
.
τz

⎤
⎥⎥⎥⎦ = fs

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a1
2

⎡
⎢⎢⎢⎢⎣

.
εn

0
.
γx
2.

γz
2

⎤
⎥⎥⎥⎥⎦+

σn
.
εn+

3
2 τx

.
γx+

1
2 τz

.
γz

(σn+2σp)
2

⎡
⎢⎢⎢⎣

σn

σp

τx

τz

⎤
⎥⎥⎥⎦

+ fda1

√
.
εn

2
+ 1

2
.
γx

2
+ 1

2
.
γz

2

σn+2σp

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

2σn
σn+2σp

− 1
3

2σp
σn+2σp

− 1
3

2τx
σn+2σp

2τz
σn+2σp

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(24)

The basic parameters of the above model are the same as those of the Gudehus–Bauer
model, but with modified stress and strain rate tensors, which should be calculated using
the simplified vector expressions. The upper, critical, and lower void ratios are as follows:

ei
ei0

=
ec

ec0
=

ed
ed0

= exp
[
−
(

σn + 2σp

hs

)n]
(25)

Given that the mechanical response of the material at the contact surface significantly
diverges from that of the soil at a distance under both static and dynamic loading, the
critical state line of the proposed constitutive model is affected by these transformations. In
this regard, the computational equations for the parameters linked to the critical state within
the model are also adjusted accordingly. In addition, these parameters corresponding to
the equations of stiffness factor and density factor need to be replaced, i.e., by substituting
the modified expressions of ei, ec, and ed into Equation (25) into Equations (9) and (10).

2.4. Contact Surface Model Considering Initial Anisotropy and Roughness

To enhance the model’s predictive accuracy, crucial factors such as structural surface
roughness and initial anisotropy, which significantly impact the mechanical response of the
contact surface, are integrated into the model derived from Equation (24).

2.4.1. Quantitative Description of Initial Anisotropy

Based on the simulation results of direct shear test of sand–structure contact band in
Li [37] using DEM (discrete element method), the peak shear stress of the initial anisotropic
sand–structure contact band under various simulation conditions is listed in Table 1.

Table 1. Peak shear stress of the contact bands with different initial deposition angles under different
normal stresses.

Deposition
Angle/◦

Peak Stress/kPa
(100 kPa)

Peak Stress/kPa
(200 kPa)

Peak Stress/kPa
(400 kPa)

Peak Stress/kPa
(800 kPa)

0 80 150 230 435
30 62 110 215 379
60 75 145 235 420
90 87 145 260 481

The peak stresses presented in Table 1 are normalized against the peak stress under the
horizontal deposition direction, which serves as the isotropic reference state, to analyze the
relationship with initial anisotropy. This normalized peak stress is referred to as the peak
stress coefficient. Figure 3 illustrates the variation in the peak stress coefficient with respect
to the deposition direction. A fitting approach is utilized to delineate this relationship,
which can be expressed as follows:
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χ = b1 + b2 exp

[
− (δ − δc)

2

b3

]
(26)

where χ is the deposition direction peak stress coefficient characterizing the influence
of deposition direction on the peak stress; δ is the deposition direction; δc is approxi-
mated by taking the angle between the failure surface and the horizontal direction when
the deposition direction is horizontal, i.e., 45◦ − ϕc/2; and parameters b1, b2, and b3

are constant.

χ

Figure 3. Variations in peak stress coefficient with the deposition direction.

Then, the deposition direction peak stress coefficient is introduced into the constitutive
model proposed in Equation (24). By considering the influence of initial anisotropy, the
index a1 in Equation (6) is modified as follows:

a1i = χm[c1 + c2‖σ̂∗‖(1 + cos θ)]−1 (27)

where a1i denotes the radius of the critical stress surface considering the effect of initial
anisotropy, and the exponent m is a dimensionless positive constant.

2.4.2. Quantitative Description of Roughness Effect

The mechanical behavior of the contact surface when the structural surface is in a
completely rough condition can be described by the hypoplasticity model in Equation (24).
In order to extend the model to an arbitrary roughness case, the friction parameter (λR)
and the relative roughness (Rn), as shown in Equation (28), referring to Gutjahr [23], are
introduced, as they are widely used in various types of contact surface constitutive model
such as elastic–plastic and hypoplasticity models:

λR = 0.25lgRn + 1.05 (28)

where Rn = R/d50, d50 is the average particle size, and R is the peak-to-valley distance of
the structural surface, as shown in Figure 4.

 
R

Figure 4. Diagram of peak-to-valley distance of the structural surface.

In Equation (24), the shear properties are mainly determined by the density factor, fd,
and the critical friction angle, ϕc, where ϕc determines the failure stress of loose sand and
the residual stress of dense sand. Therefore, the friction parameter, λR, is introduced into
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the expression related to ϕc in order to consider the effect of structural surface roughness.
And the expressions of c1 and c2 are modified to c1R and c2R as follows:

c1R =

√
3
8
× 3 − sin(λR ϕc)

sin(λR ϕc)
(29)

c2R =
3
8
× 3 + sin(λR ϕc)

sin(λR ϕc)
(30)

the strength index, a1, is modified to a1R,

a1R = c1R + c2R‖σ̂∗‖(1 + cos θ)−1 (31)

Note that a1R is the strength index considering only the effect of structural surface
roughness. It is further rewritten to a1iR by substituting Equation (31) into Equation (27),
which considers both the initial anisotropy and the effect of structural surface roughness,

a1iR = χm[c1R + c2R‖σ̂∗‖(1 + cos θ)]−1 (32)

The density factor, fd, describes the effect of the mean stress and the number of pores
on shear properties and determines the response of the nonlinear part of the hypoplasticity
model. The modeling experiments of Uesugi [38] showed that the test results of loose
sand on rougher structural surfaces are similar with that of dense sand on smoother
surfaces. Therefore, the expression of fd is rewritten to fdR by taking into account the
roughness effect:

fdR =

(
e − ed
ec − ed

)αλ2
R

(33)

Correspondingly, the parameter hi is rewritten to hiR:

hiR =
1

c2
1R

+
1
3
−
(

ei0 − ed0
ec0 − ed0

)αλ2
R 1

c1R
√

3
(34)

and the stiffness factor, fs, is rewritten to fsR:

fsR =
hs

nhiR

( ei
e

)β 1 + ei
ei

(
3ps

hs

)1−n
(35)

By substituting Equations (32)–(35) into Equation (24), the hypoplasticity constitutive
model of soil–structure contact surface considering structural surface roughness and initial
anisotropy can be obtained as expressed in Equation (36):

⎡
⎢⎢⎢⎣

.
σn
.
σp
.
τx
.
τz

⎤
⎥⎥⎥⎦ = fsR

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

a1iR
2

⎡
⎢⎢⎢⎢⎣

.
εn

0
.
γx
2.

γz
2

⎤
⎥⎥⎥⎥⎦+

σn
.
εn +

3
2 τx

.
γx +

1
2 τz

.
γz(

σn + 2σp
)2

⎡
⎢⎢⎢⎣

σn

σp

τx

τz

⎤
⎥⎥⎥⎦+ fdRa1iR

√
.
εn

2
+ 1

2
.
γx

2
+ 1

2
.
γz

2

σn + 2σp

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

2σn
σn+2σp

− 1
3

2σp
σn+2σp

− 1
3

2τx
σn+2σp

2τz
σn+2σp

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(36)

2.5. Model Parameters Determination

The contact surface model presented in this study encompasses 8 fundamental param-
eters (α, β, ei0, ec0, ed0, hs, n, and ϕc), 4 initial anisotropy parameters (b1, b2, b3, and m), and
1 roughness parameter (R). The methods for determining these parameters are detailed
as follows.
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1. Critical friction Angle

Extensive testing has demonstrated that the method of estimating the critical friction
angle using the angle of repose is relatively precise, with accuracy sufficient for the majority
of sandy soils. Table 2 [39] presents the angle of repose and critical friction angle values
obtained from shear tests on various types of sand. The data reveal a minimal discrepancy
between these two parameters, indicating that it is entirely viable to approximate the critical
friction angle using the angle of repose. However, it is important to note that for particles
with a size d ≤ 0.1 mm, the error in predicting the critical friction angle using the angle of
repose becomes significant, necessitating the use of tests to accurately determine the critical
friction angle.

Table 2. Angle of repose and critical friction angle from shear tests.

Materials
Angle of
Repose/◦

Critical Friction
Angle/◦ Test

Hochstetten gravel 35.7 36.5 Direct shear
Hochstetten sand 34.0 34.0 Consolidation drained

Hostun sand 32.0 32.0 Consolidation drained
Karlsruhe sand 29.1 30.0 Consolidation drained

Lausitz sand 33.0 32.2 Consolidation drained
Toyoura sand 30.4 30.9 Consolidation undrained
Zbraslav sand 30.8 29.7 Direct shear

2. Particle hardness (hs) and index n

The values of hs and n are ascertained through an optimization method that employs
local search to identify the best solution, thereby circumventing the issue of excessive error
that may stem from the selection of disparate stress state points based on test outcomes.

3. Upper void ratio, ei0, at zero pressure

During the experimental procedures, it is nearly impossible to replicate the upper
void ratio; hence, dry sand is commonly poured into a standard mold. During the pouring
process, a critical value is derived which exceeds the theoretical maximum void ratio, emax,
and it is widely accepted that ei0 ≈ 1.2emax.

4. Lower bound void ratio, ed0, at zero pressure

According to the compression characteristics of sand, the void ratio, ed, diminishes as
stress increases. Typically, ed is ascertained from the ed − Cu relationship curve, which is
suggested by Youd [40]. The ed − Cu relationship is conducted under conditions where the
pressure is ps = 55 kPa, K0 = 0.40, and the vertical stress is maintained at 96 kPa. Once the
value of ed is determined, the value of ed0 can be deduced by applying the formula that is
retroactively derived from Equation (25):

ed0 = ed exp
[(

σn + 2σp

hs

)n]
(37)

As a general guideline, it is often more favorable to set ed0 ≈ emin.

5. Critical void ratio, ec0, at zero pressure

Similar to the upper void ratio, the critical void ratio, ec, also diminishes with increas-
ing stress. The value can likewise be extracted from the expression given in Equation (25):

ec0 = ec exp
[(

σn + 2σp

hs

)n]
(38)
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The results of undrained triaxial test on Sacramento River sand and Monterey sand
are summarized, and ec0 ≈ emax is generally used.

6. Index α

Parametric equations for two scalars can be obtained from Equation (24):

.
σn = fs

(
σn + 2σp

)2

σn2 + 2σp2

[
.
εn + a2 σn

.
εn(

σn + 2σp
)2 σn + fd

a
3

5σn − 2σp

σn + 2σp

.
εn

]
(39)

.
σp = fs

(
σn + 2σp

)2

σn2 + 2σp2

[
a2 σn

.
εn(

σn + 2σp
)2 σp + fd

a
3

4σp − σn

σn + 2σp

.
εn

]
(40)

When the soil reaches the peak stress state,
.
σn = 0, so α can be derived from

Equation (23) as follows:

α =

ln

[
6 (2+Kp)

2
+a2Kp(Kp−1−tan vp)

a(2+Kp)(5Kp−2)
√

4+2(1+tan vp)
2

]

ln
(

e−ed
ec−ed

) (41)

where Kp is the peak stress ratio:

Kp =
σn

σp
=

1 + sin ϕp

1 − sin ϕp
(42)

tan vp = −
.
εv
.
εn

(43)

sin ϕp =

(
σn − σp

σn + σp

)
p

(44)

Since the model uses a reduced component of the stress tensor,
.
ε22 =

.
ε33 = 0, and

.
εv =

.
εn, where

.
εv is the volume strain rate, and

.
εn is axial strain rate. Hence, tan vp = −1.

The natural logarithm function in the denominator of Equation (41) can be regarded as the
relative void ratio related to pressure and can be denoted as re; re is a function of the void
ratio and average stress.

Integrate
.
σn = 0 into Equation (40) at the peak stress condition, and the peak dilatancy

angle can be obtained:

tan vp = 2
Kp − 4 + 5AKp

2 − 2AKp(
5Kp − 2

)
(1 + 2A)

− 1 (45)

A =
a2(

2 + Kp
)2

[
1 − Kp

(
4 − Kp

)
5Kp − 2

]
(46)

In summary, when the critical friction angle, peak friction angle, and relative void
ratio are known, the index α can be calculated according to the above formula.

7. Index β

The index β only plays a role when e is significantly smaller than ei (dense sand), and
the beta has little effect on the model response in the rest of the cases. A large number of
test results show that the value of β is roughly 1, so for natural soil, the general method is
to assume that β = 1.

8. Anisotropic parameters: b1, b2, b3, and m
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The parameters b1, b2, and b3 can be determined through direct shear tests conducted
on the contact surface under normal stress conditions. By performing direct shear tests on
the contact surface, we can obtain the shear stress–shear displacement relationship curves at
various initial deposition angles. This process then enables the determination of peak shear
stress under these different conditions. The peak shear strength coefficient’s relationship
with the initial deposition angle can be charted by normalizing the peak stress values
obtained under isotropic conditions. This process yields a regular variation relationship, as
expressed in Equation (26), where b1, b2, and b3 serve as fitting parameters. The exponent
m in this context is a dimensionless constant.

9. Roughness, R

For the regular structural planes, R represents the peak-to-valley distance (or depth)
of the structural plane, as depicted in Figure 4. In the case of irregular structural planes, an
arithmetic mean value derived from multiple measurements can be employed for R.

2.6. Contact Surface Thickness

Within the constitutive model of the contact surface outlined in this document, it
is essential to specify the shear zone thickness to determine the relationship between
strain and displacement. In this context, we utilize the relationship formula suggested by
Gutjahr [23] and Herle and Arnold [24]. The strain at the contact surface is computed on
the basis of the predefined shear zone thickness:

tan γi =
ui
ds

(47)

where ui is displacement at the contact surface, and ds is the assumed contact surface
thickness. The geometric relationship is shown in Figure 5. The value of contact surface
thickness depends on factors such as density, average particle size, and contact surface
roughness. According to the research of Gutjahr [23], it can be approximated as 5 ∼ 10d50.

 

sd

iu

iγ

Figure 5. Schematic diagram of strain–displacement relationship at the contact surface.

3. Model Validation

In this section, we utilize the hypoplastic constitutive model for contact surfaces, as it
accounts for roughness and initial anisotropy, as detailed in Equation (36). The simulation
outcomes are juxtaposed with a range of experimental results from the literature concerning
soil–structure contact surfaces to ascertain the model’s effectiveness. To align the model’s
stress–strain relationship curves with the experimental data, these curves are converted
into relative displacements of the contact surface, employing an assumed contact surface
thickness, as outlined in Equation (48). In the ensuing figures, the data points symbolize the
experimental findings, while the continuous lines depict the model’s predicted outcomes.

3.1. Experiment on Contact Surfaces of Toyoura Sand and Low Carbon Steel Plate

We evaluated the effectiveness of the hypoplastic model in capturing the stress–
deformation behavior of soil–structure contact surfaces with different roughness levels.
The model was validated against direct shear test results of Toyoura sand interacting with
structural surfaces of varying roughness, as reported by Uesugi et al. [38], under constant
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normal stress conditions. The material of the structural surface used in the experiments is
low-carbon steel, subjected to a normal stress of 78 kPa. The initial void ratio of the sand
is 0.68, and the maximum roughness of the structural surfaces is defined as 46 μm, 20.5
μm, and 2.4 μm, corresponding to friction parameters of 0.905, 0.66, and 0.21, respectively.
Detailed model parameters are presented in Table 3.

Table 3. Model parameters for the experiment of Toyoura sand—low-carbon steel contact surface.

Parameters ϕc/◦ hs/MPa n ed0 ec0 ei0 α β λR

Values 30 2600 0.27 0.61 0.98 1.10 0.25 1.0 0.21/0.66/0.905

The experimental data and model prediction results for the contact surfaces between
Toyoura sand and low-carbon steel plates of varying roughness are shown in Figure 6. The
findings reveal a robust correlation between the model predictions and the experimental
data, both in numerical values and trends, across all three roughness conditions. Moreover,
the model adeptly captures the softening phenomenon observed under high roughness
conditions, thereby validating its capacity to accurately depict the true shear behavior of
the sand–structure contact surface across varying levels of roughness.

R= /Rmax= m

R= /Rmax= m

R= /Rmax= m

 
Figure 6. Comparison of experimental results with simulation results for the contact surface between
Toyoura sand and low-carbon steel plates.

3.2. Experiment on Contact Surfaces of Changping Composite Gravel/Uniform Gravel and
Artificial Steel Plate

To evaluate the effectiveness of the hypoplastic model in capturing the deformation
behavior of sand–structure contact surfaces under varying normal stresses and roughness,
monotonic shear tests were performed. These tests involved uniform gravel and composite
gravel interacting with artificially roughened steel plates, as detailed by Zhang [41]. The
experiments were conducted under controlled ideal contact surface boundary conditions,
with normal stresses set at 200 kPa and 700 kPa. The composite gravel had a mean particle
size of 10.0 mm, and the structural surfaces were artificially roughened steel plates with
roughness values of 1 mm and 10 mm. The loading was displacement-controlled at a rate
of 1 mm/min. Model parameter values are specified in Table 4, with an initial void ratio of
the soil set at 0.75.
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Table 4. Model parameters experiment of Changping composite gravel–artificial rough steel plate
contact surface.

Parameters ϕc/◦ hs/MPa n ed0 ec0 ei0 α β R

Composite gravel 42 3800 0.2 0.61 0.9 1.08 0.2 1.5 1 mm/10 mm
Uniform gravel 40 3200 0.2 0.61 0.9 1.08 0.2 1.0 1 mm/10 mm

Figures 7 and 8 show the shear stress–shear displacement relationship curves for the
two roughness conditions of the artificial steel plates under different normal stresses. The
curves predicted by the contact surface hypoplastic model closely match the experimental
data points, both in terms of numerical values and overall trends. This alignment sug-
gests that the model is adept at forecasting the mechanical behavior of contact surfaces
under a range of normal stress conditions and roughness levels. Additionally, the fig-
ures demonstrate that there is no significant softening observed in the shear stress and
shear displacement at the contact surface, a phenomenon that the model’s predictions
accurately capture.

 
Figure 7. Experimental results and simulation results for Changping composite gravel–artificial
rough steel plate contact surface under different roughness conditions.

 

Figure 8. Experimental results and simulation results for Changping uniform gravel–artificial rough
steel plate contact surface under different roughness conditions.

3.3. Experiment on Contact Surfaces of Uniform Density Sand and Concrete

This section evaluates the effectiveness of hypoplastic model in capturing the de-
formation behavior of sand–structure contact surfaces under a staged stress path. The
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experiments referenced, conducted by Gomez [42], were designed to emulate the real-world
behavior of a ship’s hull, with a particular emphasis on the interaction between uniform
density sand and concrete surfaces. In the experiments, the normal stress was incrementally
ramped up from 102 kPa to 274 kPa under meticulously controlled displacement shear
conditions, beginning with an initial void ratio of 0.68. The friction parameter was set to
0.85 based on the existing literature, with the specific model parameters outlined in Table 5.

Table 5. Model parameters for uniform density sand–concrete contact surface experiment.

Parameters ϕc/◦ hs/MPa n ed0 ec0 ei0 α β λR

Values 30 2600 0.27 0.61 0.98 1.10 0.25 1.0 0.21/0.66/0.905

Figure 9 juxtaposes the experimental outcomes for uniform density sand interfacing
with concrete under a progressive stress path against the predicted model curves. The
transition point in Figure 9 denotes the juncture at which the normal stress undergoes a
change. Initially, a normal stress of 102 kPa was imposed, and upon the shear displacement
reaching 0.25 mm, this stress was escalated to 274 kPa. Notably, prior to the transition
point, the predicted shear stress–displacement curve closely aligns with the empirical data.
Post-transition, although the model’s prediction is marginally lower than the experimental
results in the lead-up to peak stress, there is a congruence in both the peak stress values
and the timing of their manifestation. This concordance suggests that the model adeptly
captures the shear behavior of soil–structure interfaces under a staged stress regimen.

Figure 9. Experimental results and simulation results for uniform density sand–concrete contact
surface under staged stress path.

It should be noted that, although the predicted results are in good agreement with
the experimental results, minor discrepancies are still observed, which can be attributed
to several factors, including inherent model simplifications, assumptions made during
model transformation, experimental uncertainties, and differences in boundary and load-
ing conditions. However, the results are within the acceptable error margin for this
type of study and that these minor discrepancies do not undermine the validity of the
overall findings.

4. Finite Element Implementation of the Interface Constitutive Model

This section presents the finite element implementation of the interface constitutive
model in ABAQUS. For the conventional interface modeling, the primary state variables
include normal stress, σn; normal strain, εp; shear stress components (τx and τy); and
shear strain components (

.
γx,

.
γy). The proposed interface constitutive model introduces
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an additional state variable, the interface normal stress, σp, which must be considered
together with void ratio, e, as an auxiliary state variable, The algorithm flowchart is shown
in Figure 10.
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Figure 10. Basic algorithm flow of the finite element method for the hypoplasticity model of
contact surfaces.

The implementation procedure follows these sequential steps:

Step 1: At each time step, utilize the user-defined FRIC subroutine within the ABAQUS
interface to input model parameters and to retrieve response and displacement data.
Step 2: Utilize the apparent shear modulus to convert shear displacement, u, to shear
strain, ε.
Step 3: Convert the inputs obtained from the FRIC subroutine into a format that is compati-
ble with the UMAT subroutine framework.
Step 4: Apply the UMAT subroutine to compute updated stress components.
Step 5: Employ the Newton–Raphson iteration method to determine the normal strain

rate,
.
εn, using the normal contact stress rate,

.
σ

Press
n . After the UMAT subroutine execution,

compute the difference in normal stress ratios.

137



Appl. Sci. 2025, 15, 244

Step 6: If the error exceeds the tolerance threshold, implement the Newton–Raphson
method to recalculate the stress ratio and return to the UMAT subroutine for further
iterations, continuing this process until the error is reduced to an acceptable range.
Step 7: When the error meets the tolerance criteria, update the interface pressure, σUMAT ,
and return to the FRIC subroutine to compute the corresponding stress components, σFRIC,
and initiate the next calculation cycle.

As Equation (47) mentions, the apparent shear modulus is employed to correlate the
relative displacement and shear strain transformation. Under shear conditions, the shear
strain is given by the following:

tan
.
γi =

ui
ds

v
(48)

where ds
v represents the apparent shear thickness.

4.1. Numerical Model

Figure 11 illustrates the geometric configuration and boundary conditions of the direct
shear test model. The upper soil specimen utilizes sand from the river sand of the Karna-
phuli River tunnel project in Chittagong, Bangladesh, with dimensions of 25 × 25 × 5 cm.
The structural component consists of C30 concrete with dimensions of 35 × 25 × 5 cm,
modeled as a linear elastic material with a Young’s modulus of 1 × 106 kPa and a Poisson’s
ratio of 0.25. Both the soil and structural elements are discretized using eight-node linear
elements (C3D8). The soil–structure interface is modeled using a surface-to-surface contact,
with the master surface being the concrete surface and the slave surface being the soil
surface. The interface behavior is described using both the Mohr–Coulomb model and
the proposed constitutive model for comparative analysis. The model parameters and
boundary conditions are detailed in Tables 6 and 7, respectively.

Note that, in Table 6, the critical friction angle ϕc was estimated from the angle of
repose of the sandy soils in the site; the particle hardness hs and index n are obtained from
the material compression curve; the value of ed0 can be computed by Equation (49):

ed0 = ed exp
[(

σn + 2σp

hs

)n]
(49)

where the value of ed can be obtained by the relationship of ed − Cu, according to the
experimental results in Youd [41].

  
(a) (b) 

ut

σ =n σ =n

Figure 11. Schematic diagram of the geometric structure and boundary conditions of the finite
element model for direct shear test: (a) front view and (b) side view.
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Table 6. Parameter values for the hypoplasticity model of contact surfaces.

Initial Parameters
ϕc/◦ hs/MPa n ed0 ec0 ei0 α β

31 1000 0.29 0.61 0.96 1.09 0.13 2.0
Anisotropic
Parameters

b1 b2 b3 m Roughness
Parameters

R
1.15 −0.28 422 2 0.3–1.5

Table 7. Finite element direct shear test simulation scheme.

Number
Normal
Stress

Roughness
Angle of
Repose

Load
Amplitude/cm

Shear Path

1 100 0.3 20 5 Monotonic linear shear
2 100 0.5 20 5 Monotonic linear shear
3 100 0.8 20 5 Monotonic linear shear
4 100 1.0 20 5 Monotonic linear shear
5 100 1.5 20 5 Monotonic linear shear
6 100 0.8 0 5 Monotonic linear shear
7 100 0.8 30 5 Monotonic linear shear
8 100 0.8 90 5 Monotonic linear shear

The model boundary conditions are depicted in Figure 11, with the corresponding fi-
nite element mesh shown in Figure 12. As illustrated in Figure 11, the model configurations
include the following boundary conditions: during the shear, the horizontal displacement
of the soil is fixed, and the vertical displacement at the bottom of the structure is also
constrained. In the front view (in Figure 11a), the bottom of the structure is assigned a
free boundary in the horizontal direction. During the calculation, a continuous horizontal
displacement is applied to the structure to perform a soil–structure interface shear test.
In contrast, in the side view (in Figure 11b), the horizontal displacement of the structure
is fixed. These configurations ensure that the test accurately simulates the interaction be-
tween the soil and structure under shear loading conditions. The testing procedure follows
these steps:

(1) Application of gravity loading;
(2) Application of normal stress, specified as 100 kPa;
(3) Progressive application of shear displacement up to a maximum of 5 cm.

Figure 12. Model grid schematic diagram.

This study conducts a comprehensive analysis of the response characteristics under
varying normal stresses, shearing velocities, and material properties of both the soil mass
and the interface, utilizing direct shear testing.

4.2. Results Analysis

Based on the numerical model shown in Figure 12, direct shear tests were conducted
under different roughness and initial deposition angle conditions to verify the correctness
of the FRIC subroutine and the rationality and superiority of the proposed hypoplasticity
model for contact surfaces. The test results are presented in Figures 13–15.
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e

e

Figure 13. Comparison between the numerical results of the hypoplastic model for contact surfaces
and the theoretical solution.
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Figure 14. Shear stress–displacement relationship curves for contact surfaces under different interface
roughness conditions: (a) e = 0.65 and (b) e = 0.95.

  
(a) (b) 

Figure 15. Shear stress–displacement relationship curves for contact surfaces under different initial
deposition angle conditions: (a) e = 0.65 and (b) e = 0.90.

Figure 13 presents a comparison of the numerical calculation results from the hy-
poplastic model for contact surfaces with the theoretical analytical results under various
initial void ratio conditions. It is evident that the stress levels derived from numerical
calculations are marginally lower than those predicted by the theoretical solution, with
the overall discrepancy being quite minor. Notably, at higher void ratios, the theoretical
and numerical results are almost indistinguishable, making the error effectively negligi-
ble. This close alignment between the two sets of results confirms the accuracy of the
FRIC subroutine.
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Figure 14 shows the shear stress–displacement relationship curves for dense sand
(e = 0.65) and loose sand (e = 0.90) under different interface roughness conditions.

It is noticeable that, with an increase in the roughness, R, of the structural surface, the
peak shear strengths for both loose and dense sands correspondingly increase. Moreover,
the softening behavior in dense sand becomes more significant as roughness increases;
when the structural surface is relatively smooth, dense sand exhibits minimal signs of
softening. In contrast, the shear stress–strain relationship curve for loose sand remains
largely unaffected by variations in roughness.

Figure 15 shows the shear stress–displacement relationship curves for the aforemen-
tioned dense sand and loose sand under different initial deposition angle conditions.
Notably, when the initial deposition angle of the sand approximately 30◦, the peak shear
stress at the contact surface is minimized. Additionally, the deposition angle impacts only
the peak stress and residual strength, leaving the shape and trend of the curves unaltered.
The finding is consistent with the observations from Figure 3, which also demonstrate the
influence of the deposition angle on the shear behavior of the contact surface.

In addition, Figure 16 compares the shear stress–displacement curves obtained from
the contact surface model proposed in this study and from the Mohr–Coulomb contact
surface model commonly used in engineering. It can be observed that the maximum shear
stress is limited when using the Mohr–Coulomb model; following that, the yield stress
limit is achieved, and the shear stress keeps constant. In this sense, the predicted results by
Mohr–Coulomb model do not accurately describe the experimental results, even though
the Mohr–Coulomb model can simply reflect the tangential friction behavior at the contact
surface. Meanwhile, the hypoplasticity contact surface model proposed in this study can
more accurately capture the nonlinear behavior of the contact surface, suggesting that the
proposed model can better predict the mechanical behaviors of the contact surfaces with
large deformation, sliding, and cohesion.

 

Figure 16. Comparison of shear stress–displacement relations between the Mohr–Coulomb model
and the hypoplasticity model.

In summary, the analysis indicates that the direct shear test finite element model using
the hypoplastic model can effectively capture the influence of different roughness and
the initial deposition angle of sand on the mechanical properties of the contact surface.
This validates the rationale of the model proposed in this paper, which considers initial
anisotropy and roughness. The proposed model is expected to have a broad applicability
in various engineering projects, including tunnel engineering, foundation design, and
slope stability analysis. We are currently exploring the application of the constitutive
model proposed in this paper to practical engineering projects, including the prediction of
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frictional resistance between tunnel segments and slurry during the VSM (Vertical Shaft
Sinking Machine) construction method.

It is worth mentioning that two assumptions of the whole methodology are considered
in this study to establish the hypoplasticity contact surface model: (1) the shear action and
control mechanism at the contact surface is consistent with that of soil, and the contact
surface can be regarded as a tiny continuous soil unit with the same deformation pattern
as that of soil; and (2) an isotropic stress state is assumed at the contact surface (i.e.,
σ22 = σ33 
= σ11), which develops independently of the normal stress during shear. In this
sense, the model proposed in this study has some limitations for predicting stress-induced
anisotropic and cohesive soil–structure contact surfaces, which should be focused on in
future work.

5. Conclusions

Drawing from the foundational equations of the Gudehus–Bauer eight-parameter
hypoplasticity model, this paper examines the influences of initial anisotropy and surface
roughness on the mechanical behavior of sandy soils and develops a hypoplasticity consti-
tutive model for the sandy soil–structure contact surface that incorporates these factors. The
model is subsequently validated against results from various contact surface experiments.
The principal findings are summarized as follows:

(1) A new hypoplasticity constitutive model for sandy soil–structure contact surfaces
is proposed by incorporating the effects of initial anisotropy and surface roughness
into the Gudehus–Bauer eight-parameter hypoplasticity model. This model consists
of 13 fundamental parameters, which can be determined based on the particle size
characteristics of granular materials.

(2) The proposed model is validated by comparing its predictions with experimental
results from various contact surface conditions, including Toyoura sand–steel plate,
Changping composite gravel/uniform gravel–steel plate, and dense sand–concrete
contact surfaces under different roughness conditions. The predicted results align well
with experimental data, confirming that the model accurately captures the mechanical
behavior of contact surfaces under varying roughness conditions.

(3) A FRIC-UMAT subroutine was developed to implement the hypoplasticity model in
finite element simulations. The modified subroutine was applied to typical direct shear
tests on contact surfaces, and the simulation results were compared with experimental
data. Additionally, the performance of the proposed model was compared with that
of the Mohr–Coulomb contact surface model under varying initial deposition angles
and surface roughness conditions. The results demonstrate the accuracy of the FRIC
subroutine and validate the rationality and superiority of the proposed model.

As far as the isotropic condition is considered, more influencing factors, such as
stress-induced anisotropy and temperature, should be introduced into the proposed hy-
poplasticity contact surface model for the practical engineering. This will enhance the
reliability of the model. At the same time, the hypoplasticity model of cohesive soil will
be further adapted to the cohesive soil–structure contact surface. This innovation work
will expand the applicability of the hypoplasticity model, enabling it to be used for both
cohesive and non-cohesive soil contact surfaces. The development of this hypoplasticity
contact surface model offers potential advantages for practical engineering applications,
particularly in analyzing large deformations of soil foundations, such as the floating or
settling of pile foundations.
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Abstract: A reasonable support parameter design scheme is the key to ensuring the stability of the
roadway. This study established 217 models using FLAC3D to analyze the evolution characteristics
of elastic strain energy and plastic dissipation energy of surrounding rock under different shotcrete
and rockbolt support structures. Additionally, five single models (BP, DT, ELM, RF, SVM) were
introduced to explore the application of machine learning in predicting the stability of the roadway.
The study found that in the parameters of the shotcrete layer support structure, the energy evolution
of the surrounding rock is more sensitive to isotropic and thickness; in the parameters of the anchor
rod support structure, the energy evolution of the surrounding rock is more sensitive to Young’s
modulus, cross-sectional area young, and grout stiffness. Additionally, the parameters of the shotcrete
layer support structure are not necessarily the larger the better. When isotropic is 100 GPa, both the
dissipated energy and the elastic strain energy are higher than that at 25 GPa. The results of the
single model test indicate that machine learning is relatively accurate in predicting different shotcrete
and anchor support structures. The runtime difference between traditional methods and machine
learning models highlights the potential advantages of machine learning.

Keywords: surrounding rock; design parameters of supporting structure; FLAC3D; energy evolution;
machine learning

1. Introduction

In recent years, as mining activities proceed, shallow and easily accessible resources
have gradually become depleted. Consequently, exploring resources in the depths of the
earth has emerged as a major mainstream trend in the field of mineral resources [1–4]. In
the deep mining area, the safety of the roadway will be exposed to more risks, such as
roof falling [5,6], wall caving [7,8], water gushing [9,10], and particularly the rockburst
disaster [11–13], which is challenging to predict and prevent. When all the elastic strain
energy (ESE) stored in the rock mass is suddenly and violently released under certain
circumstances, leading to brittle fracture of the rock mass and causing it to explode like
a detonation, a phenomenon known as rockburst occurs [14,15]. The entire process is
accompanied by the accumulation, dissipation, and release of energy. To protect the stability
of the roadway, it is crucial to understand the energy evolution characteristics (EEC). Results
from references [16,17] indicate that supporting the tunnel can effectively enhance its safety,
thereby reducing the likelihood of engineering accidents. Therefore, conducting research
on optimizing support parameters holds significant importance. Figure 1 shows the
keyword contribution map. The keywords used to generate the word cloud were extracted
from the Web of Science database, focusing on articles related to the topics “Numerical
Simulation,” “Energy Evolution Characteristics”, and “Surrounding Rock”. This approach
ensures comprehensive coverage of relevant terms and concepts within the field. The
word cloud reflects the frequency and significance of these terms, highlighting the core
research focus areas.
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Figure 1. Keyword contribution map.

Scholars have carried out a series of studies on the EEC of the surrounding rock.
Zhu et al. [18] calculated the stability of the elastic-plastic and rheological state of the rock
mass and analyzed the energy dissipation (ED) characteristics during the excavation pro-
cess based on an example from the Three Gorges Project in China. Xie et al. [19] used the
damage evolution equation to describe the variation law of the damage variable and its as-
sociated generalized thermodynamic force-damage energy release rate from a macroscopic
perspective, and further revealed the internal mechanism of ED during rock deformation
and failure through the study of mesoscopic damage mechanics. They then established
a macro-meso-micro scale coupling rock mechanics system based on damage evolution
and ED. Liang et al. [20] carried out an acoustic emission (AE) monitoring experiment of
roadway rockburst under biaxial loading, analyzed the macro failure characteristics of
roadway rockburst process, and conducted a comparative study with the on-site rockburst
occurrence process, and finally obtained the accumulation and release laws of energy and
time effect laws of rockburst in the macro-damage process. Using Particle Flow Code (PFC),
Yu et al. [21] obtained the macroscopic stress field and full-section deformation dynamic
evolution curves of the surrounding rock in a semicircular arch roadway (mudstone),
revealed the AE characteristics and EEC of the roadway excavation, and explored the influ-
ence of vertical stress and lateral pressure coefficients on EEC. Dai et al. [22,23] conducted
tests on rock specimens with different crack distribution angles using a Split Hopkinson
Pressure Bar (SHPB); they found that the ED was positively correlated with the dynamic
strength, and established a damage variable model for describing the damage evolution of
granite under dynamic and static loading. Zhang et al. [24], through PFC2D simulation
tests, found that when the coal is destroyed, the hard top plate will produce a rebound
“energy supply” phenomenon. They then analyzed the effect of rock strength on the EEC of
coal-rock combination, studied the EEC of the roadway perimeter rock under different roof
strength, and preliminarily established the roadway perimeter rock zoned energy storage
model. Yi et al. [25] analyzed the transfer and dissipation of ESE in the surrounding rock
of a deep roadway by considering the strain-softening and expand properties of the rock
mass. He et al. [26,27] studied the influence of in situ stress value, joint angle, and joint
spacing on tunnel rockburst under deep buried strong dynamic disturbance, and discussed
the failure zone, deformation process, and stress change of surrounding rock, the velocity
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of the damaged rock mass, and kinetic energy of failure under different schemes. Table 1
provides an incomplete summary of recent studies on the energy evolution characteristics
(EEC) of surrounding rock.

Table 1. Summary of Research on Energy Evolution Characteristics (EEC) of Surrounding Rock.

Research Direction Authors and References Key Findings

Energy Dissipation Characteristics Zhu et al. [18] Investigated the stability of elastic-plastic and
rheological states of rock masses.

Macro-Micro Coupled Models Xie et al. [19] Developed a macro-meso-micro coupled model for
damage evolution and energy release.

Acoustic Emission Characteristics Liang et al. [20] Analyzed failure characteristics of roadway
rockburst through acoustic emission.

Numerical Simulation and Energy Evolution Laws Yu et al. [21] Used particle flow methods to reveal stress field
evolution in surrounding rock.

Damage Models under Dynamic and Static Loading Dai et al. [22,23] Established a damage variable model through
dynamic loading experiments.

Energy Transfer and Zonal Energy Models Zhang et al. [24] Proposed zonal energy storage models for
surrounding rock.

Elastic Energy Transfer and Dissipation Yi et al. [25]
Proposed an energy dissipation zoning pattern

considering strain-softening and
expansion properties.

Dynamic Disturbances in Rockbursts He et al. [26,27] Explored effects of in situ stress, joint angles, and
spacing on deep roadway rockbursts.

In recent years, the field of geotechnical engineering has witnessed the rapid integra-
tion of artificial intelligence (AI) and machine learning (ML), especially in the field of data
mining and predictive modeling. Wang et al. [28] combined finite element simulation with
machine learning, obtained meso mechanical properties through simulation, and put them
into machine learning algorithm for training. Taking uniaxial elastic modulus, Poisson’s
ratio, tensile strength, compressive strength, and confining pressure of rock as characteristic
variables, they carried out multi-objective machine learning on triaxial elastic modulus,
Poisson’s ratio, and compressive strength of rock. Li et al. [29] simulated the slope through
FLAC to obtain the parameters, and used machine learning to develop the agent model.
Table 2 shows the application of machine learning in the field of geotechnical engineering.

Table 2. Applications of machine learning.

Reference Time Model Data Number Research Object

Wang et al. [28] 2023 ANN, SVR, RF 384 Mechanical property
Li et al. [29] 2023 DNN 880 Slope stability
Lu et al. [30] 2024 ANN 30 Shear strength

In summary, although scholars have extensively studied the energy evolution charac-
teristics (EEC) of surrounding rock and explored the effects of support systems on roadway
stability, the specific mechanisms by which different support parameters influence the
EEC remain inadequately investigated. Furthermore, while artificial intelligence (AI) and
machine learning (ML) techniques have been applied in geotechnical engineering, there
has been no systematic research utilizing machine learning methods to predict the impact
of various support parameters on the EEC. To effectively address these challenges, this
study takes the deep mining area of the Sanshandao Gold Mine as its research context.
The primary objectives are to analyze the mechanisms through which different support
parameters affect the EEC of the surrounding rock, optimize roadway support design from
an energy perspective, and provide theoretical guidance. Additionally, five commonly used
regression models (Back propagation (BP) [30], Decision Tree (DT) [31], Extreme Learning
Machine (ELM) [32], Random Forests (RF) [33], Support Vector Machines (SVM) [34]) are
introduced to investigate the application of machine learning in predicting roadway stabil-
ity and evaluate the predictive performance of different models for the EEC influenced by
various support parameters.
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2. Materials and Methods

Fast Lagrangian Analysis of Continua in three dimensions (FLAC3D) can simulate
plastic failure and flow of materials very accurately. It features fast computation speed,
high accuracy, and a wide range of applicability, and has been widely used in geotechnical
engineering analysis [35,36]. Our work, presented in this article, utilizes this software to
conduct subsequent research.

Figure 2 illustrates the composition of the “cable” and “shell” structural elements
in FLAC3D. These two structural elements are widely used in engineering simulations,
representing rock bolts and shotcrete structures, respectively. Figure 3 presents the support
system, stress distribution, and energy evolution characteristics (EEC) during roadway
excavation. As the excavation progresses, stress in the surrounding rock undergoes re-
distribution. With increasing distance from the excavation face, the stress field of the
surrounding rock can be classified into three distinct zones: the stress relaxation zone
(SRZ), the stress concentration zone (SCZ), and the in situ stress zone (ISZ). Simultaneously,
stress redistribution induces strain variations, accompanied by the accumulation and dis-
sipation of energy. Excessive energy concentration, characterized by elastic strain energy
(ESE), can result in frequent geological hazards such as rockbursts. Conversely, excessive
energy dissipation, defined as plastic dissipation energy (PDE), deteriorates the physical
and mechanical properties of the rock mass, compromising roadway stability. Therefore,
determining the effects of different support parameters on the EEC of the surrounding rock
holds significant practical importance for ensuring roadway safety.

 

Figure 2. Structural elements action principal schematic.

Figure 3. Roadway excavation, support, stress distribution, and EEC.
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2.1. Model Building

In this study, the roadway in the 945 m deep buried area of Sanshandao gold mine
is taken as the background [37]. The cross-section shape of this roadway is a straight
wall arch with a span width of 4.4 m, wall height of 2.75 m, and arch height of 1.15 m.
The roadway support scheme is constructed from shotcrete combined with rock bolt sup-
port structure. The rock bolts are resin bolts, 2.2 m in length, and spaced 1 m apart in
rows. According to the results of in situ measurements, the in situ stress at the roadway
depth of 945 m is 31.0 MPa~44.1 MPa, and in this study, the vertical stress of the model is
40 MPa, and the lateral stress coefficient is taken to be 1.0. The model has a specification
of 50 m × 50 m × 6 m (W × H × L), and there are a total of 34,884 zones and 26,793 grid-
points in the model. Additionally, the mesh elements of the roadway attachments are
encrypted. After the model is established, displacement and velocity constraints are ap-
plied to the front, back, left, and right surfaces and lower surfaces of the model, and the top
of the model is a free surface. In the model used in this study, the value of gravitational
acceleration has a minor impact on the results. The primary focus of the simulation is to
investigate the influence of anchor rod parameters and shotcrete layer parameters on the
energy evolution characteristics of the surrounding rock. Therefore, in this study, numerical
simulations were conducted based on the deep-buried area of the Sanshandao gold mine at
a depth of 945 m, utilizing in situ measured data to construct a mechanical model of the sur-
rounding rock. The selected geotechnical parameters include a bulk modulus of 21.08 GPa,
a shear modulus of 9.73 GPa, cohesion of 4 MPa, a Poisson’s ratio of 0.3, and an internal
friction angle of 30◦. These parameters, derived from field measurements or relevant
literature, are representative and reliable. The model dimensions are 50 m × 50 m × 6 m,
and boundary conditions were applied with displacement and velocity constraints on
the front, back, left, right, and bottom surfaces, while the top surface was set as a free
boundary. This configuration ensures the completeness of stress distribution and energy
evolution characteristics within the study area. Furthermore, to enhance computational
accuracy, the mesh around the support structures was refined to more precisely capture
the energy variation in stress concentration zones. The gravitational acceleration was set
to 10 m/s2, considering its minor impact in deep rock environments, allowing the study
to focus on the influence of support parameters on the energy evolution of surrounding
rock. A vertical stress of 40 MPa was selected, reflecting a representative value within the
in situ measured range of 31.0 MPa to 44.1 MPa at a depth of 945 m. A lateral pressure
coefficient of 1.0 was used to simplify the complexity of horizontal stress distribution for
analytical purposes. The Mohr–Coulomb model [38], widely utilized in geomechanical
analysis, was adopted to describe the elastic-plastic behavior and failure characteristics of
the rock mass. The assumptions of the Mohr–Coulomb model make it particularly relevant
for this study. While the model simplifies the complex behavior of real rock masses by
assuming homogeneity and isotropy, these assumptions are appropriate for analyzing the
large-scale energy evolution characteristics of surrounding rock in deep mining conditions.
The model effectively captures the transition from elastic energy accumulation to plastic
energy dissipation, which aligns with the primary focus of this research. The simulation
process and specific design scheme are shown in Figures 4 and 5.
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Figure 4. Simulation process.

Figure 5. Schematic diagram of the model and supporting structure.

2.2. Scheme Design

Sanshandao Gold Mine adopts shotcrete combined with rock bolt support struc-
tures as the perimeter rock stability control program, which significantly reduces the
probability of engineering disasters. To study the EEC of the surrounding rock, the sup-
port parameter scheme shown in Appendix A is constructed, where A1: Isotropic elastic
modulus, A2: Poisson’s Ratio, A3: Thickness (m), B1: Young’s modulus (GPa), B2: Yield-
tension (MPa), B3: Grout-cohesion (MPa), B4: Grout-stiffness (GPa), B5: Grout-friction (◦),
B6: Grout-perimeter (m), B7: Cross-sectional-area (m2), and B8: Pre-tensioning Force (kN).
Isotropic elastic modulus is abbreviated as Isotropic and Young’s modulus is abbreviated
as Young. Additionally, specific parameters for rock bolts and the shotcrete layer are listed
in Tables 3 and 4, respectively.
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Table 3. Parameter of the shotcrete layer.

Scheme Isotropic (GPa) Poisson’s Ratio Thickness (m)

A-number 35 0.25 0.1

Table 4. Parameter of the rock bolt.

Scheme
Young
(GPa)

Yield-
Tension
(MPa)

Grout-
Cohesion

(MPa)

Grout-
Stiffness

(GPa)

Grout-
Friction (◦)

Grout-
Perimeter (m)

Cross-
Sectional-
Area (m2)

Pre-Tensioning
Force (kN)

B-number 200 50 6 3 40 0.1884 0.002826 150

Numerical simulation can effectively track elastic stored energy (ESE) and plastic dis-
sipated energy (PDE). FLAC 3D employs the incremental method for continuous iterative
solution, where the motion equation is solved at grid nodes, while the stress-strain equation
is applied to each time step in the model region. During the calculation of the stress-strain
equation, as the system approaches an equilibrium state, the incremental changes in energy
components are determined and accumulated. Additionally, FLAC3D provides a variety
of plastic models to characterize the deformation capacity of a region. When a region
undergoes irreversible deformation, energy is dissipated in the form of plastic work. The
strain within the region can typically be decomposed into two parts: elastic strain and
plastic strain [39]. In this study, the energy calculation module of FLAC3D was employed,
and the equivalence between elastic and plastic energy was explored through the utilization
of relevant command workflows.

2.3. Correlation

Studying parameter correlation is crucial when examining how the design parameters
of a supporting structure affect the energy evolution of the surrounding rock. Each index is
analyzed using Kendall correlation to take the correlation between characteristic parameters
into account. The correlation coefficient is a real number between (−1, +1). When the
correlation coefficient is between −1 and 0, it indicates that there is a negative correlation
between the variables [40]. When the correlation coefficient is between 0 and 1, it indicates
that there is a positive correlation between the variables. When the correlation coefficient
is 0, there is no correlation between the two variables. Talking about the correlation
coefficient alone without mentioning the p-value is pointless when attempting to determine
whether the two variables are correlated. Instead, we need to talk about the significance
level. Determining the correlation’s significance level is important because the correlation
between the two variables could only be the result of coincidental factors.

3. Results and Analysis

3.1. Correlation Analysis

In conjunction with Figure 6 and Table 5, the phase relationship table reveals that the
only variable that exhibits a weak negative correlation with isotropy is the thickness of
the shotcrete layer. However, the p value of both variables is 0.957 in the p-value table,
exceeding the predetermined significance level (0.05), indicating that there is no correlation
between the two variables.

Table 5. Kendall correlation p-value table (A).

Variable Isotropic Poisson’s Ratio Thickness

Isotropic 0 1 0.957
Poisson’s Ratio 1 0 1

Thickness 0.957 1 0
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(a) Parameters of the jet layer (b) Parameters of bolt 

Figure 6. Kendall correlation coefficient.

As shown in Figure 6 and Table 6, the correlation table indicates that only Grout-
stiffness and Pre-tensioning Force exhibit a positive correlation. Moreover, the p-value for
both variables is 0.001, which is well below the predefined significance threshold of 0.05.
This result suggests a statistically significant correlation between the two variables.

Table 6. Kendall correlation p-value table (B).

Variable Young’s
Yield-

Tension
Grout-

Cohesion
Grout-

Stiffness
Grout-

Friction
Grout-

Perimeter

Cross-
Sectional-

Area

Pre-
Tensioning

Force

Young 0 1 1 1 1 1 1 1
Yield-tension 1 0 1 1 1 1 1 1

Grout-cohesion 1 1 0 1 1 1 1 1
Grout-stiffness 1 1 1 0 1 1 1 0.001
Grout-friction 1 1 1 1 0 1 1 1

Grout-perimeter 1 1 1 1 1 0 1 1
Cross-sectional-area 1 1 1 1 1 1 0 1
Pre-tensioning Force 1 1 1 0.001 1 1 1 0

3.2. Model Analysis

Figure 7 illustrates the energy analysis results under different parameter design
schemes for the shotcrete layer. As shown in Figure 7a, with the exception of an isotropic
modulus of 1 GPa, the maximum plastic dissipated energy (PDE) of the surrounding rock
initially decreases and then increases as the isotropic modulus of the shotcrete layer in-
creases, while the elastic strain energy (ESE) exhibits a gradual increase. When the isotropic
modulus is 1 GPa, the structural stiffness of the shotcrete layer is insufficient to provide
reliable support for the roadway. This inadequacy leads to damage and energy dissipation
in the surrounding rock, resulting in increased stress concentration and significant energy
accumulation. At an isotropic modulus of 100 GPa, the shotcrete layer exhibits high struc-
tural stiffness, which limits the deformation of the surrounding rock. As a result, elastic
strain energy accumulates within the surrounding rock due to the inability to dissipate
energy through displacement, reaching approximately 185 kJ. This accumulation, often ac-
companied by stress concentration, may lead to damage in the rock mass, with PDE values
exceeding 22 kJ. In contrast, a moderate isotropic modulus (e.g., 25 GPa) effectively facili-
tates the release of accumulated ESE in the surrounding rock, thereby reducing the extent of
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damage and achieving significant displacement control. As depicted in Figure 7b, Poisson’s
ratio has a comparatively weaker influence on the energy evolution characteristics (EEC)
of the surrounding rock than isotropic modulus and thickness. The PDE increases with
higher Poisson’s ratio, whereas ESE decreases correspondingly. Figure 7c illustrates that the
thickness of the shotcrete layer also affects the energy dynamics. Specifically, as thickness
increases, PDE initially decreases, then increases, while ESE follows a trend of increasing,
subsequently decreasing, and eventually stabilizing. At a thickness of 0.01 m, the shotcrete
layer’s structural stiffness is notably insufficient, failing to provide stable roadway support.
Under such conditions, the surrounding rock is prone to destructive deformation and
energy dissipation, further exacerbating stress concentration and significantly increasing
the accumulated energy.

 
(a) 

 
(b) 

 
(c) 

Figure 7. Energy analysis of parameters design schemes of shotcrete layer. (a) Isotropic; (b) Poisson’
ratio; (c) Thickness.

The energy analysis results under different bolt parameter design schemes are pre-
sented in Figure 8. Compared to the shotcrete layer, the influence of bolt parameters on
the plastic dissipated energy (PDE) of the surrounding rock is relatively minor. Most
bolt parameters exhibit a slight increasing trend in PDE as their values increase, but the
overall variation remains insignificant. For elastic strain energy (ESE), the Yield-tension
and Pre-tension force parameters of the bolt have minimal impact. However, as the Grout-
cohesion, Grout-friction, and Grout-perimeter parameters increase, ESE shows a slight
decrease before stabilizing. Additionally, it can be observed that continuous increases in
Young’s modulus and Grout-stiffness of the bolts effectively reduce energy dissipation
in the surrounding rock. Similarly, increasing the cross-sectional area of the bolt initially
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reduces energy dissipation. However, when the cross-sectional area exceeds a threshold
value of 0.006079 m2, the dissipation energy begins to rise instead of further decreasing.
This suggests that there is an optimal range for the bolt cross-sectional area in minimizing
energy dissipation, beyond which the effect may become counterproductive.

The plastic dissipation energy (PDE) distribution for the shotcrete layer parameter
design scheme is illustrated in Figure 9. The diagram indicates that the dissipation energy
is primarily concentrated near the sidewalls and floor of the roadway. The depth of
energy dissipation at the sidewalls extends to approximately 2 m, while at the floor, the
dissipation depth reaches nearly twice this value, reflecting a pronounced disparity in
energy distribution between these zones. In cases where the shotcrete layer is characterized
by low isotropy and minimal thickness, the dissipation energy tends to propagate towards
the roof of the roadway. The maximum dissipation energy is observed at the junction
between the sidewall and floor, which emerges as the primary zone of energy concentration.
As the isotropy and thickness of the shotcrete layer increase, the distribution range of
dissipation energy gradually diminishes, indicating an enhancement in the structural
ability to contain energy dissipation. Conversely, Poisson’s ratio exhibits minimal influence
on the spatial distribution range of dissipation energy.

  
(a) (b) 

  
(c) (d) 

Figure 8. Cont.
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(e) (f) 

  
(g) (h) 

Figure 8. Energy analysis of rock bolt parameter design schemes. (a) Young; (b) Yield-tension;
(c) Grout-cohesion; (d) Grout-stiffness; (e) Grout-friction; (f) Grout-perimeter; (g) Cross-sectional-
area; (h) Pre-tension force.

The parameter design scheme for the shotcrete layer and the corresponding elastic
strain energy (ESE) distribution cloud diagram are presented in Figure 10. The diagram
illustrates that the elastic strain energy is predominantly concentrated within a vertical
band extending approximately 1 m from the tunnel section in all directions. As the sup-
port parameters increase, the distribution of elastic strain energy exhibits a tendency to
shift toward the inner wall of the tunnel. Notably, when the isotropic parameter reaches
100 GPa, a significant change is observed in the distribution pattern of elastic strain energy,
suggesting an enhanced capacity of the support structure to constrain energy accumulation.
In contrast, variations in Poisson’s ratio appear to have a negligible effect on the spatial
distribution of elastic strain energy.

Analysis of the results reveals that the isotropic properties and thickness of the concrete
layer have a significant influence on both elastic strain energy (ESE) and plastic dissipated
energy (PDE), whereas the energy distribution shows minimal sensitivity to variations in
Poisson’s ratio. In contrast, the distribution of energy is notably affected by parameters
such as Young’s modulus, cross-sectional area, and grout stiffness of the anchor rod. Fur-
thermore, the distribution patterns observed in the cloud maps appear to be correlated with
the maximum energy values. Changes in the maximum energy values are accompanied by
corresponding alterations in the energy distribution. Notably, the cloud map distribution
patterns under different anchor rod parameter design schemes exhibit a high degree of
consistency with those observed for different shotcrete layer parameter design schemes.
Therefore, detailed descriptions of these similarities are omitted for brevity.
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Figure 9. Plastic dissipation energy contours diagram of different shotcrete layer scheme.

Figure 10. Elastic strain energy contours diagram of different shotcrete layer scheme.

4. Model Development

This study employs multiple numerical simulations using FLAC3D to analyze the
evolution characteristics of elastic strain energy (ESE) and plastic dissipated energy (PDE)
in surrounding rock under various bolt-shotcrete support configurations. Meanwhile, using
ESE and PDE as outputs, a dataset of 217 groups is generated, as shown in Appendix A.
To explore the application of machine learning in predicting the stability of tunnels, this
dataset is used to train five commonly used machine learning models: BP, DT, ELM, RF, and
SVM. It is worth noting that since this article changes a single factor, the data are randomly
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sorted before model training. The dataset is divided into an 80% training set and a 20%
test set, and MAE, MAPE, MSE, RMSE, and R2 are used to comprehensively evaluate each
model. The flow chart is shown in Figure 11. Table 7 shows the detailed parameters of
different models.

 

Figure 11. Overall flow chart.

Table 7. Specific structural parameters of different models.

Model Parameter Name Default Value Model Parameter Name Default Value

BP

Hidden layer 2

ELM

Number of Hidden Neurons 100
cell 64 Activation Function sigmoid

Output layer 1 Regularization Parameter 0.001
activation function Sigmoid Random Seed 1

optimizer SGD Input Weights Initialization uniform distribution

learning rate 0.01

RF

Number of Trees 100
batch size 16 Max Depth

Maximum iterations 1000 Min Samples Split 2
momentum 0.9 Min Samples Leaf 1

lambda 0.0001 Max Features sqrt
Seed 42 Bootstrap TRUE

DT

max depth None

SVM

Kernel Function Gaussian (RBF)
min samples split 2 Kernel Scale 1
min samples leaf 1 Box Constraint 1

max features None Epsilon 0.1
max leaf nodes None Standardize TRUE
random state 1 Convergence Criterion 1.00 × 10−3

min impurity decrease 0 Max Iterations 1000

Traditional point plots are insufficient for detailed analysis of each model’s predictions,
making it challenging to distinguish differences in performance. To facilitate a more
effective analysis and discussion, this study utilizes thermal maps to visualize the prediction
results of each model. As shown in Figures 12 and 13, under the concrete parameter design
scheme, the DT model demonstrates the best predictive performance for elastic strain
energy, achieving an MAE of 2.14, an MSE of 12.7, and an R2 value of 0.432. The BP
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model follows closely with an MAE of 2.38, an MSE of 13.089, and an R2 value of 0.415.
In contrast, the other three models exhibit R2 values below 0.3, indicating poor data
fit, weak explanatory power for variable changes, and limited predictive accuracy. This
underperformance can be attributed to the use of default model parameters during the
training process. Future studies should aim to enhance model performance by optimizing
hyperparameters, integrating models, and employing ensemble learning techniques.

(a) Parametric elastic properties of concrete 

(b) Parametric dissipative energy of concrete 

Figure 12. Comparison of concrete prediction results.
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(a) Parametric elastic properties of concrete. 

 
(b) Parametric dissipative energy of concrete 

Figure 13. Comparison of concrete parameters.

For the dissipative energy prediction model, the SVM model exhibits the best predic-
tive performance, with an MAE of 0.37, an MSE of 0.38, and an R2 value of 0.58. Analysis
of the simulation results reveals that dissipative energy is nearly linearly correlated with
variations in the design parameters. Since the SVM model utilizes a linear kernel function
by default, it achieves superior performance under these conditions. Additionally, other
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models also demonstrate satisfactory performance in predicting dissipated energy within
the concrete parameter design schemes.

Combined with Figures 14 and 15, the DT model has the best comprehensive perfor-
mance of all the indices among the prediction models of bolt parametric elastic energy,
with an R2 of 0.77, an MAE of 0.83, and an MSE of 2.32, indicating that the DT model has a
small prediction error and a good fitting effect for the bolt parametric elastic energy index.
This was followed by the RF model with an MAE of 1.03, an MSE of 3.26, and an R2 of
0.68. Among them, the BP model shows the worst performance, which may be due to the
default model parameters and improper parameter settings, resulting in the model’s failure
to converge. Among the models of energy dissipated by bolt parameters, the RF model
shows better fit and accuracy.

(a) Parameter elastic performance of bolt 

(b) Parameter dissipated energy of bolt 

Figure 14. Comparison of concrete prediction results.
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(a) Parameter elastic performance of bolt 

 
(b) Parameter dissipated energy of bolt 

Figure 15. Comparison of bolt parameters.

Based on the research above, it is evident that the DT model performs well in predicting
elastic energy for the design parameters of the supporting structure, while the SVM model
excels in predicting parametric dissipative energy for concrete. The RF model is considered
superior to other models in terms of bolt parametric dissipated energy.

Table 8 presents the time required for various calculation methods. Utilizing FLAC3D
to compute ESE and PDE under different parameter configurations requires approximately
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90 s per simulation. In contrast, employing machine learning models for prediction signifi-
cantly reduces computation time, with the regression process for a training set and test set
comprising 155 datasets requiring only 1.52367 s and 0.00318 s, respectively. These findings
underscore the potential advantages of machine learning-based surrogate models in pre-
dicting the evolution of ESE and PDE in surrounding rock. The substantial reduction in
computational time highlights the feasibility of machine learning as an efficient alternative
to traditional numerical methods. By enabling rapid and accurate predictions, machine
learning models empower decision-makers to implement timely measures to mitigate
geological hazards, thereby reducing the likelihood of accidents and associated losses.
Consequently, the integration of machine learning models can complement traditional
computational approaches, enhance the efficiency of ESE and PDE predictions, and support
the development of more effective risk management strategies.

Table 8. Time consumption of various calculation methods.

Methods Set Numerical Simulation
Regression

Training Test

Case No. 1 124 (80%) 31 (20%)
Time/s 90 1.52367 0.00318

By combining the results of machine learning and numerical simulation, the efficiency
of studying the energy evolution characteristics of surrounding rock with design parameters
of supporting structure is effectively improved. Machine learning-based methods can
assist researchers in conducting a more comprehensive analysis and gaining a deeper
understanding of support selection. This, in turn, can improve engineering practice and
decision-making in mining engineering. Additionally, it provides valuable guidance for
subsequent research on the influence of support parameters on the energy evolution
characteristics of surrounding rock.

5. Discussion

This study systematically investigates the energy evolution characteristics (ESE and
PDE) of surrounding rock in deep mining areas by integrating numerical simulation and
machine learning techniques. The findings reveal the nonlinear effects of support param-
eters on the dynamic energy behavior of surrounding rock. The analysis demonstrates
significant variations in the influence of support stiffness on elastic strain energy and plastic
dissipation energy across different support designs. For instance, a moderate isotropic
modulus (e.g., 25 GPa) effectively balances energy accumulation and dissipation, thereby
mitigating rock damage and achieving enhanced displacement control. In terms of bolt
design parameters, grout-related factors (e.g., cohesion and stiffness) play a pivotal role
in minimizing energy dissipation. However, when the bolt cross-sectional area exceeds
a certain threshold, energy dissipation increases instead of stabilizing, emphasizing the
necessity of balancing stiffness and flexibility in support design.

The findings of this study align with existing research on the optimization of support
parameters and their impact on the stability of surrounding rock. For example, Yu et al. [41]
demonstrated through numerical simulations and orthogonal experiments that optimized
support parameters, such as anchor length and spacing, significantly improved the stability
of soft rock roadways. Similarly, Li et al. [42] employed a displacement control-based
optimization method and highlighted the effectiveness of adjusting anchor cable length
and pre-stress in controlling deformation, which corroborates this study’s results showing
the influence of support parameters on energy evolution in the surrounding rock. Moreover,
Yuan et al. [43] emphasized the critical role of support parameters in controlling the plastic
zone distribution in high-stress conditions, which is consistent with the energy evolution
trends observed in this study. While previous research has primarily focused on plastic
zone control, this study extends the understanding by incorporating the perspective of
energy evolution, providing a more comprehensive framework for analyzing the effects
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of support design. These comparisons highlight the practical implications of optimizing
support parameters for enhancing the stability of underground structures. Future work
could further validate these findings through field measurements, as demonstrated by
Li et al. [42], who combined numerical simulations with site observations to refine their
optimization model. This approach would strengthen the applicability of the presented
results in real-world engineering scenarios.

Building on these findings, machine learning techniques were applied to predict en-
ergy data generated from numerical simulations. The results indicate that the decision
tree (DT) model performs optimally in predicting elastic energy for support parameter
designs, particularly for bolt configurations, achieving an R2 value of 0.77. The support
vector machine (SVM) model demonstrates superior performance in predicting dissipation
energy, especially for shotcrete parameters, owing to the near-linear relationship between
dissipation energy and support parameters. Additionally, the study highlights the com-
putational efficiency of machine learning models. While FLAC3D numerical simulations
require approximately 90 s to compute energy data for each case, machine learning models
achieve comparable predictions with a training time of only 1.5 s and a testing time of 0.01
s. This substantial reduction in computational time enables real-time predictions and rapid
decision-making, facilitating timely prevention and mitigation of geological hazards.

Despite the significant theoretical and practical contributions of this study, several
limitations must be acknowledged. First, the lack of validation with field data remains
a major constraint. The machine learning models developed in this study rely entirely
on simulation data generated by FLAC3D, which have not been validated through field
monitoring. Future research should prioritize the collection of field data, such as elastic
strain energy and dissipation energy, to validate and refine the simulation results, thereby
enhancing the practical applicability of the models. Second, the study assumes that the rock
mass is homogeneous and isotropic, which may not adequately reflect the complexities of
real geological conditions. Incorporating anisotropic and heterogeneous properties into
future models could improve the accuracy and reliability of the simulations. Additionally,
this study focuses primarily on static loading conditions and does not account for dynamic
factors, such as seismic activities, or time-dependent effects, such as creep, which could
significantly influence the energy evolution process. Furthermore, the use of default
parameters in the machine learning models has resulted in suboptimal performance for
certain models, such as the BP model. Future work should focus on hyperparameter tuning,
ensemble learning, and model integration to enhance predictive accuracy and robustness.
Lastly, the study does not consider dynamic loading conditions, such as seismic events, or
time-dependent effects, such as creep. Integrating these dynamic factors into the modeling
framework could provide a more comprehensive understanding of energy evolution in
complex geological systems.

In conclusion, this study combines numerical simulation and machine learning tech-
niques to establish a novel theoretical framework and practical guidance for optimizing
support parameter design and understanding the energy evolution characteristics of sur-
rounding rock. The demonstrated efficiency and reliability of machine learning models in
energy prediction highlight their potential to complement traditional computational meth-
ods, particularly in improving predictive efficiency and supporting rapid decision-making.
To further enhance the robustness of the results, future research should incorporate field
data and address the complexities of dynamic geological environments and conditions.

6. Conclusions

This study utilizes FLAC3D to establish 217 models, investigates the influence of an-
chor rod parameters and shotcrete layer parameters on the energy evolution characteristics
of surrounding rock, and fits the results through machine learning models. The main
conclusions are as follows:

(1) The energy evolution characteristics of the surrounding rock are more sensitive
to the isotropic and thickness parameters of the shotcrete layer support structure, and the
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cross-sectional-area, Young’s modulus, and grout-stiffness parameters of the rock anchor
support structure, respectively.

(2) The parameters of shotcrete layer support structure are not the bigger the better.
When isotropic is 100 GPa, the peak values of elastic strain energy and plastic dissipation
energy are higher than the value when isotropic is 25 GPa. In addition, for rock anchors,
when the value of cross-sectional-area (more than 0.005024 m2) is too large, the value of
plastic dissipative energy in the surrounding rock starts to show an increasing trend.

(3) Appropriate support design parameter schemes can reduce the peak value of
energy (elastic strain energy, dissipated energy) and at the same time change the distribution
characteristics of energy. Therefore, the design of the support program from the perspective
of energy may be able to improve the stability control effect from the root. At the same
time, analysis based on the Kendall correlation coefficient found that there was a significant
positive correlation between Grout-stiffness and Pre-tensioning Force.

(4) By introducing BP, DT, ELM, RF, and SVM, the prediction models of elastic strain
energy and plastic dissipative energy of surrounding rock are constructed. In the concrete
parameter design scheme, the decision tree (DT) model performs best in predicting elastic
energy, while the support vector machine (SVM) model performs best in predicting dissi-
pative energy. For predicting bolt parameters, the DT model performs well in predicting
elastic energy, while the Random Forest (RF) model performs well in predicting dissipative
energy. Future research could enhance the model’s performance by adjusting the model pa-
rameters, optimizing the fusion model, and utilizing ensemble learning to more accurately
predict the performance indicators of design parameters of supporting structure.

Meanwhile, it is important to recognize the limitations of this study. First, when
establishing the model in this article, the influence of a single variable on the dissipation
energy and elastic performance of the surrounding rock is studied by controlling it. In
subsequent research, orthogonal experiments should be used to control multiple variables
and explore the impact of multivariate changes on the dissipation energy and elastic
performance of the surrounding rock. Second, there is a lack of empirical validation
for the proxy model, particularly in terms of the prediction accuracy of ESE and PDE.
Future research should focus more on introducing conditions that are closer to actual
operating conditions. Although the proxy model exhibits good predictive capabilities in
simulations, its applicability in practical engineering still requires further verification. To
enhance its practicality, research could further consider the anisotropic characteristics under
complex geological conditions, the dynamic changes in stress-strain during construction
processes, and the nonlinear effects caused by environmental factors and material property
fluctuations. Additionally, it is recommended to adopt a more diverse dataset and input
parameters to conduct an in-depth analysis of the impact of support structure design on
the energy evolution of surrounding rock in order to optimize algorithms and identify
key factors affecting slope stability. In summary, although this study provides important
insights into slope stability analysis, future research needs to address the aforementioned
limitations to further refine the model and enhance its practicality and reliability.
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Appendix A

Option A1 A2 A3 B1 B2 B3 B4 B5 B6 B7 B8 PDE/KJ ESE/KJ

1 1 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 20.580 182.970
2 5 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 17.785 185.920
3 10 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 18.038 184.540
4 15 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 18.375 181.910
5 20 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 18.670 179.520
6 25 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.021 177.500
7 30 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.290 175.770
8 35 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.570 174.300
9 40 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.835 173.040

10 45 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 20.083 171.950
11 50 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 20.310 170.930
12 55 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 20.545 170.040
13 60 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 20.755 169.290
14 65 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 20.960 168.640
15 70 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 21.159 169.610
16 75 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 21.329 171.780
17 80 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 21.505 174.830
18 85 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 21.710 177.420
19 90 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 21.883 179.930
20 95 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 22.072 182.280
21 100 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 22.210 184.510
22 35 0.15 0.1 200 50 6 3 40 0.1884 0.002826 150 19.500 174.660
23 35 0.16 0.1 200 50 6 3 40 0.1884 0.002826 150 19.507 174.660
24 35 0.17 0.1 200 50 6 3 40 0.1884 0.002826 150 19.512 174.600
25 35 0.18 0.1 200 50 6 3 40 0.1884 0.002826 150 19.514 174.550
26 35 0.19 0.1 200 50 6 3 40 0.1884 0.002826 150 19.529 174.580
27 35 0.2 0.1 200 50 6 3 40 0.1884 0.002826 150 19.530 174.510
28 35 0.21 0.1 200 50 6 3 40 0.1884 0.002826 150 19.531 174.450
29 35 0.22 0.1 200 50 6 3 40 0.1884 0.002826 150 19.542 174.420
30 35 0.23 0.1 200 50 6 3 40 0.1884 0.002826 150 19.557 174.400
31 35 0.24 0.1 200 50 6 3 40 0.1884 0.002826 150 19.568 174.290
32 35 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.570 174.300
33 35 0.26 0.1 200 50 6 3 40 0.1884 0.002826 150 19.587 174.220
34 35 0.27 0.1 200 50 6 3 40 0.1884 0.002826 150 19.599 174.170
35 35 0.28 0.1 200 50 6 3 40 0.1884 0.002826 150 19.612 174.150
36 35 0.29 0.1 200 50 6 3 40 0.1884 0.002826 150 19.637 174.080
37 35 0.3 0.1 200 50 6 3 40 0.1884 0.002826 150 19.640 174.050
38 35 0.31 0.1 200 50 6 3 40 0.1884 0.002826 150 19.657 173.920
39 35 0.32 0.1 200 50 6 3 40 0.1884 0.002826 150 19.654 173.890
40 35 0.33 0.1 200 50 6 3 40 0.1884 0.002826 150 19.683 173.810
41 35 0.34 0.1 200 50 6 3 40 0.1884 0.002826 150 19.686 173.740
42 35 0.35 0.1 200 50 6 3 40 0.1884 0.002826 150 19.700 173.690
43 35 0.25 0.01 200 50 6 3 40 0.1884 0.002826 150 18.090 185.220
44 35 0.25 0.02 200 50 6 3 40 0.1884 0.002826 150 17.796 186.220
45 35 0.25 0.03 200 50 6 3 40 0.1884 0.002826 150 17.993 184.860
46 35 0.25 0.04 200 50 6 3 40 0.1884 0.002826 150 18.271 183.120
47 35 0.25 0.05 200 50 6 3 40 0.1884 0.002826 150 18.470 181.350
48 35 0.25 0.06 200 50 6 3 40 0.1884 0.002826 150 18.718 179.850
49 35 0.25 0.07 200 50 6 3 40 0.1884 0.002826 150 18.952 178.350
50 35 0.25 0.08 200 50 6 3 40 0.1884 0.002826 150 19.160 176.990
51 35 0.25 0.09 200 50 6 3 40 0.1884 0.002826 150 19.384 175.590
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52 35 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.570 174.300
53 35 0.25 0.11 200 50 6 3 40 0.1884 0.002826 150 19.767 173.050
54 35 0.25 0.12 200 50 6 3 40 0.1884 0.002826 150 19.942 171.860
55 35 0.25 0.13 200 50 6 3 40 0.1884 0.002826 150 20.126 170.810
56 35 0.25 0.14 200 50 6 3 40 0.1884 0.002826 150 20.315 169.650
57 35 0.25 0.15 200 50 6 3 40 0.1884 0.002826 150 20.470 168.560
58 35 0.25 0.16 200 50 6 3 40 0.1884 0.002826 150 20.650 167.470
59 35 0.25 0.17 200 50 6 3 40 0.1884 0.002826 150 20.834 166.320
60 35 0.25 0.18 200 50 6 3 40 0.1884 0.002826 150 20.996 166.340
61 35 0.25 0.19 200 50 6 3 40 0.1884 0.002826 150 21.163 167.600
62 35 0.25 0.2 200 50 6 3 40 0.1884 0.002826 150 21.290 168.820
63 35 0.25 0.1 100 50 6 3 40 0.1884 0.002826 150 19.525 182.05
64 35 0.25 0.1 110 50 6 3 40 0.1884 0.002826 150 19.537 181.19
65 35 0.25 0.1 120 50 6 3 40 0.1884 0.002826 150 19.542 180.37
66 35 0.25 0.1 130 50 6 3 40 0.1884 0.002826 150 19.542 179.52
67 35 0.25 0.1 140 50 6 3 40 0.1884 0.002826 150 19.547 178.73
68 35 0.25 0.1 150 50 6 3 40 0.1884 0.002826 150 19.565 177.86
69 35 0.25 0.1 160 50 6 3 40 0.1884 0.002826 150 19.571 177.13
70 35 0.25 0.1 170 50 6 3 40 0.1884 0.002826 150 19.572 176.32
71 35 0.25 0.1 180 50 6 3 40 0.1884 0.002826 150 19.584 175.57
72 35 0.25 0.1 190 50 6 3 40 0.1884 0.002826 150 19.572 174.88
73 35 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.57 174.3
74 35 0.25 0.1 210 50 6 3 40 0.1884 0.002826 150 19.573 173.68
75 35 0.25 0.1 220 50 6 3 40 0.1884 0.002826 150 19.582 173.15
76 35 0.25 0.1 230 50 6 3 40 0.1884 0.002826 150 19.587 172.57
77 35 0.25 0.1 240 50 6 3 40 0.1884 0.002826 150 19.575 172.02
78 35 0.25 0.1 250 50 6 3 40 0.1884 0.002826 150 19.573 171.5
79 35 0.25 0.1 260 50 6 3 40 0.1884 0.002826 150 19.582 171
80 35 0.25 0.1 270 50 6 3 40 0.1884 0.002826 150 19.573 170.52
81 35 0.25 0.1 280 50 6 3 40 0.1884 0.002826 150 19.585 170.02
82 35 0.25 0.1 290 50 6 3 40 0.1884 0.002826 150 19.583 169.66
83 35 0.25 0.1 300 50 6 3 40 0.1884 0.002826 150 19.581 169.19
84 35 0.25 0.1 200 10 6 3 40 0.1884 0.002826 150 19.57 174.3
85 35 0.25 0.1 200 15 6 3 40 0.1884 0.002826 150 19.57 174.3
86 35 0.25 0.1 200 20 6 3 40 0.1884 0.002826 150 19.57 174.3
87 35 0.25 0.1 200 25 6 3 40 0.1884 0.002826 150 19.57 174.3
88 35 0.25 0.1 200 30 6 3 40 0.1884 0.002826 150 19.57 174.3
89 35 0.25 0.1 200 35 6 3 40 0.1884 0.002826 150 19.57 174.3
90 35 0.25 0.1 200 40 6 3 40 0.1884 0.002826 150 19.57 174.3
91 35 0.25 0.1 200 45 6 3 40 0.1884 0.002826 150 19.57 174.3
92 35 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.57 174.3
93 35 0.25 0.1 200 55 6 3 40 0.1884 0.002826 150 19.57 174.3
94 35 0.25 0.1 200 60 6 3 40 0.1884 0.002826 150 19.57 174.3
95 35 0.25 0.1 200 65 6 3 40 0.1884 0.002826 150 19.57 174.3
96 35 0.25 0.1 200 70 6 3 40 0.1884 0.002826 150 19.57 174.3
97 35 0.25 0.1 200 75 6 3 40 0.1884 0.002826 150 19.57 174.3
98 35 0.25 0.1 200 80 6 3 40 0.1884 0.002826 150 19.57 174.3
99 35 0.25 0.1 200 85 6 3 40 0.1884 0.002826 150 19.57 174.3
100 35 0.25 0.1 200 90 6 3 40 0.1884 0.002826 150 19.57 174.3
101 35 0.25 0.1 200 50 2 3 40 0.1884 0.002826 150 19.46 176.92
102 35 0.25 0.1 200 50 2.5 3 40 0.1884 0.002826 150 19.491 176.29
103 35 0.25 0.1 200 50 3 3 40 0.1884 0.002826 150 19.499 175.8
104 35 0.25 0.1 200 50 3.5 3 40 0.1884 0.002826 150 19.525 175.41
105 35 0.25 0.1 200 50 4 3 40 0.1884 0.002826 150 19.52 175.04
106 35 0.25 0.1 200 50 4.5 3 40 0.1884 0.002826 150 19.543 174.69
107 35 0.25 0.1 200 50 5 3 40 0.1884 0.002826 150 19.55 174.52
108 35 0.25 0.1 200 50 5.5 3 40 0.1884 0.002826 150 19.562 174.43
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109 35 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.57 174.3
110 35 0.25 0.1 200 50 6.5 3 40 0.1884 0.002826 150 19.575 174.25
111 35 0.25 0.1 200 50 7 3 40 0.1884 0.002826 150 19.577 174.25
112 35 0.25 0.1 200 50 7.5 3 40 0.1884 0.002826 150 19.577 174.25
113 35 0.25 0.1 200 50 8 3 40 0.1884 0.002826 150 19.577 174.25
114 35 0.25 0.1 200 50 8.5 3 40 0.1884 0.002826 150 19.577 174.25
115 35 0.25 0.1 200 50 9 3 40 0.1884 0.002826 150 19.577 174.25
116 35 0.25 0.1 200 50 9.5 3 40 0.1884 0.002826 150 19.577 174.25
117 35 0.25 0.1 200 50 10 3 40 0.1884 0.002826 150 19.577 174.25
118 35 0.25 0.1 200 50 6 1 40 0.1884 0.002826 150 19.44 181.84
119 35 0.25 0.1 200 50 6 1.2 40 0.1884 0.002826 150 19.46 180.62
120 35 0.25 0.1 200 50 6 1.4 40 0.1884 0.002826 150 19.49 179.53
121 35 0.25 0.1 200 50 6 1.6 40 0.1884 0.002826 150 19.511 178.5
122 35 0.25 0.1 200 50 6 1.8 40 0.1884 0.002826 150 19.521 177.72
123 35 0.25 0.1 200 50 6 2 40 0.1884 0.002826 150 19.53 176.94
124 35 0.25 0.1 200 50 6 2.2 40 0.1884 0.002826 150 19.541 176.27
125 35 0.25 0.1 200 50 6 2.4 40 0.1884 0.002826 150 19.537 175.68
126 35 0.25 0.1 200 50 6 2.6 40 0.1884 0.002826 150 19.578 175.14
127 35 0.25 0.1 200 50 6 2.8 40 0.1884 0.002826 150 19.565 174.69
128 35 0.25 0.1 200 50 6 3 40 0.1884 0.002826 150 19.57 174.3
129 35 0.25 0.1 200 50 6 3.2 40 0.1884 0.002826 150 19.592 173.95
130 35 0.25 0.1 200 50 6 3.4 40 0.1884 0.002826 150 19.607 173.65
131 35 0.25 0.1 200 50 6 3.6 40 0.1884 0.002826 150 19.6 173.39
132 35 0.25 0.1 200 50 6 3.8 40 0.1884 0.002826 150 19.606 173.13
133 35 0.25 0.1 200 50 6 4 40 0.1884 0.002826 150 19.6 172.87
134 35 0.25 0.1 200 50 6 4.2 40 0.1884 0.002826 150 19.608 172.58
135 35 0.25 0.1 200 50 6 4.4 40 0.1884 0.002826 150 19.603 172.43
136 35 0.25 0.1 200 50 6 4.6 40 0.1884 0.002826 150 19.619 172.22
137 35 0.25 0.1 200 50 6 4.8 40 0.1884 0.002826 150 19.608 172.07
138 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 150 19.62 171.87
139 35 0.25 0.1 200 50 6 5 10 0.1884 0.002826 150 19.53 175.24
140 35 0.25 0.1 200 50 6 5 13 0.1884 0.002826 150 19.542 175.11
141 35 0.25 0.1 200 50 6 5 16 0.1884 0.002826 150 19.536 174.95
142 35 0.25 0.1 200 50 6 5 19 0.1884 0.002826 150 19.548 174.83
143 35 0.25 0.1 200 50 6 5 22 0.1884 0.002826 150 19.551 174.69
144 35 0.25 0.1 200 50 6 5 25 0.1884 0.002826 150 19.55 174.59
145 35 0.25 0.1 200 50 6 5 28 0.1884 0.002826 150 19.552 174.55
146 35 0.25 0.1 200 50 6 5 31 0.1884 0.002826 150 19.554 174.47
147 35 0.25 0.1 200 50 6 5 34 0.1884 0.002826 150 19.559 174.43
148 35 0.25 0.1 200 50 6 5 37 0.1884 0.002826 150 19.565 174.36
149 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 150 19.57 174.3
150 35 0.25 0.1 200 50 6 5 43 0.1884 0.002826 150 19.573 174.26
151 35 0.25 0.1 200 50 6 5 46 0.1884 0.002826 150 19.577 174.25
152 35 0.25 0.1 200 50 6 5 49 0.1884 0.002826 150 19.577 174.25
153 35 0.25 0.1 200 50 6 5 52 0.1884 0.002826 150 19.577 174.25
154 35 0.25 0.1 200 50 6 5 55 0.1884 0.002826 150 19.577 174.2
155 35 0.25 0.1 200 50 6 5 58 0.1884 0.002826 150 19.577 174.25
156 35 0.25 0.1 200 50 6 5 61 0.1884 0.002826 150 19.577 174.25
157 35 0.25 0.1 200 50 6 5 64 0.1884 0.002826 150 19.577 174.25
158 35 0.25 0.1 200 50 6 5 67 0.1884 0.002826 150 19.577 174.25
159 35 0.25 0.1 200 50 6 5 70 0.1884 0.002826 150 19.577 174.25
160 35 0.25 0.1 200 50 6 5 40 0.0628 0.002826 150 19.53 175.01
161 35 0.25 0.1 200 50 6 5 40 0.0785 0.002826 150 19.544 174.84
162 35 0.25 0.1 200 50 6 5 40 0.0942 0.002826 150 19.55 174.7
163 35 0.25 0.1 200 50 6 5 40 0.1099 0.002826 150 19.55 174.58
164 35 0.25 0.1 200 50 6 5 40 0.1256 0.002826 150 19.55 174.56
165 35 0.25 0.1 200 50 6 5 40 0.1413 0.002826 150 19.559 174.46
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166 35 0.25 0.1 200 50 6 5 40 0.157 0.002826 150 19.569 174.41
167 35 0.25 0.1 200 50 6 5 40 0.1727 0.002826 150 19.57 174.35
168 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 150 19.57 174.3
169 35 0.25 0.1 200 50 6 5 40 0.2041 0.002826 150 19.576 174.25
170 35 0.25 0.1 200 50 6 5 40 0.2198 0.002826 150 19.579 174.25
171 35 0.25 0.1 200 50 6 5 40 0.2355 0.002826 150 19.584 174.24
172 35 0.25 0.1 200 50 6 5 40 0.2512 0.002826 150 19.58 174.28
173 35 0.25 0.1 200 50 6 5 40 0.2669 0.002826 150 19.579 174.23
174 35 0.25 0.1 200 50 6 5 40 0.2826 0.002826 150 19.582 174.24
175 35 0.25 0.1 200 50 6 5 40 0.2983 0.002826 150 19.604 174.18
176 35 0.25 0.1 200 50 6 5 40 0.314 0.002826 150 19.58 174.26
177 35 0.25 0.1 200 50 6 5 40 0.1884 0.000314 150 19.43 183.58
178 35 0.25 0.1 200 50 6 5 40 0.1884 0.00045216 150 19.447 183.8
179 35 0.25 0.1 200 50 6 5 40 0.1884 0.00061544 150 19.467 183.85
180 35 0.25 0.1 200 50 6 5 40 0.1884 0.00080384 150 19.493 183.8
181 35 0.25 0.1 200 50 6 5 40 0.1884 0.00101736 150 19.506 183.74
182 35 0.25 0.1 200 50 6 5 40 0.1884 0.001256 150 19.526 182.91
183 35 0.25 0.1 200 50 6 5 40 0.1884 0.00151976 150 19.522 181.39
184 35 0.25 0.1 200 50 6 5 40 0.1884 0.00180864 150 19.559 179.73
185 35 0.25 0.1 200 50 6 5 40 0.1884 0.00212264 150 19.574 177.89
186 35 0.25 0.1 200 50 6 5 40 0.1884 0.00246176 150 19.577 176.08
187 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 150 19.57 174.3
188 35 0.25 0.1 200 50 6 5 40 0.1884 0.00321536 150 19.578 172.72
189 35 0.25 0.1 200 50 6 5 40 0.1884 0.00362984 150 19.584 171.18
190 35 0.25 0.1 200 50 6 5 40 0.1884 0.00406944 150 19.586 169.74
191 35 0.25 0.1 200 50 6 5 40 0.1884 0.00453416 150 19.589 168.31
192 35 0.25 0.1 200 50 6 5 40 0.1884 0.005024 150 19.59 167.07
193 35 0.25 0.1 200 50 6 5 40 0.1884 0.00553896 150 19.571 166.68
194 35 0.25 0.1 200 50 6 5 40 0.1884 0.00607904 150 19.579 166.64
195 35 0.25 0.1 200 50 6 5 40 0.1884 0.00664424 150 19.58 167.18
196 35 0.25 0.1 200 50 6 5 40 0.1884 0.00723456 150 19.587 167.61
197 35 0.25 0.1 200 50 6 5 40 0.1884 0.00785 150 19.62 168.02
198 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 50 19.58 174.3
199 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 100 19.57 174.27
200 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 150 19.57 174.3
201 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 200 19.57 174.32
202 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 250 19.578 174.28
203 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 300 19.588 174.29
204 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 350 19.588 174.26
205 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 400 19.579 174.26
206 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 450 19.589 174.28
207 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 500 19.59 174.28
208 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 550 19.59 174.28
209 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 600 19.591 174.28
210 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 650 19.595 174.25
211 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 700 19.597 174.3
212 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 750 19.596 174.26
213 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 800 19.587 174.31
214 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 850 19.594 174.27
215 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 900 19.592 174.22
216 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 950 19.59 174.29
217 35 0.25 0.1 200 50 6 5 40 0.1884 0.002826 1000 19.59 174.26

168



Appl. Sci. 2024, 14, 11028

References

1. He, M.; Xie, H.; Peng, S.; Jiang, Y.-D. Study on Rock Mechanics in Deep Mining Engineering. Yanshilixue Yu Gongcheng Xuebao
Chin. J. Rock Mech. Eng. 2005, 24, 2803–2813.

2. Xie, H.-P.; Zhou, H.; Xue, D.; Wang, H.-W.; Zhang, R.; Gao, F. Research and Consideration on Deep Coal Mining and Critical
Mining Depth. J. China Coal Soc. 2012, 37, 535–542.

3. Ranjith, P.G.; Zhao, J.; Ju, M.; De Silva, R.V.S.; Rathnaweera, T.D.; Bandara, A.K.M.S. Opportunities and Challenges in Deep
Mining: A Brief Review. Engineering 2017, 3, 546–551. [CrossRef]

4. Xie, H.P. Research Review of the State Key Research Development Program of China: Deep Rock Mechanics and Mining Theory.
J. China Coal Soc. 2019, 44, 1283–1305.

5. Shen, B.; King, A.; Guo, H. Displacement, Stress and Seismicity in Roadway Roofs during Mining-Induced Failure. Int. J. Rock
Mech. Min. Sci. 2008, 45, 672–688. [CrossRef]
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Abstract: Salt rock is considered as an ideal energy storage medium, and compressed air energy
storage by a salt cavern can improve the utilisation efficiency of renewable energy. Salt rock in China
mostly contains different interlayers, among which mudstone interlayers are the most common. At
present, there are relatively few studies on the influence of mudstone interlayers on the long-term
stable operation of gas storage. FLAC3D software was used to simulate the long-term operation
of salt rock gas storage with different numbers of interlayers in the Yexian area of Pingdingshan.
The results show that with the passage of time, the vertical displacement of the surrounding rock
of the vertical single-cavity gas storage tank increases gradually. The maximum settlement value
at the top of the surrounding rock is always greater than the maximum uplift value at the bottom.
The horizontal displacement shows obvious symmetry with the vertical displacement at the top and
bottom of the surrounding rock. The effect of the cyclic pressure interval on horizontal displacement
is the same as that of vertical displacement. With the increase in the number of interlayers, the volume
of the plastic zone gradually increases with the increase in the running time, and the increasing speed
shows a growing trend.

Keywords: salt cavern; mudstone interlayer; FLAC3D; simulation

1. Introduction

Salt rock is regarded as an optimal medium for energy storage, given its favourable
rheological properties, low porosity, low permeability, and damage self-healing attributes.
The utilisation of salt caverns for compressed air energy storage has emerged as an effi-
cacious methodology for enhancing the utilisation efficiency of renewable energy. The
characteristics of a foreign salt cavern’s underground gas storage include a shallow burial,
a large stratum thickness, high-grade salt rock, and a minimal number of interlayers.
However, the buried salt mine in China is typically situated at greater depths, exceeding
2000 m in certain regions. The rock layer in these mines is relatively thin, ranging from
60 to 250 m in thickness. Additionally, the salt rock in Chinese mines is predominantly
layered, comprising up to eight layers of thicker interlayers [1–3]. The mudstone interlayer
is particularly prevalent, representing a significant portion of the rock composition.

In light of the increasingly severe global climate crisis, it is imperative that China
prioritises the utilisation of renewable energy sources in order to achieve its dual-carbon
objective. According to estimates, to reach carbon neutrality by 2060, clean energy should
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account for about 60 percent of the country’s energy consumption [4]. The large-scale utili-
sation of salt cavern space gives full play to its advantages of a large capacity, cleanliness,
environmental protection, safety, reliability, and economy, and provides important support
for reaching national strategic objectives [5]. However, due to the layered structure of Chi-
nese salt rocks, which is different from that of foreign countries, the presence of interlayers
and impurities poses a serious threat to the safety of the reservoirs [6]. In order to guarantee
the secure operation of salt cavern gas storage reservoirs, a considerable number of scholars
have conducted research on the salt rocks. However, there has been comparatively little
investigation into the mudstone interlayers present within the reservoirs.

Taheri et al. [7] found that creep of Gachsaran rock salt shows strong sensitivity to
temperature changes; however, its sensitivity to different stress changes is low. Zhao K.
et al. [8] investigated the creep fatigue characteristics of salt rock under different loading
and unloading paths, and explained the deformation behaviour from the perspective of
microscopic mechanisms. Malinjian et al. [9] employed a nonlinear cumulative damage
rule to predict the cyclic life of rock salt under creep-fatigue loading. Hakan et al. [10]
studied the creep behaviour of salt rocks and proposed a mathematical model that can
explain their creep behaviour. Wang Junbao et al. [11] studied the creep characteristics
of salt rock under low-frequency cyclic loading, and obtained the axial creep equation of
Burgers’ model under cyclic loading. By comparing the fatigue characteristics of salt rock
in intermittent fatigue tests with those of salt rock without intermittent fatigue tests, Jiang
Deyi et al. [12] found that the fatigue life of salt rock was shortened under intermittent
action. Fan Jinyang et al. [13] proposed an intrinsic model of creep fatigue in salt rock
based on hardening coefficients. Li Zongze et al. [14] investigated the effects of different
circumferential pressures and stress levels on the interval fatigue of salt rock, and found
that the presence of circumferential pressure enhanced the compressive strength of salt
rock while increasing the fatigue life. Cui Yao et al. [15] investigated the acoustic emission
characteristics of salt rock through intermittent fatigue tests, further revealing the effect
of the time interval on the residual strain and fatigue life of salt rock. The evolution of
rock salt deformation and elastic constants under the influence of time interval factors was
investigated by Li Xin et al. [16]. By summarising a large amount of the literature on salt
rock creep tests, Bingren Hou et al. [17] found that under constant axial pressure and cyclic
peripheral pressure paths, the creep properties of salt rocks are significantly affected by the
peripheral pressure and cyclic cycle.

In addition, a large number of scholars have studied the factors affecting the stability
of salt cavern cavities for the safe and stable operation of salt cavern gas storage reservoirs.
Yu Haibing et al. [18] studied the influence law of salt layer inclination and burial depth
on the deformation and volume contraction of the salt cavity, and gave the safe mining
depth of the proposed salt mine. Liang Wuxing et al. [19] combined Ansys and FLAC3D to
carry out numerical simulation, and judged that the effect of three factors on the stability
of the cavity based on the results of linear fitting was cavity burial depth > pressure
interval > pressure difference. Fu Xing et al. [20] used FLAC3D 3.00 software to analyse the
long-term operational stability of energy storage cavities in order to discuss the possibility
of the safe operation of CAES reservoirs under Chinese domestic stratigraphic conditions.
Liu Wei et al. [21] conducted permeability tests based on interface-bearing salt rocks
from domestic salt mines, and numerical simulations based on the test results on the
stability and confinement of natural gas reservoirs containing entrapped underground
salt caverns. Zhixin Zhang et al. [22] conducted a series of indoor tests, theoretical and
numerical simulations, and discussions to simulate hydrogen leakage from cave chambers
under different conditions using COMSOL Multiphysics 6.0 software, and analysed the
leakage range, pore pressure, and the amount of hydrogen leakage. Chunhe Yang et al. [23]
combined the stability characteristics of salt caverns and gave five key scientific and
technological issues facing the deep large-scale salt cavern energy storage technology in
China. Tongtao Wang et al. [24] explored the effects of different gas frequencies on the
stability of horizontal salt caverns under different geological conditions. They found that
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shallow salt caverns are suitable for compressed air energy storage, medium and deep salt
caverns are suitable for natural gas energy storage, and deep salt caverns are suitable for
helium energy storage. Leszek Lankof et al. [25] discussed the suitability of underground
hydrogen storage facilities in layered salt caverns based on a geographic information
system (GIS), taking into account the results of previous studies on the storage capacity of
rock salt deposits.

This paper presents a study of the salt cavern gas storage reservoir in the Yexian
area of the Pingdingshan Mountain. The research employs a comprehensive approach
combining theoretical analysis and numerical simulations to investigate the impact of
varying numbers of interlayers on the long-term stability of the gas storage reservoir. The
objective is to address the research gap concerning mudstone interlayers and to provide
theoretical support and numerical simulation analyses for the safe operation of gas storage
reservoirs.

2. Materials and Methods

2.1. Introduction to FLAC3D Finite Difference Software

FLAC is an acronym that stands for “Fast Lagrangian Analysis of Continua”. It is a
computer program designed for the numerical modelling and simulation of geotechnical
and rock mechanics problems. The FLAC program employs a finite difference method
to simulate the mechanical behaviour of continuous media in a discrete form. This in-
cludes processes such as deformation, fracture, and stress transfer in rocks. The software
is frequently employed to model a range of problems in diverse fields, including rock
engineering, groundwater flow, earthquake geology, and underground storage. FLAC is
a frequently utilised finite element software in the domain of geotechnical engineering,
offering a diverse array of applications and a comprehensive range of functionalities.

The FLAC3D software offers a number of advantages, including multi-physics field
coupling, dynamic equations of motion solving, and an explicit solution scheme. These
features enable the simulation of complex physical processes, such as rock mechanics, heat
conduction, and fluid flow, while reducing the required memory space. However, the
software requires high input parameters, the solution time is affected by the proportion of
natural cycles, and the pre-processing function is relatively limited. Furthermore, FLAC3D
boasts a plethora of features, including exclusivity, a command-driven mode, five calcula-
tion modes, multiple boundary conditions and structural forms simulations, and openness.
The solution process comprises the following steps: modelling, the verification of the static
equilibrium, modification of conditions, recalculation until a new equilibrium is reached,
the exporting of data, and the analysis of images.

Salt rocks have good creep properties, and the creep deformation of salt rocks is also
one of the causes of reservoir instability. FLAC3D software has the function to realise
the simulation calculation of five creep material calculation models, so it is necessary to
introduce the rheological calculation models of FLAC3D software [26].

2.1.1. WIPP Model

It is essential to consider the effects of time and temperature on the behaviour of
salt rock in thermodynamic analyses simulating underground isolation studies of nuclear
waste in salt rock. One such model is the WIPP (Waste Isolation Pilot Plant) model. In
the FLAC3D finite difference software, the bias strain rate tensor in the WIPP model is
composed of a viscous component and an elastic component, which can be expressed as
follows: ⎡

⎣−d
.
εij

−d
.
eij

−d
.
αij

⎤
⎦ =

⎡
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eij
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where εij, eij, and αij are the corresponding strain components;
.
εij,

.
eij, and

.
αij are the

corresponding strain rate components; and

⎡
⎣εij

eij
αij

⎤
⎦ is the elastic part of the biased strain

rate tensor.
The objective of this model is to simulate the time and temperature dependence of

the subsurface isolation process of nuclear waste in a salt layer. The FLAC3D software is
capable of more accurately describing the complex behaviour of salt rock, including the
interaction of the viscous and elastic components, by employing this form of the biased
strain rate tensor.

2.1.2. Viscoplastic Model

Viscoelastic models are typically a combination of viscoelastic and plastic models,
employed to describe the behaviour of materials during deformation. The WIPP model is a
representative viscoelastic model, whereas the Drucker–Prager model is a prevalent plastic
model. The combination of these two models provides a more comprehensive description
of the deformation behaviour of the material, whereby both viscous and plastic effects are
taken into account, thus enhancing the accuracy of the simulation.

The shear yield function for the Drucker–Prager model is shown below:

f s = τ + qφσo − kφ, (2)

where qφ and kφ are the material parameters.
Concurrently, the distinctive attributes and operational procedures of FLAC3D soft-

ware are integrated with the specific attributes of layered salt-rock underground gas storage
reservoirs and the non-linear and creep characteristics of salt rocks. In the simulation, the
viscoplastic model is employed for the salt rock layer, while the Moore-Cullen model is
utilised for the remaining strata. The objective of employing a combination of models
is to provide a more accurate description of the mechanical behaviour of the salt-rock
reservoir system. The utilisation of FLAC3D finite-difference software in simulation studies
facilitates a more comprehensive comprehension of the long-term stability of salt-rock
reservoirs, alongside an evaluation of their viability and safety in practical applications.

2.2. Saltstone Stratigraphic Conditions and Cavity Building Plan

The Pingdingshan Salt Field is rich in mineral deposits, and after nearly 20 years of
mining, a large number of abandoned mining cavities have been formed. The salt rocks are
distributed in the Cenozoic Paleoproterozoic Loop strata, showing thinly bedded salt rocks
and mudstones with alternating lamination, relatively simple tectonics, and horizontal
production. The main salt rocks are buried at depths between −1400 and −1000 m [27].

The Pingdingshan salt deposit is a set of Mesozoic and Cenozoic clastic chemical
rock series which is contained in the Wuyang Depression. From the Cretaceous to the
Quaternary, the Hu Gang Formation (K2h), Yuhuangding Formation (E2y), Dacangfang
Formation (E2d), Walnut Garden Formation (E2h), Liaozhuang Formation (E3l), Shangshi
Formation (Nsh), and Plain Formation (Qp) were successively deposited. The salt-bearing
strata are the nuclear section (top) of the Paleocene Oligocene Walnut Garden Formation. A
set of mudstones with a stable distribution is developed at the top of the nuclear section [28].
The profile of the Mesozoic and Cenozoic strata in the Wuyang Depression is shown in
Table 1.
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Table 1. Sequence stratigraphy list of Wuyang Depression [28].

Stratigraphic System
Thickness/m Lithologic Association Characteristics

Scope Faculty Unite Group

Cenozoic
Kz

Quaternary
Q

Plains group
Qp

25~168

Mottled, light brownish-yellow, lower clay
with gravel, middle and upper sandy clay,
and clay with several layers of gravel.
Unconsolidated contact with
underlying strata.

Neogene
Z

Shangji Formation
Nsh 300~800

Light yellow, grayish-yellow, and mottled
fine conglomerate and conglomerate
sandstone are interbedded with
grayish-yellow, brownish-red, and
grayish-green mudstone. Unconsolidated
contact with underlying strata.

Paleocene
system

E

Oligocene
system

E3

Liaozhuang group
E3l 315~869

Variegated conglomerate sandstone and light
gray conglomerate-bearing sandstone are
interbedded with brown and grayish-yellow
mudstone in consolidated contact with
underlying strata.

Walnut
Orchard
Group

First nuclear
segment

E3h1

200~1138

The lower part is mudstone, rock salt rock,
and cream-bearing mudstone; the middle
part is cream-bearing rock salt rock and
mudstone; and the upper part is mudstone
and cream-bearing mudstone interbedded,
sandwiched with rock salt rock. Saltstone is
gray and brownish-yellow; other mudstone
is gray and brownish-red.

Eocene
system

E2

Second
nuclear
segment

E2h2

489~1070

The lower part is dark gray paste-bearing
mudstone and mudstone interbedded with
fine sandstone, and the bottom is mottled
conglomerate sandstone interbedded with
purplish-red mudstone; the upper part is
gray mudstone, siltstone, oil shale, and
grayish-white and brownish-yellow-lithium
salts and paste-bearing mudstone.

Tertiary
nuclear
segment

E2h3

784~986

The lower part is grayish-red
conglomerate-bearing sandstone,
conglomerate sand-stone, light grayish-red
fine sandstone, brownish-red,
brownish-purple mudstone, locally
interspersed with dolomitic mud-stone; the
upper part is grayish-red, brownish
mudstone, mottled conglomerate sand-stone,
and grayish-white greystone.

Dachangfang Group
E2d >1200

Variegated sandstone, conglomerate, locally
interbedded with brownish-red and purple
sandy mudstone and pink-fine sandstone.
Consolidated contact with underlying strata.

Cenozoic
Kz

Paleocene
system

E

Eocene
system

E2

Yuhuangding Group
E2y 1943

The lower part is brown and purple
sand-stone and mudstone interbedded with
colourful conglomerate and gray siltstone,
etc.; the middle part is purple sandstone,
mudstone, and dolomite and marl; and the
top part is light gray mudstone, siltstone,
and gray–white dolomite.

Mesosphere
Mz

Cretaceous
K

Unification
K2

Hugang Group
K2h 300

The lower part is yellow–green conglomerate
with black coal second layer at the bottom;
the upper part is mottled conglomerate in
unconformable contact with underlying
Carboniferous, Cambrian, or
Aurignacian strata.

The sedimentary characteristics and stratigraphic assemblage of the Wulipu salt
mine section in Yexian Zhongyan Haolongmazhuang are highly complex. The overall
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stratigraphy demonstrates a typical lithological sequence comprising alternating salt rocks
and mudstones. These are intermixed and distributed, with a large number of intercalated
layers, a thin thickness of the single layer, and a deeper burial depth. The geographic
location of Ye County is shown in Figure 1.

 

Figure 1. Geographic location map of Ye County, Pingdingshan.

Further investigation reveals that the overall thickness of the salt layers in the Pingding-
shan Salt Field region ranges from 489.0 to 1070.0 m, which can be categorised into 22 dis-
tinct salt group assemblages, with a maximum of 61 layers reachable. The thickness of
a single layer of salt is up to 27.7 m, with the thinnest layers measuring less than 1.0 m,
and typically within 10.0 m. The thickness of the mudstone interlayer is variable, with an
average of approximately 2.8 m and a maximum of 12.3 m. The majority of the interlayers
are within 5 m, representing approximately 30% of the overall thickness.

From a macroscopic perspective, a stable distribution of interlayers is observed at the
base of each salt group. In the 0–20 salt group, for instance, the interlayer thickness ranges
from 2 to 13.2 m, with an average of 4.1 m. Notably, the interlayer thickness is minimal,
reaching a minimum of 0 m. The interlayer thickness at the bottom of the 7, 10, and 13 salt
groups is greater than 10 m, with a maximum of 13.2 m. The interlayer thickness in the
14–20 salt groups is 2–8 m, with an average of 5.1 m, and contains eight interlayers in total.
In total, there are eight sandwiches.

In order to establish the mechanical model of mudstone entrapment, it is necessary
to understand the basic characteristics of the subsurface cavities in detail and obtain
relevant data to support the modelling. The consistency of the laboratory simulation
studies with the material and joint properties of the field-scale salt cavern conditions
helps to improve the relevance and applicability of the studies to real-world engineering,
thus providing a reliable guide to real-world engineering applications [29]. Jie Chen
and Yichao Rui et al. [30,31]. proposed an acoustic emission positioning technique to
effectively reduce the TDOA error by combining the microseismic (MS) source localisation
technique and the refraction path study, respectively, which is of good significance for
the detection of underground salt cavern gas reservoirs. Wang, Z. R. et al. explored the
underground salt cavern gas storage reservoir in Ye County, Pingdingshan, by using the
Controlled Source Audio Geomagnetic Method (CSAMT) and the Geodetic Electric Field
Petrographic Detection (CYT) method, and obtained the basic features such as the burial
depth, dimensions, and spatial location of the underground caverns [32]. According to the
summary of Wang, Z. R. et al.’s study, the exploration results show that there are more
cavities in the underground of the exploration area, with depths ranging from −1148.0
to −1424.0 m, and with moderate spacing between each other of about 90.0 to 450.0 m.
The results are summarised in the following table. The cavity shows a narrow top and
wide bottom, with a moderate volume of individual cavities, a range of cavity heights from
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153.0 to 233.0 m, averaging about 199.4 m, and a cavity radius between 8.0 and 60.0 m. A
schematic of the cavity profile is shown in Figure 2 [33].

 

Figure 2. Schematic of underground cavity profile [33].

This paper presents the establishment of a single-cavity model of the salt cavern,
created using Ansys 2020R1 and FLAC3D 6.00 software in accordance with the geological
conditions observed in the salt cavern gas storage reservoir in Ye County, Pingdingshan.
The study concentrated on the impact of varying numbers of mudstone interlayers on
displacement changes at the top of the cavity and the volumetric shrinkage rate of the
cavity, and presented a summary of the influencing laws. In regard to the long-term safety
of salt cavern gas storage reservoirs, it is of paramount importance to select the optimal
perimeter rock permeability and operating pressure to effectively prevent deformation
resulting from the combined effects of creep and seepage, as well as potential incidents such
as cavity instability and gas leakage. In order to facilitate the analysis, an ideal ellipsoidal
cavity was constructed. In order to minimise the impact of boundary effects, the model
length was set to be between six and eight times the diameter of the cavity. The specific
model parameters are set as follows:

All lines (NL1) have a cell boundary size (SIZE) of 2 and a segmentation ratio of 1
(SPACE).

Number 1 (NL1) has a cell boundary size (SIZE) of 2 and is divided into 10 parts
(NDIV) with a segmentation ratio of 5 (SPACE).

Control over the cell shape: (1,3D) tetrahedral cell division mesh, (1,2D) triangular
division; (0,2D) quadrilateral division, (0,3D) hexahedral division. Tetrahedral cell division
mesh is selected.

The grid type for mesh division: 0 free mesh division, 1 mapping mesh division, 2 first
choice with mapping, if not, then free mesh division. Free mesh division was chosen.

In this paper, an ellipsoidal cavity will be set up with a long axis of 200 m, a short axis
of 100 m, and an aspect ratio of 2. The total length of the model is 1000 m, the width is 500 m,
the thickness is 400 m, and the top of the cavity is 1100 m above the surface. Considering
the geological data, the 14–20 salt group interlayers were studied and the thickness of
the mudstone interlayer was set at 5 m. In order to deeply study the influence law of the
number of mudstone interlayers on the long-term operation of the gas storage reservoir,
two groups of control experiments will be set up: one group is 6 layers of mudstone
interlayers, and the other group is 10 layers of mudstone interlayers.

This design will help to understand the impact of the amount of mudstone entrapment
on the long-term operation of a gas storage reservoir. The comparative analysis of the two
sets of experiments can reveal more clearly the influence of different numbers of mudstone
interlayers on the stability of gas storage reservoirs.
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As shown in Figure 3, the storage model schematic shows, in detail, the structure and
location distribution of the storage reservoir. In this model, we choose the following key
locations as observation points for displacement changes.

 

Figure 3. Schematic diagram of the gas storage model: (a) Six-layer sandwich; (b) Eight-layer
sandwich; (c) Ten-layer sandwich.

Top Plate Position (T): This is the top position of the model, above the cavity. Monitor-
ing displacement changes at this point can help assess the stability of the roof and potential
risk of collapse.

Left position of the cavity side gang (L): this is the position on the left side of the cavity,
and monitoring displacement changes at this point can provide information on lateral
stresses and deformations.

Right position of the cavity side gang (R): this is the position on the right side of the cav-
ity, corresponding to the left position, and it is equally important to monitor displacement
changes at this point to get a full picture of lateral stresses and deformations.

Baseplate position (B): This is the bottom position of the model, located below the
cavity. Monitoring displacement changes at this point helps to assess the stability of the
footing and potential subsidence or uplift.
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The data from these observation points can provide a comprehensive understanding
of the displacement changes in different parts of the gas storage reservoir during long-term
operation, thus providing an important reference for the safe operation and structural
optimisation of the gas storage reservoir. Firstly, the construction of the cavity model
was carried out, and subsequently, the mechanical parameters were set in FLAC3D to
determine the computational parameters for the creep properties of the rock [34,35], as
shown in Table 2. (In the context of salt mines, the aforementioned data are considered
standard and are subject to testing at the mine level. The data presented in Table 2 have
been sourced from the mine’s operational documentation).

Table 2. Physical parameters of rock layer.

Rock Mass
Bulk

Modulus/GPa
Shear

Modulus/GPa
Cohesive

Force/MPa
Tensile

Strength/MPa
Internal Friction

Angle/◦

salt rock 8.67 3.95 1.93 1.20 37.5
sandstone 13.04 6.81 2.9 1.6 36
mud rock 13.04 6.81 2.9 1.60 36

Calcareous 8.45 3.85 0.50 0.50 30.0
gypsum rock 10.92 5.54 2.2 1.4 35

Light gray 13.04 6.81 2.9 1.6 36
anhydrite rock 13.04 6.81 2.9 1.60 36

The initial and boundary conditions of the reservoir cavity have an important influence
on the mechanical characterisation of salt cavern reservoirs. According to the research of
related scholars, a certain consensus exists on the value of the air pressure cycle in the
cavity of the gas storage reservoir, i.e., it is believed that the value of the pressure during
the air pressure cycle should be limited to 0.3–0.8 times that of the geopathic stress in
the vertical direction. Studies have shown [36] that the main factor affecting the long-
term stable operation of gas storage reservoirs is low pressure, so related scholars have
proposed that the minimum air pressure is set at 33% or more. Considering multiple
factors, the range of circulating gas pressure in the reservoir was finally determined to be
0.3–0.8 times the vertical geopathic stress (10–22 MPa) [37–39]. In this paper, the range
of cyclic air pressure is set to be 12–18 MPa, and the main manifestations of single salt
cavern cavity destabilisation include roof failure and cavity deformation, while the stability
of the sidewalls needs to be considered as well [40–42]. In this study, three sets of tests
were conducted: a 6-layer mudstone entrapment, an 8-layer mudstone entrapment, and a
10-layer mudstone entrapment. By comparing the displacement changes of the top and
bottom plates and sidewalls, as well as the volume shrinkage rate, in these three sets of
tests, it is possible to discuss the influence of different numbers of mudstone interlayers
on the long-term operation of gas storage reservoirs. The aforementioned test setup can
facilitate an understanding of the stability performance of salt caverns under different
numbers of entrapment conditions, thereby providing a valuable reference point for the
design and operation of gas storage facilities. By monitoring the alterations to the top
and sidewalls of the salt caverns, it is possible to ascertain the degree to which varying
quantities of mudstone entrapment influence the stability of the salt caverns. This enables
the formulation of more logical operational and management strategies.

3. Results

After simulating the 30-year operation of a vertical single-cavity gas storage reservoir
in FLAC3D, and after the calculation by FLAC3D software, we obtained the displacement
maps of the salt cavities under cyclic gas pressure for different numbers of mudstone inter-
layers. As the operating time increases, the displacement distribution of the surrounding
rock changes, especially the vertical and horizontal displacements. Figure 3 illustrates the
cloudy distribution of the vertical displacement of the surrounding rock after 1, 5, 10, 15, 20,
and 30 years of operation for a single-cavity vertical gas storage reservoir with a number
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of eight interlayers, while Figure 4 illustrates the cloudy distribution of the horizontal
displacement of the surrounding rock for the same reservoir over the same period of time.

 

Figure 4. Vertical displacement of the surrounding rock of a single-cavity vertical gas storage reservoir
with time: (a) One year; (b) Five years; (c) Ten years; (d) Twenty years; (e) Thirty years.

The plots offer valuable insights into the temporal displacement of the gas storage
enclosure. The observation of displacement cloud maps at varying time points allows for
the comprehension of the deformation of the surrounding rock during the operation of the
gas storage reservoir.

A detailed examination of the test results reveals that the cavities under different
numbers of mudstone interlayers all exhibit a contraction towards the interior. In contrast,
the deformation of the upper surface of the cavity is consistently greater than that of
the lower surface, and a symmetrical tendency is observed on the lateral walls. This
phenomenon can be attributed to the fact that the cavity is situated in a gradient distribution
of low stress states, with high-pressure gases filling the cavity and exhibiting an isobaric
distribution. Consequently, the top and bottom of the force are not uniform.

The gradient distribution of ground stress causes the ground stress on the top of the
cavity to potentially be greater than that on the bottom, so the deformation of the top will
be relatively larger. And the high-pressure gas is distributed as isobaric inside the cavity,
which means that the stress state inside the cavity is uniform. However, the ends of the
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cavity are in a state of uneven stress and may have been subjected to greater stresses, so the
deformation at the ends of the cavity will be greater.

In addition, the further away the surrounding rock is from the cavity, the less it is
affected, but by and large, it shows a symmetrical distribution up and down along the
short axis of the cavity. This is because the surrounding rock away from the cavity is less
affected, but the deformation of the cavity will affect the surrounding rock, so that the
deformation along the short axis of the cavity presents a symmetrical distribution on the
whole. Thus, these factors combine to characterise the deformation of the cavity under
different conditions.

As illustrated in Figure 4, the vertical displacement of the surrounding rock of the ver-
tical single-cavity gas storage reservoir is increasing over time. To illustrate, the settlement
value at the upper limit of the reservoir increased from 0.019 m to 0.089 m over the course
of 30 years, while the maximum uplift value at the lower limit rose from 0.011 m to 0.055 m
over the same period.

By observing the vertical displacement cloud diagram of the surrounding rock of the
gas storage reservoir in Figure 4, it is found that with the increase in time, the maximum
settlement value of the surrounding rock at the top of the reservoir is always larger than the
maximum uplift value at the bottom of the reservoir, e.g., the maximum settlement value of
the top of the single-cavity reservoir with eight layers of mudstone interlayers after 30 years
of operation is 0.089 m, and the maximum uplift value of the bottom of the reservoir is
0.055 m. The asymmetry in the vertical displacement of the gas reservoir envelope is due
to the different effects of creep action on the top and bottom of the reservoir.

During the operation of a gas storage reservoir, there may be differences in the stresses
and temperatures to which the top and bottom are subjected, which could result in disparate
creep effects between the two. The upper portion of the reservoir may experience greater
stress levels than the lower portion. Furthermore, given that temperature typically increases
gradually with depth, the temperature at the bottom may be higher than at the top, resulting
in disparate creep effects.

Thus, the fact that the maximum settlement value at the top of the gas storage enclosure
is consistently greater than the maximum bulge value at the bottom over time is due to the
different effects of creep on the top and bottom of the storage reservoir.

The horizontal displacement cloud map of the surrounding rock after 30 years of
operation was obtained by numerical simulations for the vertical single-cavity salt rock
reservoir with eight layers of mudstone interlayers, as illustrated in Figure 5. The remaining
models exhibited comparable patterns.

Figure 5 illustrates that the horizontal displacement of the surrounding rock in the
single-cavity vertical gas storage reservoir is influenced by the surrounding pressure,
with a tendency for expansion into the cavity. This suggests that the surrounding rock
has undergone horizontal deformation in the direction of inward contraction, which has
resulted in a reduction in the effective volume of the gas storage reservoir.

At the same time, the horizontal displacement of the enclosing rock shows a clear
symmetry with respect to the vertical displacement of the top and bottom of the enclosing
rock. This means that the maximum value of the displacement change towards the interior
of the cavity at the horizontal ends is approximately equal. For example, the horizontal
displacement values at the horizontal ends of the reservoir in year 30 are 0.1149 m and
0.1227 m. This symmetry may be attributed to the deformation of the surrounding rocks
occurring horizontally under the influence of similar geologic stresses and confining pres-
sures, which results in the deformation of the surrounding rocks occurring horizontally
showing a similar tendency at the two ends.

A summary the variation of perimeter rock displacement with time for a single-cavity
vertical gas storage reservoir is shown in the Figure 6. Overall, these observations help
to understand the deformation characteristics of the gas storage enclosure rock when
subjected to subsurface pressure, which is of great engineering significance for the design
and management of gas storage reservoirs.
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Figure 5. Horizontal displacement of the surrounding rock of a single-cavity vertical gas storage
reservoir with time: (a) One year; (b) Five years; (c) Ten years; (d) Twenty years; (e) Thirty years.

Figure 6. Plot of perimeter rock displacement versus time for a single-cavity vertical gas reservoir.
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4. Discussion

The data pertaining to displacement, obtained from the numerical simulation of single-
cavity vertical gas storage reservoir monitoring points, were subjected to processing using
Origin 2018 software, with the objective of obtaining the rule of change.

The changes in vertical displacement at monitoring points T and B and the top and
bottom plates of the cavity are shown in Figure 5, respectively.

From Figure 7, a trend can be clearly observed: as the number of mudstone interlayers
increases, the displacement of the top and bottom plates of the reservoir increases. This
trend reflects the relatively weaker nature of the mudstone interlayer in the surrounding
rock. The increase in the number of interlayers under the same cyclic air pressure directly
leads to an increase in displacement deformation.

Figure 7. Vertical Displacement of Monitoring Points T and B: (a) The top plate; (b) The base plate slab.

The explanation for this phenomenon can be attributed to the role of mudstone inter-
layers in the reservoir structure. Mudstone interlayers typically have lower strength and
higher deformability and are, therefore, more susceptible to displacement and deforma-
tion when subjected to external pressures. When the number of mudstone entrapments
increases, the relative proportion of mudstone entrapment in the gas storage structure
increases, and the effects of their displacement and deformation increase accordingly.

It is, therefore, imperative that the impact of the quantity of mudstone inclusions on
the stability of the surrounding rock is given due consideration at all stages of the design
and operational phases of a gas storage reservoir. Appropriate support and reinforcement
measures are implemented to mitigate the adverse effects of mudstone interlayers on the
structural stability of gas storage reservoirs, thereby ensuring the safe operation of the
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reservoirs. These findings have significant implications for the optimisation of reservoir
operation strategies, the reduction of surrounding rock deformation, and the improvement
of long-term reservoir stability. The deformation of the surrounding rock can be effectively
mitigated through the implementation of a rationalised air pressure peaking strategy and
the regulation of the air pressure action time, thereby enhancing the performance and safety
of the gas storage reservoir.

From Figure 8, the changes in horizontal displacement show a similar pattern to the
vertical displacement, which is due to the contraction of the cavity under the influence
of the circulating air pressure. It is worth noting that the displacement changes on the
left and right sides are nearly symmetrical, which means that the trend of changes on
the left and right sides is similar when the cavity is affected. Similar to the vertical
displacement, the effect of the number of interlayers on the horizontal displacement change
is also consistent. When the number of mudstone inclusions is increased, it leads to
greater horizontal displacement changes, which suggests a positive correlation between
the number of inclusions and displacement changes.

Figure 8. Horizontal Displacement of Monitoring Points L and R: (a) The left plate; (b) The right
plate slab.

The volumetric shrinkage of a cavity is defined as the extent to which its volume
decreases due to deformation of the surrounding rock under specific conditions. The
volume change of the cavity is calculated and monitored using FLAC3D, and the resulting
data are instrumental in comprehending the deformation of the cavity under disparate
operational conditions, as well as in appraising the stability and performance of the gas
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storage reservoir. Figure 9 illustrates the variation in cavity volume shrinkage at different
air pressure cycling frequencies.

Figure 9. Volume shrinkage with time at different intervals.

As can be seen from the above figure, the volumetric shrinkage of the gas storage
reservoirs all show a nearly exponential and steady increase for different numbers of
mudstone interlayers. This trend suggests that the rate of the volumetric shrinkage of the
reservoir does not change linearly over time and with the continued action of the circulating
air pressure, but rather increases gradually at a faster rate, especially if the number of
interlayers is high.

The exponential increase in volumetric shrinkage indicates that the mudstone inter-
layer plays a pivotal role in the long-term operation of the reservoir. The increase in the
number of mudstone interlayers not only results in an increase in the displacement and
deformation of the surrounding rocks, but also presents the gas storage reservoir face with
greater challenges in terms of its overall stability. In particular, as the number of mudstone
interlayers rises, the intricacy of the reservoir’s internal configuration intensifies, and the
mechanical interconnections between the layers become more pronounced. This renders
the reservoir more vulnerable to deformation when subjected to pressure, and consequently,
volumetric shrinkage is accelerated.

This phenomenon places higher demands on the design and management of gas
storage reservoirs. In order to slow down the exponential growth of volumetric shrinkage,
it is necessary to carry out fine geological investigations and mechanical analyses at the
early stage of gas storage reservoir construction. Meanwhile, during the operation of the
gas storage reservoir, it is necessary to regularly monitor the volume changes and perimeter
rock deformation, and take timely remedial measures, such as adjusting the circulating
air pressure and strengthening the support structure, in order to maintain the long-term
stability and safety of the gas storage reservoir.

Figure 10 shows the plastic zone volume for a single cavity vertical gas storage. In this
figure, it can be observed that the plastic zone volume is, overall, small with a maximum
value of only 1 m3. This smaller plastic zone volume may be due to the fact that the
reservoirs are designed for a long service life, usually more than 30 years, and also have
long injection and extraction cycles with very stable pressures in the chamber.

Furthermore, the volume of the plastic zone demonstrates a persistent augmentation
with time for varying numbers of interlayers, exhibiting a consistently accelerating growth
rate. This indicates that the volume of the plastic zone will increase gradually and at an
accelerated rate as the reservoir is operated over time.
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Figure 10. Plastic zone volume variation with interval time.

5. Conclusions

In view of the special geological conditions of layered salt rocks in China, and in order
to deeply investigate the influence of the number of mudstone interlayers on the long-
term safe and stable operation of gas storage reservoirs, this study conducted numerical
simulation analyses of gas storage reservoirs containing 6, 8, and 10 layers of mudstone
interlayers, respectively, and came up with the following main conclusions.

(1) As the number of mudstone interlayers increases, the vertical displacement of
the surrounding rocks of the vertical single-cavity gas storage reservoir also increases.
This is evidenced by the observation that the maximum settlement value at the upper
boundary of the gas storage enclosure is consistently less than the maximum uplift value
at the lower boundary. This asymmetry in vertical displacement is primarily attributable
to discrepancies in ground stresses stemming from the disparate depths at which the top
and bottom slabs are situated. The top is subjected to less geopathic stress, whereas the
bottom is subjected to higher geopathic stress, which results in a greater tendency for
the surrounding rock at the bottom to undergo uplift, given that it bears the weight of
the reservoir. This asymmetry is a reflection of the impact of a stratigraphic depth on
the distribution of ground stress, and is a principal factor contributing to the observed
differences in the vertical displacement of the surrounding rocks of the gas storage reservoir.

(2) The horizontal displacement exhibits a clear symmetry. In comparison with the
vertical displacement observed at the top and bottom of the surrounding rock formation,
the horizontal displacement of the surrounding rock formation demonstrates a distinct
symmetry. This symmetry may be attributed to the resemblance in geological stress and
confining pressure within the gas reservoir, which gives rise to the horizontal deformation of
the surrounding rock exhibiting analogous trends at both ends. This finding demonstrates
that, when subjected to horizontal stress, an increase in the interlayer does not result in the
destruction of the symmetry of horizontal displacement.

(3) The influence of circulating air pressure on the horizontal displacement of sur-
rounding rock is consistent with its influence on vertical displacement. An increase in the
number of mudstone entrapments leads to greater horizontal displacement changes. This
implies that an increase in the number of interlayers will further amplify the amplitude
of the horizontal displacement of the surrounding rock under cyclic gas pressure, indicat-
ing that the number of interlayers has an important influence on the stability of the gas
reservoir.

(4) A change in the volume of the plastic zone was observed. It was determined that
the volume of the plastic zone within the gas storage reservoir is relatively limited in scope.
However, the rate of contraction for the reservoir demonstrates a notable exponential and
consistent increase over time. The volume of the plastic zone continues to increase with
time for different numbers of interlayers, and the rate of increase continues to accelerate.
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This trend indicates that the number of interlayers has a considerable impact on the plastic
deformation of the surrounding rocks of the reservoir. Consequently, an increase in the
number of interlayers results in a proportional acceleration in the expansion rate of the
plastic zone volume, which in turn exerts a more pronounced influence on the long-term
stability of the reservoir.
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Abstract: When mineral resources are extracted using underground mining methods in hilly regions,
landslides or slope failures can be induced frequently. In this study, slope collapse disasters in
mountain mining areas were analyzed. The model test and numerical simulation of the slope
impacted by repeated mining were carried out. The crack evolution and failure process were
analyzed to reveal the instability mechanism. The results show that the rock mass would topple to
the inside of the slope first, when the subsidence of overlying rock was induced by the mining of the
upper coal seam. When repeated mining was performed in the lower coal seam, the mining induced
macro-cracks that could connect with natural fissures, inducing the outward displacement of the
slope. Then, the rock mass at the foot of the slope has to bear the upper load, which is also squeezed
out by the collapsed rock mass, forming the potential slip zone. Finally, the instability is caused
by the shear slip of the slope toe rock mass. Therefore, the instability evolution of the slope under
underground repeated mining disturbance can be divided into four stages as follows: roof caving
and overlaying rock subsidence, joint rock toppling, fracture penetration, and slope toe shearing and
slope slipping.

Keywords: repeated mining; crack evolution; shear slip; slope instability

1. Introduction

In mining areas, subsidence or landslides will be caused by underground mining
activities [1,2]. In particular, many mineral resources are buried in mountainous areas in the
southwest of China. When the underground mining method is used to excavate the mineral
resource, mountain cracking and collapse disasters of the slope can be induced easily [3,4].
Therefore, the characteristics of deformation and crack evolution are analyzed, and the
influence factors of underground mining on mountain stability are investigated [5–7].

Usually, scholars focus on the investigation of the engineering conditions of the
mining-induced landslide disasters [8–10]. And the model test or numerical simulation
is performed to analyze the causes of instability [11–13]. Salmi et al. [14] established
a discontinuous numerical model to investigate the mechanisms of the underground-
mining-induced landslide that occurred in Nattai North, Australia. The results show the
shear and compressive failure will be induced at the escarpment base, then the forward
sliding and toppling of the rock column can be initiated. Arca et al. [15] analyzed the
landslide-related factors to identify landslide susceptibility of mined disturbed areas in
Kozlu, Turkey. Then, the landslide susceptibility map was established. Cui et al. [16]
identified the key features and contributing factors for mining-induced landslides, and the
dynamic mechanism was analyzed using geological field surveys, numerical simulation
and theoretical analysis. Yang et al. [17] used the interferometric synthetic aperture radar
technique and landslide and fissure spatiotemporal statistics to investigate the spreading
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process of the slow subsidence caused by underground coal mining. Then, the mining
impact on the occurrence of shallow loess landslides was revealed. Lai et al. [18] considered
the soft–hard interlayer structure of the slope disturbed by underground mining, and
centrifuge model tests and 3D discrete element mode were performed to investigate the
Madaling landslide. The displacement of the deep rock mass is proposed to serve as
the early-warning criterion for mining landslides. Liu et al. [19] designed a two-stage
monitoring system to identify the potential landslide area and record multiple real-time
data regarding an impending landslide. Zhong et al. [20] investigated the formation
mechanism of a landslide occurring in coal-mining subsidence area at the Tanshan Coal
Mine in Ningxia. The stress and deformation characteristic during the failure process were
discussed, which was divided into four stages: slope creep, slope deformation, landslide
movement and landslide accumulation.

The previous studies show that the collapse of slopes located in hilly regions is
easily induced by underground mining. Researchers focus on the description of the
collapse phenomenon, offering critical insight into the mechanism of the landslide [21,22].
However, the key factor of repeated mining has inadvertently been ignored. Some mining
landslides revealed that multiple coal seams were mined in the collapse area [23]. To
reveal the instability mechanism induced by the repeated mining, the mined induced
collapse disasters that occurred in the Pusa Village were analyzed. The model test and
numerical simulation of slope disturbed by underground repeated mining were established.
The failure process was analyzed to investigate the characteristics of deformation, crack
evolution and sliding.

2. The Background of the Landslide

2.1. Overview of the Landslide

Abundant coal resources are buried in the Laoyingyan Mountain, Pusa Village,
Zhangjiawan Town, Nayong County, Guizhou Province, which have been extracted using
underground mining methods for many years, forming a complex goaf. As shown in
Figure 1, due to the combined effect of the primary structural plane, mining and weath-
ering, deep cracks occurred on the mountaintop. The stability of the mountain slope
decreases significantly. At about 10:40 PM on 28 August 2017, a large slope collapse disaster
occurred. The length and width of the collapse were about 840 m and 410 m, respectively.
The volume was about 6 × 105 m3. The surrounding woodland and farmland were de-
stroyed. Some houses located in the lower part of the village were buried, resulting in a
total of 35 deaths [8].

Figure 1. Geological profile of the collapse area.
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2.2. Engineering Geological Condition
2.2.1. Stratigraphic and Lithologic Structure

The strata in the collapse area include the following: clay and sandy clay in the
Quaternary; in the Triassic Yelang Formation (T1y), the upper part is gray-brown medium-
thick limestone with marl, and the lower part is gray sandy mudstone with siltstone; in
the Triassic Changxing–Dalong Formation (P2c + d), the upper part is marl with shale,
and the lower part is gray medium-thick-layered and thin-layered limestone; the Permian
Longtan Formation (P3l), which is the coal measure strata, includes gray-green-deep gray
silty mudstone, gray-deep gray argillaceous siltstone and coal seam. Some rock mechanics
tests are performed; the mechanical parameters of rock are listed in Table 1.

Table 1. Mechanical properties of rock.

Lithology Density/(g/cm3) Strength/MPa Young’s Modulus/GPa

Limestone 2.67~2.72 57.6~85.6 9.51~36.7
Marl 2.62~2.69 43.3~64 6.47~30

Silty mudstone 2.54~2.65 33.9~56.2 5.18~14
Coal 1.3~1.4 4.65~20 0.76~3.5

Muddy siltstone 2.58~2.66 22.4~47.5 2.15~12

2.2.2. Geological Structure

The strata in the collapse region has a monoclinic structure. The dip direction is
138–187◦, and the dip angle is 7–10◦. The occurrence of a coal seam is consistent with that
of the strata. Affected by lithology composition, the limestone and marl located at the
upper of slope are relatively hard in strength, and the lower mudstone and siltstone are
low, forming the upper hard and lower soft structure. Therefore, the slope rock mass is
characterized as soft and hard interbedded. Furthermore, the mining area is disturbed by
three faults, F1, F2 and F3 [24]. F1 is a normal fault, which has an NE dip direction with an
angle of 155–167◦ and a dip angle of 63–70◦. F2 is a reverse fault, dipping to southeast, with
an angle of 70–75◦. F3 is a normal fault, dipping to the northeast, with an angle of 75–80◦.
Among them, F1 and F2 are developed in the middle and front of the slope at the lower
part of the cliff in the collapse area, cutting the coal seam in the mining area. F3 is located
about 500 m to the east of the collapse area. The collapse area cannot be affected by those
faults. However, the rock mass structure at the top of the eagle rock is broken, and the joint
fissures are developed, forming the four groups of structural planes. The depth is 50–80 m,
and the width is 2–3 m. Those are considered as the seepage channel. The surface water
can flow into the underground goaf. The strength of the rock will deteriorate, impacting
the stability of the slope.

2.3. The Underground Mine

Six minable coal seams are buried under slope, which are named M6, M10, M14, M16,
M18 and M20, from top to bottom. The dip angle of the coal seams is between 7◦ and 12◦.
M10, M14 and M16 are mainly excavated in the collapse area, and the average thickness of
the coal seams is 2.12, 1.23 and 1.48 m, respectively. The roof and floor of the coal seams are
argillaceous siltstone. The mining area under the mountain is about 0.96 km2. According
to the characteristics of coal seams, the longwall retreating mining method is used. Before
2010, M16 was mainly excavated. The goaf of M16 was located at the front end of the slope,
which has little effect on the deformation of the slope. The M10 and M14 coal seams were
mainly excavated from 2011 to the time before the occurrence of collapse. The goafs of the
M10 and M14 coal seams were located directly below the slope. When the M10 and M14
coal seams were excavated, a macro-fracture was caused at the top of the mountain. Then,
the mountain began to deform violently.
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3. The Model Test of the Collapse

3.1. Model Design

A frame and a non-contact displacement monitoring system are used in the model test.
The maximum dimension of the model is 1300 mm × 1000 mm × 150 mm. The monitoring
system is composed of an image acquisition and analysis system. A charge-coupled
device camera was used to record the digital images of the model. And the deformation
characteristic is analyzed using the digital speckle correlation method. By tracking the
same pixels occurring in the digital images recorded before and after deformation of the
model, the displacement and deformation of the monitored area can be calculated [25]. In
this study, the charge-coupled device camera (CCD) and the image storage device were
used. The maximum resolution and speed of the CCD is 2456 pixels × 2058 pixels and
75 M/s, respectively. During the mining process, a resolution of 1280 pixels × 960 pixels
and a 5 Hz acquisition rate were set to capture the deformation digital images.

As shown in Figure 2, considering the similarity ratio and experimental feasibility,
the simplified similarity model was established based on the engineering and mining
conditions of the Laoyingyan Mountain. The mechanical and geometrical similarity ratios
of the similarity model were designed as follows: CL = 1:300, CS = 1:330 and Cρ = 1:1.1 (CL,S
and Cρ are the similarity constant for geometry, stress and density, respectively). Details
of the material similarity for the model test and similarity criteria can be found in our
previous publications [26,27]. The mechanical parameters of stratum are shown in Table 2.
Two mineable coal seams were designed. The length and height mined of the upper coal
seam were 60 cm and 2.5 cm, respectively. The length mined of the lower coal seam was
also 60 cm, and the mining height was 1.5 cm. A speckled pattern was sprayed on surface
of the model. The coal mining was carried out from the inside of the slope to the free face
continually. In this study, a positive value indicates that the horizontal displacement of
the slope is towards the free surface, and the vertical displacement is downward. The
six characteristic states of the model are analyzed. Both the upper and lower coal seams
are divided into three stages. The sequence is S1 → S2 → S3 → X1 → X2 → X3, and the
interval length was 20 cm.

Figure 2. The similarity model.
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Table 2. Mixture ratio and mechanical parameters of similarity material.

Lithology

Mixture Composition

Strength
(MPa)

Young’s
Modulus

(MPa)
Sand
(kg)

Barite
Powder

(kg)

CaCO3

(kg)
Gypsum

(kg)
Water
(kg)

Limestone 22.91 9.82 0.16 1.47 3.82 0.227 29.6
Marl 11.50 4.93 0.33 0.49 1.92 0.165 20

Silty mudstone 12.81 3.20 0.40 0.40 1.33 0.157 15.4
Muddy siltstone 54.36 6.04 1.81 1.21 3.02 0.115 6.6

Coal seam 2.82 0.31 3.14 0.00 1.15 0.014 2.4

3.2. The Displacement Induced by the Mining
3.2.1. The Displacement Induced by the Mining of the Upper Coal Seam

The displacement of the model induced by the mining of S1 and S2 in the upper coal
seam is shown in Figure 3. When S1 and S1 were mined, a slight displacement was caused.
The horizontal displacement mainly occurred in the roof caving zone and slope toe. The
vertical displacement mainly occurred at the middle of the roof of the working face, and
the maximum value was 5.5 mm, which indicates that the mining of S1 and S2 had a great
influence on the deformation of the immediate roof and had little influence on the slope.

  
(a) (b) 

Figure 3. The displacement induced by the mining of S1 and S2. (a) Horizontal displacement;
(b) vertical displacement.

The displacement of the model induced by the mining of S3 is shown in Figure 4. The
significant displacement was caused in the upper rock mass of the slope. The boundary
of mining-induced fracture could be clearly identified. The vertical displacement mainly
occurred above the goaf. The closer to the goaf, the greater the displacement. The settlement
value of the model top was between 5 mm and 7 mm, which indicates that the mining
influence had been transmitted from the roof to the top of the model through the overburden
rock. However, the vertical displacement of the slope surface was still small. The horizontal
displacement mainly occurred in the upper part of the goaf and the slope surface. The
deformation boundary was generated at the middle of the goaf, and the displacement
direction was different in that area. This indicates that the roof caved into the goaf, and the
collapsed rock mass squeezed the slope, which moved towards the free surface. Therefore,
the stability of the mountain was significantly reduced.

  
(a) (b) 

Figure 4. The displacement induced by the mining of S3. (a) Horizontal displacement; (b) vertical displacement.
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3.2.2. The Displacement Induced by the Mining of the Lower Coal Seam

The displacement of the model induced by the mining of X1 is shown in Figure 5. As
the model in this stage is very different from the initial state, the initial state of mining of
the lower coal seam is taken as the reference frame in the digital speckle analysis. When
X1 was mined, the displacement of the roof of the lower coal seam was relatively small.
However, the obvious stratification was caused in the overlying strata. The impact zone
was larger than the mined range. This indicates that the smaller subsidence of the roof of
the lower coal seam may lead to a larger displacement of the upper rock layer.

  
(a) (b) 

Figure 5. The displacement induced by the mining of X1. (a) Horizontal displacement; (b) verti-
cal displacement.

The displacement of the model induced by the mining of X2 is shown in Figure 6.
Affected by the large-area caving of the lower coal seam roof, the deformation of the slope
increased obviously, which resulted from the mining of X2. In the horizontal direction,
significant displacement occurred at the position on the right side of the upper roof and the
middle of the lower coal seam, and the maximum value was 3.7 mm. This indicates that
the broken rock layer was continuously toppled outward with the excavation of the lower
coal seam, and the slope surface rock mass was squeezed at the same time. In the vertical
direction, significant displacement occurred at the position on the middle of the roof of the
lower coal seam. Obvious displacement was also caused at the position on the right side
of the upper roof. At this time, the influence of underground excavation on the top of the
slope was slight, and the settlement value was less than 2 mm.

(a) (b) 

Figure 6. The displacement induced by the mining of X2. (a) Horizontal displacement; (b) verti-
cal displacement.

The displacement of the model induced by the mining of X3 is shown in Figure 7.
When the lower coal seam was completely excavated, part of the slope displacement value
of the model failed to display, as the rock had been seriously broken, and the speckle
pattern on the surface was damaged. Hence, the displacement cannot be identified using
the digital speckle correlation method. It can be seen from the existing data that the
significant horizontal displacement was caused in the middle of the broken rock mass,
and the maximum value reached 19.8 mm. The slope toppled to the free surface, and
the potential sliding surface was penetrated. Significant vertical displacement was also
induced at the right side of the broken rock mass. The slope had been in a critical state.
Further underground mining or other disturbances may induce landslides.
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(a) (b) 

Figure 7. The displacement induced by the mining of X3. (a) Horizontal displacement; (b) verti-
cal displacement.

4. Numerical Simulation Analysis of the Collapse

4.1. Scheme of Numerical Simulation
4.1.1. The Numerical Model

Based on the engineering geological condition, the repeated-mining-disturbed numer-
ical model was established using the PFC 2D (Particle Flow Code 5.0) discrete element
software, as shown in Figure 8. The complete process of crack initiation and propagation
induced by the excavation disturbance can be simulated [28,29]. The length of the model
was 500 m, and the width was 345 m. The geological characteristics of the slope were
designed basically. Two minable coal seams buried under the slope were established. The
thickness of the upper and lower coal seams was 7 m and 4 m, respectively. The limestone,
marl silty mudstone and muddy siltstones were designed as the overburden. The dip
angle of the rock stratum in the numerical model was 10◦. Four joint fissures were set
at the top of the model to simulate the structural plane of the mountain prototype. The
fissure depth changed from 50 m to 80 m, and the dip angle was about 70◦. The horizontal
displacement of the left and right boundaries of the model was limited; the vertical dis-
placement of model at the potion of the bottom boundary was also limited. The parallel
bond model was used for simulating the mechanical behavior of the coal and rock mass. If
the tensile-strength limit is exceeded, then the bond in tension is broken. If the bond has
not broken in tension, then the shear-strength limit is enforced, and the stiffness will reduce
with the breaking of the bond. Hence, this model is considered as a suitable bond model
for the rock materials [30]. The parameters in the numerical model were listed in Table 3,
which were determined by referring to the previous research and parameter calibration
test [24,31]. In the numerical model, the unconfined compression strength of limestone,
marl, silty mudstone, coal and muddy siltstone is about 69 MPa, 54 MPa, 51 MPa, 4.7 MPa
and 38 MPa, respectively, according to the parameters listed in Table 3.

Figure 8. The numerical model.
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Table 3. The parameters in the numerical model.

Parameter Limestone Marl Silty Mudstone Coal Seam Muddy Siltstone

Porosity (%) 0.1 0.1 0.1 0.1 0.1
Particle density (kg/m3) 2700 2650 2600 1350 2560
Effective modulus/GPa 10 8 7 1.84 5.6

Bond normal-to-shear stiffness
Ratio (k

∗
) 1 1 1 1 1

Bond effective modulus/GPa 10 7 5 1.84 4.6
Bond tensile strength/MPa 15 12.5 10.2 3.15 8

Bond cohesion/MPa 25 18.1 15.4 5.53 14.45
Bond friction angle/◦ 38 35 33.8 18 30.1

4.1.2. Excavation and Monitoring

The upper and lower coal seams were excavated, respectively. Each coal seam was
mined from the inside of the slope to the outside of the slope. The length of the work face
was 240 m. In order to investigate the deformation response law of the layered rock slope
under excavation disturbance, a total of 20 monitoring points were laid out as shown in
Figure 8. On the roof of the lower and upper coal seams and the top and surface of slope
were set five monitoring points, respectively. When the coal seam was mined for 40 m,
the crack and displacement were recorded and analyzed. The sequence was marked as
S1 → S2 → S3 → S4 → S5 → S6 → X1 → X2 → X3 → X4 → X5 → X6.

4.2. Analysis of the Failure Process
4.2.1. The Mining of the Upper Coal Seam

Figure 9 exhibits the fracture evolution of the slope during the excavation of the upper
coal seam. When the upper coal seam was mined for 40 m, the separation was caused in
the immediate roof. Due to the large span of the working face, the immediate roof first
collapsed after the mining length of 80 m. Some separations were caused in the overlying
strata. After the mining of S3, the overlying strata above the working face collapsed as
an inverted trapezoid, and some separation fissures were caused between the marl and
mudstone. At this time, the rock mass cut by the deep structural plane at the top of the
slope toppled towards the inside slope, resulting in the closure of J3. When S4 was mined,
the caving area continued to increase, and the mining-induced cracks on the left boundary
also expanded upward. Tensile cracks appeared at the bottom of the rock bridge on the
top of the slope, and J2 gradually closed. When S5 was mined, a large displacement had
been caused in the overlying strata, and the marl and mudstone above the working face
collapsed completely. The mining-induced cracks had been transmitted upward to the
surface, and the joint rock toppled to the trailing edge of the mountain. Some cracks were
induced at the foot of the slope. After the mining of S6, the range of the fracture zone above
the goaf was further expanded. The slope stability was significantly reduced due to the
oblique tension crack in the middle of the slope.

(a) (b) 

Figure 9. Cont.
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(c) (d) 

  
(e) (f) 

Figure 9. The fracture evolution during the mining process of the upper coal seam. (a) S1; (b) S2;
(c) S3; (d) S4; (e) S5; (f) S6.

4.2.2. The Mining of the Lower Coal Seam

Figure 10 exhibits the fracture evolution of the slope during the excavation of the lower
coal seam. After the excavation of X1, the separation was caused in the roof. However, the
mining has a slight effect on the roof of the upper coal seam. When X2 was mined, the
immediate roof collapsed, and the main roof subsided. The mining fracture zone expanded
upward, resulting in a small settlement of the mining zone of the upper coal seam. After
the mining of X3, a large-area roof of the working face caved, and the fracture zone had
expanded to the floor of the upper coal seam. After the mining of X4, the overlying strata of
the working face sank, which led to obvious subsidence in the upper mining zone, and the
joint rock on the top continued to move into the slope. At this time, the surface rock mass
at the foot of the slope was uplifted. After the mining of X5, the influence range of the goaf
was further expanded, and the rock mass at the bottom of J1 was cracked. Furthermore, the
rock mass at the upper part of the slope had a tendency to slide downward. The potential
sliding surface was formed. However, part of roof at the right boundary of the goaf had
not collapsed completely, which could support the overlying rock temporarily. After the
mining of X6, the rock mass above the working face collapsed completely, the rock mass at
the inside of the slope was broken extremely and step-shaped subsidence pits were caused
on the joint surface of the slope top. The rock mass at the foot of the slope was squeezed
out, and the slope body slipped slightly in the direction of the free surface; the potential
sliding surface had essentially penetrated.

  
(a) (b) 

Figure 10. Cont.
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(c) (d) 

(e) (f) 

Figure 10. The fracture evolution during the mining process of the lower coal seam. (a) X1; (b) X2;
(c) X3; (d) X4; (e) X5; (f) X6.

4.3. Slope Deformation Induced by Mining
4.3.1. The Displacement Characteristic of the Slope

The displacement characteristic of the slope during the mining process of the upper
coal seam is shown in Figure 11. After the mining of S3, the overlying rock of the working
face caved, and the settlement was characterized as an arch shape. The rock above J3 was
toppled into the slope. After the mining of S6, a huge arch-shaped settlement area was
formed in the middle of the slope. At this time, the vault settlement area had expanded
upward to the bottom of the joint rock, resulting in the rock at the top of the slope dumping
into the slope. When X3 was mined, the bending deformation was induced in overlying
rock above the working face. The collapsed rock mass induced by the upper coal seam
mining area continued to sink. At this time, the joint rock continued to pour into the slope.
The strata of the slope above the goaf were borne by the rock mass at the toe of the slope.
After the mining of X6, the overlying strata above the lower coal seam completely collapsed,
and the impacted area had expanded to the foot of the slope. The support capacity of the
slope toe was weakened, which failed to bear the load of the upper rock mass. The rock
mass at the foot of the slope was cut off, forming a potential slip surface, and the upper
rock mass began to slip towards the free surface.

(a) (b) 

Figure 11. Cont.
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(c) (d) 

Figure 11. The displacement characteristic of the slope during the mining process. (a) S3; (b) S6;
(c) X3; (d) X6.

4.3.2. The Displacement Characteristic of the Measuring Point

The displacement of measuring points in the roof of the upper coal seam is shown in
Figure 12. When the upper coal seam was mined, the measuring points moved rapidly,
as the immediate roof collapsed with mining. Then, the displacement stopped increasing,
resulting from the end of the roof collapse. With the excavation of the lower coal seam, the
displacement of the measuring points in the lower coal seam roof increased accordingly,
as shown in Figure 13. When X4 was mined, significant displacement was induced again
in the measuring points No. 6–No. 10. This indicates that the immediate roof collapsed
gradually, and the deformation of the upper coal seam floor was then activated, causing the
secondary subsidence of collapsed strata of the upper coal seam. Hence, the displacement
of the measuring points started to increase. During the mining process of the lower coal
seam, No. 6 and No. 7 first moved to the outside of the slope, and a sudden turning change
was then caused. This may be caused by the bending deformation and collapse of the
immediate and main roof.

The displacement of the measuring points at the top of the slope is shown in Figure 14.
The horizontal displacement of the No. 11 measuring point was different from that of the
other measuring points. When the upper coal seam was mined, the displacement value
of the No. 22–No. 15 measuring points reduced, indicating the rock moved to the inside
of the slope. When the influence range of the mined-out area had extended to the rock
above J2, the displacement of No. 14 at the position above J2 increased rapidly, indicating
the rock began to fall towards the slope. During the mining of S5, the displacement of
No. 12 and No. 13 increased and then decreased. This indicates the joint rock was broken
first, due the subsidence of the strata, which toppled to the inside. With the increase in the
subsidence range, the measured points also moved to the outside of the slope. When the
lower coal seam was mined, with the increase in the excavation distance, the displacement
of most measuring points gradually moved to the outside. However, the displacement of
the No. 15 measuring point continued to increase until X5 was mined. This indicates the
rock mass above J4 also moved to the outside. Then, the rate of change increased suddenly,
indicating the slope had begun to accelerate to slip at this time. During the mining process,
the displacement of No. 11 located on the left side of J1 was lower than that of the other
measuring points laid out at the top of the slope. This indicates that, under the disturbance
of mining, differential deformation was induced on both sides of the joint rock mass at
the top of the slope. The broken joint rock would lose its support, toppling into the slope.
Then, the collapsed rock had a tendency to slip outward, which contributed to form the
potential sliding of the slope.

The displacement of the measuring points at the surface of the slope is shown in
Figure 15. When the upper coal seam was mined, bending deformation of the overburden
rock was induced. Hence, the No. 16–18 measuring points mainly moved towards the
inside of the slope first, while a tiny upward movement was induced in the No. 19 and No.
20 measuring points. During the mining process of the lower coal seam, as the cracks were
induced at the foot of the slope, the No. 16–18 measuring points started to move towards
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the outside of the slope. The horizontal displacement value of the No. 20 measuring point
was much larger than the vertical displacement value, indicating that the slope toe was
mainly squeezed out in the direction of the free surface.

(a) (b) 

Figure 12. The displacement of measuring points in the roof of the upper coal seam. (a) Horizontal
displacement; (b) vertical displacement.

(a) (b) 

Figure 13. The displacement of measuring points in the lower coal seam roof. (a) Horizontal
displacement; (b) vertical displacement.

(a) (b) 

Figure 14. The displacement of measuring points at the top of the slope. (a) Horizontal displacement;
(b) vertical displacement.
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(a) (b) 

Figure 15. The displacement of measuring points at the surface of the slope. (a) Horizontal displace-
ment; (b) vertical displacement.

5. Slope Instability Slip Mechanism

As shown in Figure 16, combined with the results of model test and numerical simula-
tion analysis, the instability evolution of the slope under underground repeated mining
disturbance can be divided into four stages as follows: roof caving and overlaying rock
subsidence, joint rock toppling, fracture penetration, and slope toe shearing and slope
slipping. The failure mechanism of slope instability can be summarized as strata collapse–
joint rock toppling–shear slip. The main reasons for the instability and slip of the slope
will be divided into geological factors and non-geological factors. In the collapse area,
the geological factors were characterized as the typical upper hard and lower soft, upper
steep and lower gentle slope. During the long period of weathering and karstification,
many deep and large joints are developed at the top of the slope, and the stability of the
mountain will be impacted. Non-geological factors include external disturbances such as
underground excavation, rainfall and earthquakes.

(a) (b) 

 
(c) (d) 

Figure 16. Slope instability process. (a) Roof caving and overlaying rock subsidence; (b) joint rock
toppling; (c) crack penetration; (d) slope toe shearing and slope slipping.
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When the underground resource is mined repeatedly, the joint rock can be broken
during the mining process of the upper coal seam. The deep and large fissures of the slope
continuously developed, and the mining-induced cracks will connect with natural fissures.
In addition, water can penetrate into the slope along the cracks, and the conditions of
the slope are further disturbed and deteriorated. Finally, the potential slip surface will be
formed. When the rock mass at the foot of the slope is sheared and squeezed out, the rock
of the slope loses support, forming a potential sliding zone and eventually leading to the
slip of the slope.

6. Conclusions

In this study, the landslide disaster in Pusa Village is taken as the engineering back-
ground; the model test and numerical simulation were performed to investigate crack
propagation and the mechanism of a landslide induced by repeated mining. The following
specific conclusions can be made:

(1) During the repeated mining process, the joint rock mass at the top of the mountain
will be broken by the mining of the upper coal seam. The rock mass topples to the
inside of slope first. Then, the outward displacement of the slope will be caused by
the mining of the lower coal seam. The potential slip zone will be formed.

(2) The immediate rock caving and strata subsidence will be caused by the mining. When
the mining-induced crack connects with natural fissures, the rock mass at the foot
of the slope has to support the overlying rock mass, which is also squeezed by the
collapsed rock mass. Hence, shear cracking can be caused at the foot of the slope.

(3) The instability evolution of the slope under underground repeated mining disturbance
can be divided into four stages as follows: roof caving and overlaying rock subsidence,
joint rock toppling, fracture penetration, and slope toe shearing and slope slipping.
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Abstract: In actual underground rock engineering, to prevent the deformation and damage of the
rock mass, rock bolt reinforcement technology is commonly employed to maintain the stability of the
surrounding rock. Therefore, studying the anchoring and crack-stopping effect of rock bolts on frac-
tured granite rock mass is essential. It can provide significant reference and support for the design of
underground engineering, engineering safety assessment, the theory of rock mechanics, and resource
development. In this study, indoor experiments are combined with numerical simulations to explore
the impact of fracture dip angles on the mechanical behavior of unanchored and anchored granite
samples from both macroscopic and microscopic perspectives. It also investigates the evolution of
the anchoring and crack-stopping effect of rock bolts on granite containing fractures with different
dip angles. The results show that the load-displacement trends, displacement fields, and debris
fields from indoor experiments and numerical simulations are highly similar. Additionally, it was
discovered that, in comparison to the unanchored samples, the anchored samples with fractures at
various angles all exhibited a higher degree of tensile failure rather than shear failure that propagates
diagonally across the samples from the regions around the fracture tips. This finding verifies the
effectiveness of the numerical model parameter calibration. At the same time, it was observed that
the internal force chain value level in the anchored samples is higher than in the unanchored samples,
indicating that the anchored samples possess greater load-bearing capacity. Furthermore, as the
angle αs increases, the reinforcing and crack-stopping effects of the rock bolts become increasingly
less pronounced.

Keywords: granite; crystalline structure; deformation and fracture process; 3D equivalent mineral
crystal model; force chain network analysis

1. Introduction

In the realm of underground rock engineering, anchor reinforcement technology is
commonly employed to avert deformation and damage to the rock mass, thereby ensuring
the stability of the surrounding rock [1–3]. This technology, by offering proactive resistance,
markedly enhances the shear strength of the structural surfaces and fortifies the constraints
on ground deformation. It also optimizes the stress conditions within the excavated rock
and soil mass [4]. Additionally, anchor reinforcement effectively harnesses the geotechnical
body’s intrinsic strength and load-bearing capacity [5], unleashing its latent strength
potential. This approach not only reduces project costs but also expedites construction
timelines and supports the project’s sustainable long-term operation. In summary, the
crack-stopping effect exerted by anchors on the fissured granite rock mass is of pivotal
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importance in underground rock reinforcement engineering. It offers substantial guidance
and support for the design of underground engineering projects, safety assessments, the
advancement of rock mechanics theory, and the exploitation of resources. The fracture
stopping effect of anchors on the interior of the rock body cannot be solved by formula
derivation of its rupture mechanism using theoretical methods, so indoor tests have become
one of the main methods of studying the anchoring mechanism of anchors on fissured rock
bodies, and many scholars and experts at home and abroad have carried out a lot of work
on the mechanical behavior of the anchored fissured rock bodies.

In 1974, Bjurstrom [6] conducted a series of shear tests, revealing that anchors are capa-
ble of effectively containing deformation damage in jointed rock bodies and enhancing the
shear resistance of joint surfaces. In 1975, Littlejohn and Bruce [7] categorized the damage
modes of rock anchors into the following three distinct types: damage to the perimeter
rock, interfacial failure, and damage to the anchor body itself. In 1987, Egger and Spang [8]
carried out a series of large-scale in situ shear tests and similarly found that the anchorage
angle of the anchor affects the anchorage effect of the anchor on the rock body. In 1990,
Spang and Egger [9] investigated the anchorage effect of anchors in different rock materials
by dividing their shear stress–displacement curves into a linear-elastic deformation, a yield-
ing stage, and a plastic deformation stage. In 2010, Bezuijen [10] demonstrated that even
with anchorage, jointed rock masses can still exhibit shear displacement when subjected to
external loads. As the shear displacement across the joint surfaces accumulates, the anchor
is likely to form a plastic hinge, at which point the maximum shear stress is reached.

On the domestic front, studies on the mechanical behavior of anchored fractured
rock bodies have also focused on uniaxial compression and shear, which are the two most
common and simplest stress states. Chen [11] conducted an experimental investigation on
bolted rock samples to assess the anchoring efficacy of threaded steel bolts and D-bolts. The
study incorporated a range of variables, including various angles of displacement, different
joint spacings, and three distinct rock materials, namely, weak concrete, strong concrete,
and concrete–granite. For anchored rock with perforated weak interlayers, Zong et al. [12]
found that the anchoring effect could change the damage mode of the rock samples from
brittle to ductile, with tensile damage being replaced by more shear damage. These above
conclusions are consistent with the studies of Ren et al. [13] and Ding et al. [14]. In 2016,
Li et al. [15] and Yang et al. [16] conducted laboratory tests on the effect of prestressing
anchors in fractured rock bodies, which indicated the optimal anchorage angle and location.
They also found that the anchors acted to inhibit fracture creation and expansion, and to
improve the integrity of the fractured rock body. Under shear conditions, many scholars
focused on the effects of anchors on shear force, displacement, and deformation, and
achieved good results. In 2020, Yang et al. [17] explored in detail the fracture and anchorage
mechanisms of jointed rock bodies on a microscopic scale by using the digital speckle
correlation method, acoustic emission technology, and X-ray CT observation. In 2021, Li
et al. [18] conducted anchorage shear tests. It was identified that the residual resistance
contribution of full-length bond bolts was the largest at anchorage angles of 55◦ to 70◦. The
maximum contribution of the anchor bolts increased linearly with the increase in the joint
extension angle. In addition, the effects of different anchorage types, anchorage patterns,
joint roughness values, loading angles, and displacement angles were investigated in the
anchorage shear tests.

With the rapid development of computer technology, numerical simulation has gradu-
ally become one of the mainstream research methods in the field of rock mechanics [19,20].
In the study of the mechanical behavior of anchored fractured rock, there are usually two
methods, i.e., the finite element method (FEM) and discrete element method (DEM).

Han et al. [21] utilized the finite element analysis software ANSYS 2013R2 to con-
struct a finite element model of fractured rock anchorage, investigating the impact of rock
fractures on the load transfer mechanism of anchoring. Through numerical calculations,
they analyzed the effects of fracture aperture, fracture length, and fracture position on
the stress transfer mechanism in the anchored fractures. Kang et al. [22] analyzed the
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mechanism of “S”-type joint fractures in the fractured rock body and carried out numerical
simulation research on the anchoring effect of this joint. They established the model of
the fractured rock body under different anchoring methods using FEM software FLAC3D
5.0, and carried out simulation tests to analyze the mechanical properties of the fractured
rock body under different anchoring methods. Comparison and analysis of the anchoring
effect and the main damage mode under different anchoring methods. Yang et al. [16] used
the FEM software ABAQUS (2018) to carry out a series of numerical simulation studies
on the mechanical properties and anchoring effect of prestressed anchors reinforcing the
fissured rock mass. In summary, the internal monitoring values of the samples, as well as
the deformation and stress of the anchors can be easily obtained using FEM; however, the
microscopic changes inside the rock mass are difficult to capture.

DEM can better capture some microscopic information inside the sample during
the load damage process compared to FEM, and simulate the microcracks sprouting and
expanding in the sample. Among them, many researchers have used bonded particles (BPs)
in DEM to simulate anchors and rock masses [23]. Wu et al. [24] used three-dimensional
particle flow code (PFC3D) to investigate the effect of different anchorage angles on crack
extensions from a microscopic point of view, and used BPs in PFC to simulate both the
rock body and the anchor system. Chen [25] conducted a series of numerical simulations
using PFC3D to explore the mechanical impacts of anchoring on cracked rock. In these
simulations, the rock mass was represented by the bonded particle model (BP) within PFC,
while the prestressed anchor system was modeled using the Clump method.

It is not difficult to find that the internal monitoring values of the samples, as well as
the deformation and stress of the anchors, can be easily obtained using FEM. However,
the microscopic changes inside the rock mass are difficult to be captured [26–28]. In
contrast, DEM offers a distinct advantage over FEM in capturing microscopic details within
a sample during the loading and damage process, effectively simulating the initiation and
propagation of microcracks within the material [29–31]. However, it falls short in accurately
reflecting the elastic-plastic behavior of continuous media, such as the response of anchor
rods to stress [25]. Therefore, many researchers have combined the advantages of these two
methods by coupling FEM-DEM to provide a solution to the above mentioned problems.
Luo et al. [32] established a numerical model of anchored fissured rock mass by coupling
FEM and DEM, and investigated the internal stress evolution in the sample and the stress
distribution in the anchor under the anchoring action.

However, for natural rock materials with a crystalline structure, such as granite, the
complexity of their internal mineral composition and structure means that using a ho-
mogeneous model to simulate granite materials has certain limitations. Currently, for
the numerical modeling of granite materials, the grain-based model (GBM) has become
the choice of many scholars [33,34]. Potyondy et al. [35,36] were the first to establish a
GBM based on the particle flow code (PFC). The PFC-GBM is capable not only of repro-
ducing the interactions between crystals but also of simulating the internal mechanical
behavior of mineral particles. In recent years, numerous scholars have improved upon
the PFC-GBM and applied it to validate various indoor tests and to analyze the related
mechanisms [37–39].

When rock materials are subjected to external loads, localized stress concentrations
can lead to the destruction and fracturing of particles and bonds within the material,
culminating in macroscopic failure. However, both the theoretical analysis and traditional
indoor experimental methods fall short in capturing this macroscopic process. The force
chain network (FCN) model offers a valuable perspective. It represents a network of
interwoven force chains within granular materials. According to granular mechanics,
under external loads, particles within the granular system are pressed against each other,
creating a network known as the connection network of granular materials. These contact
paths constitute the force chains and the overall force chain network. This network allows
for the investigation of damage and fractures within the granular particles and their bonds
in the rock material.
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Currently, the force chain network is widely used in geotechnical discrete element
numerical simulation studies and is considered as an important source of mechanical infor-
mation in the microscopic perspective of geotechnics. In 2002, Zhang et al. [40] simulated a
straight shear test in geotechnics using DEM to investigate the particle morphology and
force chain distribution. In 2020, Leśniewska et al. [41] used DEM to study the quasi-static
behavior under active earth pressure conditions, and compared with the results of photo-
elastic tests to successfully predict the overall structure of the force chain network and its
characteristics. Zhang et al. [40] utilized the discrete element method (DEM) to simulate
the direct shear test in soil mechanics, investigating the effects of particle shape and force
chain distribution. In 2023, Wang et al. [42] investigated the evolution and distribution
characteristics of the internal contact force in samples with different particle size gradations.
In summary, the force chain network is a crucial indicator for elucidating the shifts in
the mechanical behavior of rock materials. It serves as a vital research instrument for
dissecting the deformation and rupture processes of rock materials under load from a
granular perspective. Consequently, examining the mechanical response of the fractured
and anchored rock mass through the lens of the force chain network is imperative.

To provide a scientific basis for the design and safety assessment of underground rock
engineering, a combination of laboratory experiments and numerical simulations is em-
ployed, focusing on unanchored and anchored granite samples to capture their mechanical
behavior during uniaxial compression tests. By comparing the macroscopic mechanical
properties and the evolution of the force chain network, the research investigates the impact
of fracture dip angles on the mechanical behavior of anchored granite samples from both
macroscopic and microscopic viewpoints. It explores the evolution of the role of rock bolts
in anchored granite samples containing fractures with varying dip angles, as well as the
progression of the anchoring effect in granite with different fracture dips.

2. Research Methods

2.1. Uniaxial Compression Test

To ensure the tests closely reflect the actual project conditions, natural granite samples
from Jining City, Shandong Province, are utilized. For the simulation of the anchor system,
8.8-grade low carbon alloy steel screws are selected, whose composition includes carbon
(C), phosphorus (P), sulfur (S), and boron (B). The screws have an effective diameter of
3.88 mm, a length of 140 mm, and an elastic modulus of 121 GPa. The preparation of the
granite-anchor composite samples involves several steps: initially, waterjet technology is
employed to drill holes with a 6 mm diameter into the granite samples. The screws are
then inserted into these holes, and a syringe is used to inject an anchoring filler. The filler
is the anchoring agent, that fills the gap between the screw and the inner wall of the hole,
ensuring the anchor adheres firmly to the hole. After allowing the anchors to cure for
1–2 days, shims, trays, and nuts are installed to complete the assembly. Figure 1 illustrates
the schematic diagram of the final granite-anchor sample.

Considering the stress state of the granite samples and facilitating the recording of
the deformation and rupture process of the samples, the MTS816 electro-hydraulic servo
rock tester (MTS Systems Corporation, Eden Prairie, MN, USA) was used in this test.
The maximum axial compression force of MTS816 is 1459 kN, which is used for uniaxial
compression experiments on the granite samples, as shown in Figure 2. The test process was
loaded by axial displacement control, with a displacement loading rate of 1.5 × 10−3 mm/s
and a preset compression contact force of 1.0 kN.

The monitoring tools used in this study were digital image correlation (DIC), comput-
erized tomography (CT), and polarized light microscopy.
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Prefabri-
cated slit

anchor
rods

Figure 1. Diagram of anchored granite sample.

Figure 2. Test equipment and deformation failure monitoring device.

2.2. Construction of Continuous-Discrete Coupled Numerical Models

To incorporate the effects of non-homogeneity, mineral composition, and microstruc-
ture on the fracture behavior of granite, in this section, the development of a 3D numerical
model is presented. This model is constructed using the three-dimensional equivalent
mineral crystal model (3D-GBM) in particle flow code 3D (PFC3D). PFC3D 6.0 software is
a powerful particle analysis program that simulates the dynamic motion and interaction of
aggregates composed of disks or spherical particles of any size. The detailed procedure is
depicted in Figure 3.

To advance the construction of the numerical model incorporating granite and anchor
samples, it is imperative to identify an appropriate method for simulating the anchor
system. Utilizing the finite element method (FEM) for simulation can more accurately
capture the elastic–plastic mechanical behavior of the anchor during the stress process while
significantly reducing computational expenses. Consequently, in this study, a continuous-
discrete coupling method was employed to develop the numerical model for the granite-
anchor composite sample.
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Figure 3. Process of constructing 3D GBM of granite.

2.3. Quantitative Analysis and Representation of Force Chain Network

The force chain network is a model formed by the interweaving of force chain struc-
tures within granular materials. According to particle material mechanics, particles in
a granular system are squeezed together under external loads to form a network. This
network, known as the connection network between particle materials, consists of contact
paths that form force chains and force chain networks. Consequently, the failure and
fracture of particles and bonds within rock materials can be explored through the analysis
of force chain networks.

The built-in program of the PFC3D software can extract the values of the unit vectors
of the internal force chain of the specimen in the x, y, and z directions in 3D space during the
loading process. The center of the rose diagram is the coordinate origin, and the direction
of the coordinate axis is consistent with the direction of the specimen placement, as shown
in Figure 4. The 3D rose diagrams, also known as 3D group configuration diagrams, are
widely used to show the distribution of force chains in 3D space [43,44]. The tendency in
the rose diagram is the tendency of the force chain, and the height and color of individual
columns can illustrate the number of force chains distributed on this tendency.

(a) Placement direction; (b) Orientation distribution; (c) 3D rose diagram.

Figure 4. Three-dimensional rose diagram form of force chain orientation distribution.

2.4. Effectiveness Verification of Numerical Model

From a microscopic perspective, the mechanical properties of the rock are primarily
determined by the mineral grains themselves and the extent of their cementation. The
extensive research by predecessors has demonstrated that the parallel bond model (PBM)
within PFC3D is the most appropriate simulation method for capturing the mechanical
behavior of rocks, offering superior simulation capabilities compared to other methods.
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Consequently, the numerical simulation of natural granite rock materials presented in this
paper will be grounded in the PBM framework. Furthermore, in this paper, the trial-and-
error method is employed for calibrating the microscopic parameters of the numerical
model. This approach has garnered widespread acceptance and recognition among scholars
due to its proven effectiveness and reliability in various applications [44–46].

Through an iterative process of refining the micro-parameters and meticulously com-
paring the outcomes of the calibrated numerical simulations with those of the indoor tests,
the set of micro-parameters that align closely with the experimental data is identified
as the definitive configuration. The specific micro-parameters of the finalized numerical
simulation samples, which correspond to the indoor test results, are presented in Table 1.

Table 1. Micro-parameters of the numerical sample.

Microscopic Parameter Numerical Value

Mineralogical composition Sapphire Plagioclase Potassium
feldspar Micas Fine mineral

Percentage by volume/% 29.4 42.2 21.9 2.6 4.0
Mineral Radius Minimum RG/mm 1.8 1.4 1.6 1.2 0.65

Mineral radius maximum to minimum ratio rG 2.0

Basic unit Sapphire Plagioclase Potassium
feldspar Micas Fine mineral

Radius minimum Rp/mm 0.65
Ratio of maximum to minimum radius rp 2.0

Density ρp/kg/m3 2600 2650 3000 1700 2400
Modulus of elasticity Ep/GPa 62.0 47.0 32.0 27.0 22.0

Rigidity ratio kn-p/ks-p 1.4 1.6 1.8 2.0 2.2
Friction factor μp 0.25 0.30 0.40 0.50 0.60

Intracrystalline contact Quartz inner Plagioclase Potassium
feldspar Mica Inside the fine

minerals
Modulus of elasticity Ec-tra/GPa 62.0 47.0 32.0 27.0 22.0

Rigidity ratio kn-tra/ks-tra 1.4 1.6 1.8 2.0 2.2
Angle of internal friction φtra/◦ 12 14 16 18 22

Bonding strength ctra/MPa 366.0 306.0 286.0 246.0 106.0
Tensile strength σtra/MPa 183.0 153.0 143.0 123.0 83.0

Intergranular contact Between identical minerals Between different minerals
Parallel stiffness ratio kpb-n-ter-s/kpb-s-ter-s 2.6 2.8

Linear stiffness ratio kc-n-ter-s/kc-s-ter-s 2.6 2.8
Friction factor μter-s 0.7 0.8

Angle of internal friction φter-s/◦ 26.0 28.0
Parallel modulus of elasticity Epb-ter-s/GPa 2.5 2.2

Linear modulus of elasticity Ec-ter-s/GPa 2.5 2.2
Bonding strength cter-s/MPa 54.0 44.0
Tensile strength σter-s/MPa 27.0 22.0

Subsequently, aligning with the dimensions and positions of the anchor holes in the
indoor tests, the particles at corresponding locations within the 3D GBM model were
selectively removed. The anchor system was then integrated into the model at the post-
removal locations. The numerical simulation introduces a finite element-based anchor
with isotropic elastic properties, mirroring the characteristics of actual anchors. The model
anchor is defined with a density of 7850 kg/m3, a Young’s modulus of 9.7 GPa, and a
Poisson’s ratio of 0.3. The interaction between the anchors and the granite rock mass is
governed by a parallel bond contact model, with detailed fine-grained parameters provided
in Table 2.
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Table 2. Mesoscopic parameters of the interface contact bonding.

Basic Particle Properties
Effective modulus of elasticity Ec (GPa) 20.0

Normal to tangential stiffness ratio kn/ks 2.8
Interparticle friction coefficient μ 0.65

Parallel bonding model

Parallel bonding tensile strength σ (MPa) 12.0
Parallel bonding cohesion c (MPa) 24.0
Bonding activation gap gc (mm) 0.0001

Parallel bonded effective modulus of elasticity Ec (GPa) 20.0
Normal to tangential stiffness ratio kn/ks 2.8

Friction angle ϕ (◦) 45.0

By comparing and analyzing the uniaxial compression test results of the sample under
laboratory testing and numerical simulation, the effectiveness of the micro-parameter
calibration of the numerical model is verified. Figure 5a shows a comparison of the
load–displacement curves from the uniaxial compression tests. The comparison indicates
a strong consistency between the load–displacement results of the laboratory tests and
the numerical simulations, demonstrating the reliability of the numerical model’s micro-
parameter calibration.

  

(a) Load–displacement curve (b) Load 

Figure 5. Comparison of uniaxial compression test results.

In order to investigate the fracture process of the specimen in depth, in this study,
the following six characteristic moments were selected during the loading process: the
peak load moments of 20%, 40%, 60%, 80%, and 100% before the peak, and the peak load
moments of 40% after the peak. These moments are denoted as t20, t40, t60, t80, t100, and
t140, respectively. The load values at these six characteristic moments are extracted for
comparison, as shown in Figure 5b. The figure demonstrates that the load levels of the
experimental and simulation results are almost identical at the same characteristic time.
Specifically, at peak load time t100, the load values for the experimental and simulation
results are 320.55 kN and 315.12 kN, respectively, with an error of only 3.00%.

3. Macroscopic Mechanical Properties

3.1. Mechanical Parameters

Figure 6 shows the load–displacement curves of the unanchored and anchored samples
of granite with four different inclination fissures containing αs = 30◦, 45◦, 60◦, and 75◦.
Among them, the blue curves are the load–displacement curves of each inclined fissure
sample under the unanchored condition, while the black color is the result of the sample
under anchoring.
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(a) αs = 30° (b) αs = 45° 

  
(c) αs = 60° (d) αs = 75° 

Figure 6. Load–displacement curves.

Through the comparison of the sample compression process, the results show a strong
consistency in the trend of the load–displacement results of the indoor tests and numerical
simulation samples, which further validate the numerical model. It can be clearly observed
that the ground curves of the anchored samples of each inclined fissure are above the
unanchored samples. The curves of each inclined fissure sample under both indoor test
conditions and numerical simulation conditions mainly go through the following stages:
initial compaction stage, linear elasticity growth stage, nonlinear deformation stage, and
post-peak damage stage. The experimental results show that as αs increases from 30◦ to
75◦, the peak load of the anchored sample rises from 301.07 kN to 402.12 kN, representing
a 33.5% increase. As αs increases, the peak load levels of anchored samples are increased
by 62.72%, 47.97%, 40.99%, and 15.58% compared to unanchored samples.

3.2. Macroscopic Rupture Models

Then, we analyzed the displacement field, rupture surface, and fragmentation field
by comparing the displacement field, rupture surface, and fragmentation field of an-
chored samples containing different αs fissures based on indoor tests and numerical
simulation conditions.

(1) Comparison of displacement field features

Figure 7 illustrates the displacement field results of anchored samples containing
different αs fractures based on both indoor tests and numerical simulation conditions.
It can be observed that the displacement field results of the test and simulated samples
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are highly similar. Specifically, the cleft of the sample becomes the demarcation of the
displacement field for both the test and simulation results, which means that the tip
region of the cleft undergoes a large displacement. The presence of cracks induces an
uneven stress distribution within the sample, resulting in localized displacement and
deformation. Specifically, stress concentrations form at the crack tips, which in turn, drive
crack propagation in these regions. This process cumulatively leads to the overall damage
of the sample.

αs = 30° αs = 45° αs = 60° αs = 75°

(a) Indoor tests

αs = 30° αs = 45° αs = 60° αs = 75°

(b) Numerical simulations

Figure 7. Variation in displacement field for anchored samples with different αs.

(2) Comparison of fragmentation fields

Figure 8 presents the macroscopic damage patterns of unanchored and anchored sam-
ples of the fissures containing different αs. Figure 9 presents the comparative results of the
fragmentation fields of the unanchored and anchored samples under numerical simulation
conditions. The results are similar to those of the simulated samples; the fragmentation
field of the unanchored sample is concentrated at the tip of the fissure and distributed along
the diagonal of the sample, which shows an obvious shear damage pattern. In contrast, the
fragment length of the anchored sample is more uniformly distributed, which implies that
the anchor structure improves the stress distribution inside the granite sample. This results
in a larger and more evenly distributed stress area within the samples, thereby enhancing
their load-bearing capacity.
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αs = 30° αs = 45° αs = 60° αs = 75° 

(a) Unanchored samples 

    
αs = 30° αs = 45° αs = 60° αs = 75° 

(b) Anchored samples 

Figure 8. Comparison of failure modes for samples with different αs.

    
αs = 30° αs = 45° αs = 60° αs = 75° 

(a) Unanchored samples 

Figure 9. Cont.
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s = 30° s = 45° s = 60° s = 75° 

(b) Anchored samples 

Figure 9. Variation in fragment field for numerical samples with different αs.

4. Analysis of Force Chain Network Characteristics in Anchored Granite with Different
Fissure Angles

Figure 10 demonstrates the internal force chain level cloud diagrams of unanchored
and anchored samples under uniaxial compression for different inclination cracks. It can
be clearly observed that the overall level of internal force chains in the anchored samples is
greater than that in the unanchored samples.

     
αs = 30° αs = 45° αs = 60° αs = 75°  

(a) Unanchored samples  

     
αs = 30° αs = 45° αs = 60° αs = 75°  

(b) Anchored samples  

Figure 10. Evolution of force chain networks of the sample with different αs under uniaxial compression.
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The force chain values of the internal force chains in the fracture anchorage samples
with different αs were extracted, and all samples’ internal force chains were arranged
according to the magnitude of the force chain values from smallest to largest, as shown in
Figure 11. It can be observed that the force chain values of the internal force chains for the
fracture-anchored samples with different αs are mostly at a very low level, with only a few
having higher values, as indicated in the red-marked section of Figure 11. Upon zooming
in on the red area, we can see that the horizontal axis of the curve, which represents the
number of force chains, increases and then decreases with the increase in αs. Meanwhile,
the vertical axis, indicative of the force chain values, shows a trend of first decreasing and
then increasing with the increase in αs. This suggests that the anchoring system has varying
degrees of anchoring effects on the anchored samples with fractures at different inclination
angles, but further research is needed to explain this phenomenon.

(a) Overall distribution (b) Enlarge the regional section

Figure 11. Value distribution of force chains in samples with different αs under uniaxial compression.

Figure 12 shows a comparative plot of the variation in the eigenvalues of the internal
force chains of the anchored samples of the fissures containing different αs. It can be
clearly seen that the mean and sum of the internal force chains of the unanchored and
anchored samples have a similar trend. Specifically, as the αs increase, there is a tendency
for the increase in the mean value of the force chains and the sum of the force chains of the
anchored samples compared to the unanchored samples to decrease gradually.

α α

(a) Average value of force chain (b) Sum of force chain

Figure 12. Variations in characteristic values of force chains in samples with different αs under
uniaxial compression.
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Specifically, in Figure 12a, as the αs increase from 30◦ to 75◦, the mean force chain
values of the unanchored samples are 72.38 N, 75.01 N, 79.95 N, and 94.21 N. The mean
force chain values of the anchored samples were 114.93 N, 111.14 N, 112.38 N, and 112.83 N,
which increased by 58.79% compared to the unanchored samples, respectively, 48.17%,
40.56%, and 19.76%. In Figure 12b, as the αs increase from 30◦ to 75◦, the sum of force
chains of the unanchored samples are 238.26 × 105 N, 248.65 × 105 N, 266.90 × 105 N,
and 314.01 × 105 N. The mean values of force chains of the anchored samples were
359.80 × 105 N, 348.60 × 105 N, 352.50 × 105 N, and 352.80×105 N, with increases of
51.01%, 40.20%, 32.07% and 12.35% compared with the unanchored samples.

Next, all force chains inside the fissure unanchored and anchored samples contain-
ing different αs were screened by setting thresholds, which were also selected as 0 N,
50 N, 100 N, and 150 N. Figure 13 illustrates the rose diagrams of the force chains in-
side the fissure unanchored and anchored samples containing different αs for different
screening thresholds.

αs = 30° αs = 45° αs = 60° αs = 75°

Unanchored 
sample

Anchored 
sample

(a) 0 N

αs = 30° αs = 45° αs = 60° αs = 75°

Unanchored 
sample

Anchored 
sample

(b) 50 N

Figure 13. Cont.
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 s = 30° s = 45° s = 60° s = 75°  

Unanchored 
sample 

    

 

Anchored 
sample 

    

(c) 100 N 

 s = 30° s = 45° s = 60° s = 75°  

Unanchored 
sample 

     

Anchored 
sample 

     

(d) 150 N 

Figure 13. Variations in orientation distribution of force chains in samples with different αs under
different filtering thresholds.

Figure 13a shows the force chain rose diagrams for all force chains that were not
threshold screened for force chains. Overall, the force chain rose diagrams for both the
anchored and unanchored samples closely resemble a spherical shape, and the volume of
the force chain rose diagrams for samples with inclined fractures, whether anchored or
unanchored, is similar, with no significant differences in coloration. However, the volume
of the rose diagrams of the anchored samples is reduced and the color is lightened to some
extent from the unanchored samples compared to the unanchored samples. This implies
that the number of force chains inside the unanchored sample is more.

As the sieving threshold increases, the force chain rose diagrams for both the unan-
chored and anchored samples no longer exhibit a spherical shape. Among samples with
the same αs, when the sieving threshold is increased from 50 N to 150 N, the volume of
the force chain rose diagrams for both types of samples gradually decrease. This indicates
that only a small number of force chains within the samples are influenced by the external
load. Additionally, Figure 13b–d show that after threshold sieving, the volume of the
force chain rose diagrams for the anchored samples is larger than that for the unanchored
samples. Moreover, as the sieving threshold increases, this phenomenon becomes increas-
ingly evident. This suggests that compared to the unanchored samples, the anchored
samples carry a higher level of load within the sample under external loading and are
able to retain more force chains with higher force chain values, thereby possessing greater
load-bearing capacity.
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Figure 14 illustrates a comparative plot of the number of force chains in the unan-
chored and anchored samples of the fissure containing different αs screened with different
thresholds. As can be observed from Figure 14a, the number of force chains inside the
unanchored sample is also consistently larger than that of the anchored sample without
threshold screening.

α  α  
(a) 0 N (b) 50 N 

α  α  
(c) 100 N (d) 150 N 

Figure 14. Variations in force chain numbers in samples with different αs under different filtering
thresholds.

In Figure 14b–d, it can be clearly observed that the number of force chains inside the
unanchored sample is always lower than that of the anchored sample at different screening
thresholds. The increase in the number of force chains of the anchored sample compared to
the unanchored sample tends to diminish with the increase in αs.

Among them, when the force chain screening threshold is set to 50 N, as αs increases
from 30◦ to 75◦, the number of force chains within the anchored samples increases by
32.81%, 23.98%, 16.18%, and 3.23% compared to the unanchored samples, respectively.
When the force chain screening threshold is set to 100 N, the number of force chains within
the anchored samples increase by 68.30%, 52.53%, 38.75%, and 13.66%, respectively; when
the force chain screening threshold is set to 150 N, as αs increases from 30◦ to 75◦, the
number of force chains within the anchored samples increases by 105.67%, 85.75%, 66.99%,
and 24.59% compared to the unanchored samples, respectively. From the above results, it
can be inferred that the increase in the number of force chains in the anchored samples
relative to the unanchored samples gradually decreases, which may be related to the
influence of the fracture dip angle on the anchoring effect. The mechanism by which the
fracture dip angle affects the anchoring effect warrants further research.
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5. Discussion

5.1. Effect of Fissure Angles on Crack Distribution

To further explore the anchoring and crack-stopping effect of rock bolts on fracture
samples with different αs, three load levels before peak load were selected for each of the
four dip angle fracture samples. A comparison and analysis were conducted on the changes
in crack density cloud diagrams, crack quantity, crack rose diagrams, and the force chain
values required to generate individual cracks at different load levels.

Figure 15 displays the internal crack change cloud diagrams of unanchored and
anchored samples containing fractures with different αs under various load levels. It can
be observed that as the load level increases for each, the crack density in the unanchored
samples with different αs gradually increases in the fracture tip area. However, at the same
load level, the internal crack density of the anchored samples is relatively less compared to
the unanchored samples. Additionally, the cloud diagrams clearly show that the anchored
samples with a fracture of αs = 30◦ have the greatest reduction in crack density compared
to the unanchored samples, followed by the samples with a fracture of αs = 45◦, while
the change in the anchored samples with a fracture of αs = 75◦ is the smallest. This
phenomenon further suggests that the anchoring and crack-stopping effect of the rock bolts
is most pronounced in the samples with a fracture of αs = 30◦.

Figure 16 presents the crack number curves and crack rose diagrams of unanchored
and anchored samples with fractures of different αs at their respective different load levels.
It can be observed that the internal crack number in the unanchored samples is always
higher than that in the anchored samples; hence, the volume of the crack rose diagrams for
the unanchored samples is larger, and the color is correspondingly deeper towards blue.
However, the increase in the volume of the crack rose diagrams for the anchored samples
with different αs compared to the unanchored samples varies; visually, the increase in
volume and color deepening of the crack rose diagrams for the anchored samples with a
fracture of αs = 30◦ is the most significant, while the increase for the samples with a fracture
of αs = 75◦ is the smallest.

 200 kN 210 kN 220 kN  210 kN 220 kN 230 kN  

Unanchored 
sample 

   

 

   

 

Anchored 
sample 

   

 

    

 (a) αs = 30°  (b) αs = 45°  

Figure 15. Cont.
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230 kN 240 kN 250 kN 280 kN 290 kN 300 kN 

Unanchored 
sample 

   

Anchored 
sample 

  

(c) s = 60° (d) s = 75° 

Figure 15. Evolution of crack distribution in samples with different αs before peak load.

The curve diagrams also show that at their highest load levels, the reductions in crack
number for the anchored samples with fractures of αs = 30◦, 45◦, 60◦, and 75◦ compared
to the unanchored samples are 88.25%, 81.99%, 57.85%, and 25.17%, respectively. This
further confirms that the anchoring system can significantly reduce the number of cracks
and enhance the stability of the rock mass, and also indicates that the fracture dip angle
has a certain impact on the anchoring effect.

200 kN 210 kN 220 kN

Unanchored sample

Anchored sample

(a) αs = 30°

Figure 16. Cont.
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210 kN 220 kN 230 kN

Unanchored sample

Anchored sample

(b) αs = 45°

230 kN 240 kN 250 kN

Unanchored sample

Anchored sample

(c) αs = 60°
280 kN 290 kN 300 kN

Unanchored sample

Anchored sample

(d) αs = 75°

Figure 16. Variations in orientation distribution and numbers of force chains in samples with different
αs under different load levels.

5.2. Effect of Fissure Angles on the Force Chain Values

Figure 17 illustrates the change curves of the force chain values required to generate
individual cracks within unanchored and anchored samples with different αs under various
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load levels. It can be directly observed that the increase in the force chain values needed to
produce a single crack within the anchored samples with a fracture of αs = 30◦ is the greatest
compared to the unanchored samples, as indicated by the area of the red annotation, while
the samples with a fracture of αs = 75◦ show the smallest increase. These above analysis
results show that the crack inclination angle significantly affects the anchoring performance
of the specimen. As the crack inclination angle decreases, the anchoring and crack-stopping
effects become more pronounced.

(a) αs = 30° (b) αs = 45°

(c) αs = 60° (d) αs = 75°

Figure 17. Variation in force chain values required for single crack initiation in samples with
different αs.

6. Conclusions

In this paper, granite anchorage test samples were prepared and a numerical model
of anchored fractured granite samples was constructed. A series of indoor experiments
and numerical simulation studies were undertaken, exploring from the perspectives of
macroscopic mechanical properties, deformation, and fracture patterns, and the evolution
of the force chain network information. The ultimate goal was to reveal the differences in
the mechanical behavior under uniaxial compression between unanchored and anchored
fractured granite samples with varying αs, as well as to elucidate the influence of rock bolts
on the anchoring and crack-stopping effects in these samples with different αs. The main
conclusions of this paper are as follows:

(1) It was found that there is a strong consistency in the trend of load–displacement results
between experimental and simulation results. The macroscopic fracture patterns of
unanchored samples all show obvious shear failure, with debris fields concentrated
at the fracture tips and distributed along the diagonal of the samples, while the
distribution of debris in anchored samples is more uniform. This, in turn, validates
the effectiveness of the numerical model parameter calibration.
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(2) The number of force chains, the average force chain value, and the total force chain
count within the anchored samples all exceed those of the unanchored samples.
This suggests that there are fewer cementation fractures within the anchored sam-
ples, which implies fewer cracks. Furthermore, as the αs increase, the increase in
force chain characteristics of the anchored samples compared to the unanchored
samples decreases.

(3) The results show that the volume of the three-dimensional rose diagrams of the
anchored samples with fractures at various dips is greater than that of the unanchored
samples. As the αs increase, the above phenomenon becomes less apparent, which
means that the anchored samples have a higher load-bearing capacity. In addition, as
αs increase, the anchoring reinforcement effect of the rock bolts becomes less obvious.

(4) A quantitative exploration was conducted on the anchoring and crack-stopping effect
of rock bolts on granite samples with different dip angles of fractures. The results show
that at αs = 30◦, the rock bolts have the best crack-stopping effect on the samples. As
αs increases, the crack-stopping effect gradually weakens and becomes less apparent.
This suggests that in practical engineering, when dealing with fractured rock masses
under different working conditions, targeted anchoring and support measures can be
applied. This approach can help reduce costs to a certain extent.
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Abstract: Aiming at solving the problem of support failure caused by a large deformation of roadway
surrounding rock in a deep soft coal seam, and taking the surrounding rock control of the roadway
in the 11-2 coal seam in Zhujidong Coal Mine as the research background, numerical simulation and
field industrial test and inspection methods were used to study the support effect of a supporting
system of gob-side entry in deep soft coal seam. The deformation characteristics of various supporting
systems of metal mesh, diamond mesh, metal mesh with anchor rod, steel ladder beam, M-shaped
steel belt, 14#b channel steel, and 11# I-steel in the goaf supporting body of deep soft coal seam were
studied under vertical load. The supporting effect of effective compressive stress zone generated
by bolt and cable under different row spacings and lengths was analyzed, and the law of variation
in the compressive stress field generated by supporting members with supporting parameters was
explored. The length and interrow distance of bolt and cable were compared, respectively, and
reasonable supporting parameters were selected. Based on the abovementioned research results and
the geological conditions of the 1331 (1) track roadway, the support scheme of the 1331 (1) track
roadway was designed, and the industrial test was carried out. The results show that the surrounding
rock of the roadway is within the effective anchorage range of the supporting body, the active support
function of the supporting components has been fully brought into play, and the overall control
effect of the surrounding rock of the roadway is good, which can ensure the safety and stability of
the goaf roadway. The maximum displacement of the roof and floor of the roadway is 86 mm, the
maximum displacement of the solid coal side is 50 mm, the maximum displacement of the coal pillar
side is 70 mm, and the maximum separation of layers is 22 mm. There is no failure phenomenon
in relation to the anchor bolt and cable, and the overall deformation of the roadway surrounding
the rock is good, which can provide some references for roadway-surrounding-rock control under
similar conditions in deep coal seams.

Keywords: gob-side entry; combined components of anchor bolt and anchor cable support; stability
of roadway; deep soft coal seam; numerical simulation

1. Introduction

Coal plays an important role in China’s economic development. For a long time in the
future, China’s primary energy consumption will be dominated by coal. With the increase
in mining depth, the geo-stress will also increase. Due to the combined effect of various
factors, the deformation of both sides of the roadway is large, the bottom bulge is serious
also, and it will be difficult to meet the requirements of transportation and ventilation, even
causing accidents such as spalling, caving, and collapse. The application of large-section
gob-side roadways in deep coal seams will cause excessive deformation of the surrounding
rock of the roadway due to the excessive ground stress and roadway section, causing a
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series of support problems. The support technology of gob-side roadway in deep soft coal
seams has always been one of the main research focuses in the field of coal mining.

Scholars at home and abroad have put forward many classical theories on the control
of the surrounding rock of roadway and achieved a lot of research results. Gao and
Wang [1,2] conducted a statistical analysis on the diversity of dangerous sources of deep-
coal-mining accidents, established a comprehensive safety index system for deep-well
roadway rock accidents, and evaluated the stability of deep-roadway surrounding rock.
Plastic deformation and failure first appear on the side of the roadway and then expand to
other parts to explore the stability of the surrounding rock during deep mining. A control
scheme for the surrounding rock of deep roadways is proposed and verified through on-site
industrial tests [3]. The stress concentration area of the surrounding rock of deep roadways
is far away from the surrounding area and has a larger size. The maximum concentration
coefficient is slightly smaller than that of shallow roadways. There is a large range of broken
zones in the surrounding rock of deep soft rock roadways [4]. Aiming to solve the support
problem of rock burst in the deep roadway of the 401,111 fully mechanized caving working
face, a control scheme for the surrounding rock of the return air roadway is proposed with
large-diameter pressure relief and deep hole blasting as the main pressure-relief means [5].

A comprehensive surrounding-rock management method of anchor–grit–cable-grouting
coupled support to address the difficulties in supporting deep-well high-stress broken soft
rock roadways is proposed, and the interaction mechanism between coupled support and
surrounding rock is analyzed [6]. The composite support mode of ‘shotcrete + grouting
bolt + anchor bolt + grouting cable + anchor cable’ is put forward, and the rationality of
the co-reinforcement technology of layer and double arch is verified [7]. Based on the
instability mechanism of roadway, the control technology of high preload bolt + deep and
shallow-hole crack filling is put forward, and this technology ensures the stability of the
roadway surrounding rock by inhibiting the expansion of deep and shallow cracks and
reinforcing the surrounding rock [8]. The composite failure mechanism of the surrounding
rock of coal roadway based on the stress difference between deep and shallow anchor cables
is revealed, and an anchoring and unloading coupled control technology is put forward [9].
Based on the aging characteristics of plastic zone expansion and the control effect of bolt
support on plastic zone of surrounding rock, the control technology of surrounding rock
stability is put forward [10].

A mechanical model of the lateral roof structure of the gob-side roadway is established,
the mechanical state of the roadway support body at different mining stages is analyzed,
and the dynamic instability mechanism of the support body caused by the fracture and
sinking of the lateral basic roof is revealed [11]. The impact-damage mechanism of road-
ways in extra-thick coal seams is studied, the main influencing factors of top coal damage
are revealed, and the anti-impact support technology of roadways in extra-thick coal seams
is determined [12]. Taking the common problems of surrounding rock strength deterio-
ration, stress environment deterioration, and structural instability and large deformation
of surrounding rock in deep roadways as the starting point, the response mechanism
of the crack evolution scale in the macroscopic surrounding rock damage process is dis-
cussed [13,14]. The key concerns of experts and scholars on the butterfly failure theory
are carried out in research, and the applicability of butterfly failure theory under different
roadway cross-sectional shapes and layered surrounding rock conditions is analyzed [15].

The deformation and failure characteristics of the surrounding rock of rock-burst
roadways and the main influencing factors are analyzed, and the selection principle of the
support form of rock-burst roadways is proposed [16]. A mechanical model of full-length
anchor bolt is established, and the stability of the mechanical bearing structure of the
surrounding rock of high-stress soft rock roadways after full-length anchor bolts were
anchored is studied [17]. The differential spatiotemporal evolution law of the number of
cracks and development inflection points at different depths in the surrounding rocks of the
two roadways is clarified, and the differential deformation mechanism of the surrounding
rocks of the two roadways caused by the differences in stress state and crack development
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is revealed [18]. Uniaxial compression and true triaxial tests to address the problem
of surrounding rock stability are conducted, the method of energy characterization and
significance of rocks under uniaxial compression conditions is studied, and the temperature
effect of granite cavern rock burst under true triaxial test conditions is explored [19,20].

A new type of large deformation resistance-enhancing anchor cable is developed,
and the developed new anchor cable to the actual roadway is applied successfully [21].
The maximum convergence deformation of the two sides is about 300 mm, and a good
support effect is achieved. The local instability problem caused by anchor fracture failure
in deep roadways under impact dynamic loads is revealed, and the reinforcement support
technology to reduce anchor fracture and improve the stability of roadway support body is
explored [22]. Combining anchor support with grouting technology, an effective solution
for deep soft rock and broken roadway surrounding rock control is provided [23,24]. An
intelligent real-time detection and positioning method for coal mine roadway support steel
belt anchor hole based on deep learning model and depth camera is proposed, and the
feasibility of this method in the unstructured environment of coal mine underground is
verified [25].

Based on structural mechanics theory, the constraint stress in the plastic extrusion
deformation zone of the anchor is regarded as a rectangular distribution mode, and the
rationality of the model is verified by comparing the model calculation results with ex-
perimental data [26]. Taking the roadway of 10,607 gas extraction as the research object,
the large deformation and damage phenomenon of roadways under dynamic pressure is
studied, active and passive support technologies are proposed, the engineering application
is carried out, and a good control effect of roadway surrounding rock is obtained [27].
The results of the tensile and shear tests of anchor cables are discussed. By establishing
a mechanical model of the interaction between anchor cables and jointed rock mass, the
failure mechanism of anchored jointed rock mass under tension and shear was revealed,
providing a practical and convenient method for improving the shear strength of the anchor
beam anchor cable system and enhancing the stability of the roadway [28]. The changing
trends of the physical and mechanical properties of coal rock mass in the strong wind
oxidation zone are revealed, the deformation and failure mechanism are analyzed, and a
coupling support scheme of ‘pre-grouting + anchor mesh shotcrete + inverted arch structure
+ U-shaped steel + high and low pressure, deep and shallow hole reinforcement grouting’
based on the deformation and failure characteristics of the wind-oxidized surrounding rock
roadway is proposed [29]. The failure mode of a steel tube–concrete structure is studied,
and the elastic center method to obtain the internal force of the steel tube–concrete structure
with cable is used. The results show that the cable can ensure that it has a high bearing
capacity [30].

In view of the harsh environment of deep mechanized mining face and the seriously
unbalanced distribution of driving, supporting, and anchoring time, a new type of highly
adaptable advanced support of the mechanized mining roadway with strong adaptability, a
large support strength, and a large working space is designed [31]. The problem of stability
control of surrounding rock in deep soft rock roadways is explored, the mineral composi-
tion and microstructure of the surrounding rock is analyzed, the microscopic mechanism of
roadway damage and the deformation and damage mechanism of soft rock cross-cutting
roadways are obtained, and a high prestressed compensating support countermeasure
based on constant resistance large deformation anchor bolts is proposed [32]. The problems
of poor support effect and serious deformation and damage of surrounding rock in mining
roadways under deep-mining stress are analyzed. Taking the upper roadway 2424 of Sun-
cun Coal Mine as the background, the stress, deformation, and damage laws of surrounding
rock in mining roadways under single support and multi-level support were compared and
analyzed. It was found that multi-level support technology has obvious advantages. The
key parameters of multi-level support were determined, and field industrial tests were car-
ried out. The results show that the overall deformation of surrounding rock is significantly
reduced after multi-level support [33]. The difficulty of stability control in deep roadways is
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explored, and the coupled support technology of a high prestressed constant resistance and
large deformation anchor cable is put forward [34]. It is discussed how the joint distributed
in the rock stratum is often affected by complex stress and interlayer dislocation in the
roadway with a high ground stress or large buried depth. The anchor bolts and anchor
cables anchored in the rock strata are subject to tension and shear forces [35].

The stability and control of the surrounding rock of deep broken soft rock road-
ways, which are located in the underground mine of Jinfeng Gold Mine in Guizhou
Province, China, are studied. A combined support system of high-strength ‘cable anchor
fiber shotcrete + steel mesh split sleeve resin anchor rod cement grouting’ was proposed,
which significantly improved the integrity and bearing capacity of the effective bearing
structure [36]. The problems of complex advance support technology for roadways in
super-kilometer deep mines, the impact on rapid advancement of the working face, and
the damage of roof anchors (cables) by advance single hydraulic props are explored, and
the deformation characteristics of surrounding rock are analyzed. An active advanced
support technology scheme of replacing existing single hydraulic props with grouting
anchors within the advance influence range of the working face in super-kilometer deep
mines was proposed, which solved the problem of safe and efficient production faced by
super-kilometer-deep mines [37].

The stability of mining roadways in deep mines is studied, and the coordinated
control effect of long anchor support for deep roadways under strong mining disturbance
of adjacent working faces in Wenjiapo Coal Mine in West China is analyzed. The results
show that extending the anchor length can reduce the consumption of roof anchors while
ensuring the support effect, and it can reduce the bottom heave of the roadway by 5.5% [38].
Aiming at addressing the influence of mining stress on the stability of the surrounding
rock of deep inclined-roof mining roadways, full-length anchor bolt support technology
based on the mining roadway of the 17,102 (3) working face of Pansan Coal Mine was
studied, and it achieved good control effect [39]. Three different support technologies
according to the surrounding rock deformation and engineering technology characteristics
are adopted [40]. The monitoring results showed that the fully enclosed U-shaped steel
ring support technology had the best support effect, the roadway deformation met the
production requirements, the roadway renovation time was longer, and it could meet the
surrounding rock requirements of roadways with a burial depth of 1000 m.

The stress evolution, displacement field, local deformation, overall distribution, and
failure characteristics of the surrounding rock anchoring structure with different anchor
spacing were studied [41]. The influence of anchor preload and spacing on the support
strength of the surrounding rock anchoring structure was analyzed. A support scheme for
the excavated roadway was designed, and the effectiveness of the support scheme was
verified by roadway displacement measurement [42]. A design method for roof anchoring
support using the anchor potential design method based on the analysis of roadway roof
bending failure is proposed. The support problem of deep soft rock roadways in Chaohu
Coal Mine is analyzed, and the main reasons for the instability of the original U-shaped
steel support roadways in Chaohu Coal Mine are analyzed [43]. The instability of the
original support is the result of the passive support of deep high-stress soft rock roadways
being unable to adapt to the deformation of the surrounding rock. The failure of the
original support is mainly caused by unreasonable support parameters. In response to the
problem of surrounding rock deformation in deep soft rock roadways, a high-strength and
high-stability secondary anchor net support technology was proposed. Due to the tensile
force generated by the deformation and movement of the roof surrounding rock, the axial
force of the anchor cable first increases at a decreasing rate as the calculation time increases,
and then it reaches an almost-constant value [44].

Many scholars and experts have carried out a lot of research on the surrounding
rock control of roadways in coal mine, and many research results were achieved, which
promoted the research progress of stability control of the roadway effectively. However,
there are certain differences in the geological environment, stress environment, and other
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factors where the roadway is located in different coal mines, and even great differences.
To ensure the stability of the roadway, it is necessary to determine it based on the specific
geological conditions of the roadway, the mining disturbance of the adjacent working
face, etc. Numerical simulations, industrial tests, and other methods are used to study
the stability of gob-side roadways in deep soft coal in order to provide reference for the
reasonable support design of deep mine roadways.

With the background of surrounding rock control of goaf roadway of 11-2 coal seam
in Zhujidong Coal Mine, the deformation characteristics of various supporting systems,
such as metal mesh, diamond mesh, metal mesh with anchor rod, and M-shaped steel belt
in goaf roadway supporting body of deep soft coal seam under vertical load are studied
by using numerical simulation and on-site industrial test and inspection methods. The
supporting effect of effective compressive stress zone of bolt and cable under different
spacings and lengths is analyzed, and reasonable supporting parameters are selected. The
research results can provide reference values for the stability control of goaf roadway
surrounding rock in deep soft coal seams.

2. Engineering Background

2.1. Relationship between the Roadway and the Working Face

Zhujidong Mine is located in Panji District, Huainan City, China. The 1321 (1) working
face is located in Dongsanpan District in Zhujidong coal mine, which is the first mining
face of Dongsanpan District. It reaches the boundary of the mine field in the east and the
main root roadway in Dongsanpan District in the west. The mining strike length of the
1321 (1) working face is 1734 m, the inclination length is 200 m, the elevation of the floor of
the roadway ranges from −932 to −983.6 m, and the average buried depth is about 950 m.
The 1331 (1) working face extends to the boundary of the mine field in the east, to the west
to the root roadway of Dongsanpan District, and to the north to the 1321 (1) working face;
there is no mining activity in the corresponding overlying 13-1 coal seam.

The mining strike length of the 1331 (1) working face is 1707.9 m, the inclination length
is 220 m, the elevation of the floor of the roadway ranges from −981.8 to −894.1 m, and the
average buried depth is about 950 m. After the completion of mining of 1321 (1) working
face, the 1331 (1) track roadway is driven along the gob, and the width of coal pillar is 6 m
between the 1331 (1) track roadway and the 1321 (1) haulage roadway.

The position relationship between the 1331 (1) track roadway and the 1321 (1) working
face is shown in Figure 1. The design length of the 1331 (1) track roadway is 1776 m,
rectangular section, using anchor–beam–mesh–cable support; the dimensions of the section
are 5.4 m wide and 3.6 m high, and the width of the small coal pillar along the adjacent goaf
is 6 m. The driving mode of the 1331 (1) track roadway is to use a comprehensive excavator
for full section, and the roadway is driving along the 11-2 coal seam during excavation.

Figure 1. Layout of working face and roadway.
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2.2. Occurrence Condition of Coal Seam and Roof and Floor

The overall structural shape of this working face is monoclinic structure, which is
high in the west and low in the east. The dip angle of most of the coal seam is from 0◦ to
5◦, with an average of 3◦. The color of 11-2 coal seam is black, mainly massive, a small
amount of granular, powdered, containing dark coal and vitritic coal strips, belongs to
semi-dark~semi-bright briquette, mainly bright coal.

(1) State of coal seam

The coal seam is generally monoclinal structure, the general trend is high in the west
and low in the east, the occurrence of the normal coal (rock) layer is from 80◦ to 160◦, the
dip angle is from 0◦ to 5◦, the average is 2◦, and the Platts coefficient is from about 0.6 to
0.65. The coal seam is mainly black and massive, with a small amount of granular and
powdery, containing dark coal and vitritic coal strips, belonging to semi-dark~semi-bright
briquette, mainly bright coal.

(2) Condition of roof and floor

The upper roof is fine sandstone, gray, fine texture structure, dense, massive, the main
components are feldspar, quartz, argillaceous cement.

The direct roof is mudstone, gray, muddy structure, dense, massive, containing silty
and fossil fragments, developed 1-to-2 layers of unstable coal line.

The direct bottom is mudstone, gray, muddy structure, locally intercalated with thin
layer of fine sand.

The bottom is fine sandstone, light gray to gray, fine-grained structure, with a few
coarse grains at the bottom, dense, massive, mainly composed of feldspar, quartz.

The lithological characteristics of the top and bottom plates of the coal seam are shown
in Table 1.

Table 1. Lithologic characteristics of coal seam roof and floor.

Name of Roof
and Floor

Lithology Thickness (m) Lithologic Character

Upper roof Fine
sandstone

3.4~11.9
6.0

Gray, fine-grained structure, dense, massive,
the main components of feldspar, quartz,

argillaceous cement.

Direct roof
Mudstone and

coal line
interlayer

1.6~4.5
4.2

Gray, muddy structure, dense, massive,
containing silty and fossil fragments,

developed 1 to 2 layers of unstable coal line.

Direct bottom Mudstone 0.4~3.6
1.7

Gray, muddy structure, locally intercalated
with thin layer of fine sand.

Bottom Fine
sandstone

15.3~48.7
27.2

Light gray to gray, fine-grained structure,
with a few coarse grains at the bottom,
dense, massive, mainly composed of

feldspar, quartz.

2.3. Geology of the Working Face

According to the analysis of the actual field data of the working face, the roof sandstone
is relatively rich in water, which belongs to the static storage type. There may be a small
amount of dripping water in the structural or fracture development block section, but it
has no effect on the mining of the working face. The original gas content of coal seam
face is from 3.48 to 5.40 5.40 m3/t, the maximum original gas pressure is 0.91 MPa, and
the absolute gas emission in mining process is 55 m3/min. Coal dust has an explosion
risk. The spontaneous combustion tendency of coal seam is from not easy to spontaneous
combustion, which belongs to class II spontaneous combustion. The ground temperature is
greater than 37 ◦C, which is in the state of secondary heat damage. The working face is
located in deep depth and has a large ground stress.

The geological structure of 1321 (1) working face is as follows:
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(1) The overall structure of the working face is monoclinal, high in the west and low in
the east, and the rock dip angle is from 1◦ to 6◦, with an average of 2◦.

(2) According to the surrounding roadway disclosure data and three-dimensional seismic
interpretation analysis, there are 19 faults developed in this working face, with the
middle fall, there are two faults whose fall is greater than or equal to 5 m, there are
5 faults with a drop of 2-to-5 m, and 12 faults with a drop of less than 2 m. According
to the design of the roadway, it is expected that the 1321 (1) haulage roadway will
pass through 16 faults, and the 1321 (1) track roadway will pass through 7 faults.

The specific parameters are shown in Table 2.

Table 2. Fault parameters of 1321 (1) working face.

Construction
Name

Trend (◦) Tendency (◦) Dip Angle (◦) Falling Head (◦)

DF326-4 43 313 44~64 1.2
DF326 13~37 283~307 30~60 2.2

DF326-1 11~25 101~115 57~65 2~3.5
DF326-2 20 110 42 0.7
DF327-1 19~42 109~132 37~65 1.1~6.0
DF327 24~47 114~137 45 5.0

DF327-4 41~72 131~162 43~63 1.0~3.0
DF319-1 40 310 65 1.3
DF319-2 46 136 59~70 1.3
DF319-5 11 101 57 1.0
DF319 1~25 271~295 45 2~2.5

DF322-1 15 105 45~80 1.7
DF326-3 80 170 75 1.2
DF327-3 15 105 80 1.5
DF327-5 42 132 47~59 2.0

DF322-1-1 162 252 41 1.6
DF322-2 19 109 40 3.0

DF322-2-1 85 175 80 2.0
DF322-3 18 108 75 1.0

3. Analysis of Deformation and Failure Characteristics of Deep Gob-Side Entry

The reasons for the deformation of deep roadway are diverse, involving geological
conditions, local structures, the design and construction of the tunnel itself, etc. The on-site
investigation of the deformation of the roadway along goaf in deep soft coal seam in
Zhujidong Coal Mine and the roadway in Dongtan Mine under similar conditions found
that, due to the large depth of the working face and the low strength of the raw coal, the
roof and side of the roadway have deformed to different degrees, and the phenomena of
steel strip collapse and anchor bolt failure have appeared in some sections of the roadway.
As shown in Figure 2.

According to the on-site investigation of the roadway along the goaf in Zhujidong
Coal Mine, the following reasons are the main causes.

(1) The roadway section is large, the roof strength is low, and it is difficult to set up top
coal support.

The excavation cross-sectional area of the roadway along the goaf is close to 20 square
meters, the roadway span is large, the roof is prone to flexural deformation, and the
probability of roof rock separation, sinking, and collapse increases. The overall strength
of the direct roof is low, mainly due to the complex rock properties of the direct roof and
the development of cracks, thus greatly reducing the stability of the roadway surrounding
rock, and part of the roof has netted phenomenon, which is difficult to support.
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Figure 2. In situ deformation of roadway [45].

(2) The size of the coal pillar is small, the coal quality is relatively soft, and it contains
interlayers.

The size of the coal pillar left is small, with a width of 7 m, and the coal quality is
weak, soft and broken. The asymmetric deformation of the two sides is obvious, especially
the side squeezing of the small coal pillar is serious. The coal seam contains interlayers,
and the roadway excavation causes the interlayers to be exposed, and the weak surface is
easily disturbed.

(3) The depth of the working face is large, the geo-stress is high, the existing support
control effect is poor, and the deformation of the roadway is large.

The average buried depth of the roadway is 950 m. The long-term rheology of the
roadway under high stress will increase the deformation rate of the roadway and affect
the stability of the roadway surrounding rock. Under the existing support scheme, the
support components have collapsed and failed, losing the surface protection ability, and
the investment and loss of support materials are serious.

Deep rock formations usually have high ground stress, and the rock strength and
integrity are relatively poor, which is easy to deform. For example, weak rock formations
such as mudstone and shale have weak bearing capacity and are prone to large deformation
under the influence of mining.

In summary, this type of roadway deformation is serious, and roof control is difficult.
The existing roadway support means do not match the support needs, which seriously
affects the daily safety production of the mine. Therefore, the impact of mining on the
coal pillar should be analyzed, and a reasonable support scheme should be designed
to achieve the stability of the roadway surrounding rock, thereby achieving safe and
efficient production.

4. Simulation of Combined Components of Anchor Bolt and Anchor Cable Support

4.1. Establishment of Combined Components of Anchor Bolt and Anchor Cable Support Model

The displacement and deformation of steel mesh support system is a complex three-
dimensional problem, and the displacement deformation of each part is difficult to be
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continuously tested by laboratory monitoring. In this paper, the anti-deformation ability
of six kinds of support systems is numerically simulated and analyzed by finite element
analysis software Ansys Workbench 2020. By extracting the displacement deformation
of different nodes and fitting the overall displacement deformation curve of the steel
mesh support system, the displacement constraint effect of the bolt support composite
components on the steel mesh is further analyzed.

The simulation model is established by using SolidWorks modeling software 2020, in
which the row distance between anchors is set to 800 mm, the mesh size of metal mesh
is 100 mm × 100 mm, and the diameter of wire is 6 mm. The size of diamond mesh is
40 mm × 40 mm, and the diameter of wire is 3.25 mm. The thickness of M5 section steel
strip is 5 mm and the width is 173 mm. The diameter of the reinforced ladder beam
is 12 mm, 14 mm, and 16 mm. The material parameters of 14#b channel steel and 11#
I-beam are shown in Table 3. The numerical model is imported into Ansys workbench for
calculation, metal mesh and diamond mesh, the material is set to Q235 structural steel, the
elastic modulus is set to 200 GPa, the yield strength is set to 235 MPa, the ultimate tensile
strength is 400 MPa, and the Poisson’s ratio is 0.3. The channel and strip materials are set to
Q345 structural steel, the elastic modulus of the material is set to 200 GPa, the yield strength
is set to 380 MPa, the ultimate tensile strength is 550 MPa, and the Poisson’s ratio is 0.3. The
I-beam is 20 MnK structural steel, the elastic modulus of the material is set to 200 GPa, the
yield strength is set to 400 MPa, the ultimate tensile strength is 550 MPa, and the Poisson’s
ratio is 0.3. Among them, the numerical model is meshed by solid elements, and the
contacts between the models are treated as ‘binding’; that is, it is considered that the mesh
wire located in the combined component of bolt support and the lower part of the pallet will
not produce horizontal slip phenomenon. The boundary fixing method is the cross section
of metal mesh wire and the fixed constraint at the anchor hole of the tray, which simulates
the boundary binding wire fixation and anchor constraint of the underground steel mesh,
respectively. The constitutive model is selected as the equal strength hardening multilinear
elastic–plastic model, and the analysis method is the nonlinear large deformation static
analysis method. The displacement and deformation of 6 supporting systems of metal
mesh, diamond mesh, steel ladder beam, M-shaped steel belt, 14#b channel steel and 11#
I-beam under 15,000 newtons (15 KN) vertical load is simulated.

Table 3. Material parameters of 14#b channel steel and 11# mine I-beam.

Parameter Number
14#b Channel

Steel
T3 Steel Strip

11#
MiningI-Beam

Material 16 Mn (Q345) Q235
(Q345) 20 MnK

Sectional area (cm2) 21.3 18.3 33.2
Theoretical weight (kg/m) 16.7 14 26.1

Mechanical
property

Section coefficient, Wy

(cm3)
14.1 8.1 28.4

Moment of inertia, Iy

(cm4)
61.1 13.8 127.7

Yield strength, σs (MPa) ≥325 ≥345 ≥355
Tensile strength, σb

(MPa) ≥490 ≥490 ≥510

Allowable bending
moment M (kN · m) 4.23 2.63 10.1

Carrying capacity, P
(kN) 16.9 10.52 40.4

The material parameters of 14#b channel steel and 11# I-beam used in the numerical
simulation were provided by the Technical Department of Zhujidong Coal Mine. The
material parameters used in the numerical simulation are shown in Table 3.

In ANSYS model, the translational and rotational degrees of freedom are constrained
by the nodes at the holes fixed by the anchor bolt.
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The convergence criterion of ANSYS simulation is used to control the convergence, and
the 2-norm of residual force is used to control the convergence. The convergence accuracy
is 0.1% by default, but it can be relaxed to 5% in general to improve the convergence speed.

The supporting component model is shown in Figure 3.

Figure 3. Model of supporting component.

4.2. Simulation Results and Analysis

(1) Deformation analysis of M5 steel strip structure under load

Figure 4 shows the deformation diagram of M5 steel strip under load. The thickness
of M5 steel strip is 5 mm, the width is 173 mm, the material of the steel strip is set as Q345
structural steel, the elastic modulus of the material is set as 200 GPa, the yield strength is
set as 350 MPa, the ultimate tensile strength is 550 MPa, and the Poisson’s ratio is 0.3.
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Figure 4. Deformation diagram of M5 steel strip under load (unit: mm).

In M-shaped steel strip support system, there is a great difference between longitudinal
wire deformation and transverse wire deformation. Compared with the longitudinal
wire, the arch width of the deformation curve of the transverse wire is narrower and the
arch curve is more convex. As a result, it can be concluded that with the addition of
bolt support composite components, the deformation of steel mesh shows asymmetry
in longitudinal and transverse direction, and the restraint effect on the deformation of
transverse mesh wire is obviously higher than that of longitudinal mesh wire. Compared
with the reinforcement joist, the asymmetric characteristic of M-shaped steel belt is more
obvious. The displacement cloud diagram of M-shaped steel strip under vertical load shows
that there is a large deformation in the middle of the span, which gradually decreases
during the diffusion process from the middle of the span to both sides, and there is basically
no displacement deformation at the long hole due to the constraint of the anchor, and
with the gradual increase in the thickness of the steel strip, the deformation area decreases
gradually. Under the action of fixed load, the stress value of M-shaped steel strip is higher
in the installation position of anchor tray and the loading position in the middle of span, in
which the stress concentration in the position of pallet makes it easier for the steel strip to
tear and break down there. The stress value of the loading part in the middle of the span is
higher, indicating that the vertical displacement of the steel strip is mainly caused by the
plastic deformation in the middle of the span.

(2) Deformation analysis of reinforced ladder beam under load

Figure 5 shows the deformation diagram of the reinforced ladder beam under load.
The diameters of the reinforced ladder beam are, respectively, 12 mm and 14 mm.

In the steel ladder beam combination system, the arch width of the longitudinal wire
deformation curve is narrower than that of the transverse wire deformation curve. In
the reinforced ladder beam support system, the longitudinal mesh of measuring point
No. 2 has a displacement increase of 18 mm compared with measuring point No. 1, the
displacement of measuring point No. 3 increased by 18 mm compared with measuring
point No. 2, while the transverse mesh wire corresponding to the measurement point
displacement increase is 15 mm and 14 mm, the displacement increase compared to the
longitudinal mesh wire is reduced by 3 mm and 4 mm, respectively.

When the tension of the steel ladder beam on the fixed position of the anchor is
greater than the maximum static friction, the steel ladder beam gradually produces the
phenomenon of horizontal slip in the lower part of the pallet, the rising speed of the load
curve is slow, and the initial support stiffness is low. When the lateral transverse bar of
the steel ladder beam is in direct contact with the anchor, and there is no slip space, the
model of the steel ladder beam under load becomes a three-point bending model with
both sides fixed and loaded in the middle of the span. In this stage, the rising speed of the
load–displacement curve is constant, the double longitudinal bars of the reinforced ladder
beam are stretched at the same time under the vertical load, and the components produce
a lot of elastic–plastic deformation. With the thickening of the diameter of round steel,
the ultimate load carrying capacity of the reinforced ladder beam is gradually increased,
in which the two adjacent models with 14 mm diameter are 32.15 mm more resistant
to deformation than the 12 mm diameter reinforced ladder beam. The bearing capacity
of reinforced ladder beam shows a nonlinear increasing trend, and the increasing range

237



Appl. Sci. 2024, 14, 8226

decreases gradually, in which the ultimate bearing capacity of steel ladder beam with round
steel diameter of 12 mm and 14 mm has a small difference. With the increase in round steel
diameter, the supporting stiffness of reinforced ladder beam shows a nonlinear increasing
trend, and the increasing range decreases gradually.

Figure 5. Deformation diagram of reinforced ladder beam under load (unit: mm).

(3) Deformation analysis of 14#b channel steel structure under load

Figure 6 shows the deformation diagram of 14#b channel steel structure under load.
The material of channel 14#b is set as Q345 structural steel, the elastic modulus of the
material is set as 200 GPa, the yield strength is set as 380 MPa, the ultimate tensile strength
is 550 MPa, and the Poisson’s ratio is 0.3.

Figure 6. Deformation diagram of 14#b channel steel structure under load (unit: mm).

In the 14#b channel steel support system, the deformation of longitudinal mesh wire
is different from that of transverse mesh wire. Compared with the longitudinal wire, the
arch width of the deformation curve of the transverse wire is narrower and the arch curve
is more convex. As a result, the addition of support composite components of bolt makes
the deformation of steel mesh show an asymmetry in vertical and transverse direction, and
the restraint effect on the deformation of transverse mesh wire is obviously higher than
that of longitudinal mesh wire.
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According to the displacement cloud diagram of channel 14#b steel under vertical
load, it can be seen that the 14#b steel has a large amount of deformation in the mid-span
position, and the deformation gradually decreases in the process of diffusion from the
mid-span position to both sides. There is basically no displacement deformation at the
long hole due to the constraint of the anchor rod, and the 14#b channel steel has its own
displacement distribution rule under the action of vertical load. An ‘elliptical’ displacement
distribution area is formed in contact with the pallet, and a higher stress value is produced
at the inner edge of the anchor pallet, but the displacement deformation is small, and the
displacement increases gradually in the process of expanding to the center. The mid-span
displacement of 14#b channel steel is the largest and has a wide distribution range, which
is the main plastic deformation area. In the 14#b channel steel, the bottoms of the two
pressure slots are subjected to greater load in the installation position of the bolt tray and
the middle part of the channel steel span, and the displacement and deformation are also
the largest.

(4) Deformation analysis of 11# I-steel structure under load

Figure 7 shows the deformation diagram of 11# I-beam structure under load. 11#
I-beam is 20 MnK structural steel. The elastic modulus of the material is set at 200 GPa, the
yield strength is set at 400 MPa, the ultimate tensile strength is 550 MPa, and the Poisson’s
ratio is 0.3.

Figure 7. Deformation diagram of 11# I-beam structure under load (Unit: mm).

In the 11# I-beam support system, the deformation curve of longitudinal mesh wire
is different from that of transverse mesh wire, which is similar to that of 14#b channel
steel. Compared with the longitudinal mesh wire, the arch width of the transverse mesh
deformation curve is narrower, and the arch curve is more convex. With the addition of
support composite components of bolt, the deformation of steel mesh shows an asymmetry
in longitudinal and transverse direction, and the restraint effect on the deformation of
transverse mesh is obviously higher than that of longitudinal mesh. The deformation of the
11# I-steel belt directly in contact with the bolt tray is in the surrounding area, and in the
process of spreading to the surrounding area, the deformation gradually increases, showing
an ‘elliptical’ displacement distribution state. The displacement of 11# I-steel appears at the
sharp corner of the bolt tray, and the displacement gradually increases during the diffusion
process along the edge of the tray to the center. During the loading process of 11# I-steel,
the stress value of the mid-span part is large, and the distribution range is wide, and the
metal material in this area enters the plastic yield stage, and the material causes a lot of
plastic deformation.

To sum up, under the action of vertical fixed load, the 11# I-steel is subjected to higher
stress values and the largest displacement at the installation position and mid-span loading
position of the anchor bolt tray, respectively. The stress concentration phenomenon at
the position of the tray makes the 11# I-steel more likely to tear and crush damage there,
resulting in the largest displacement. The results show that the vertical displacement of
11# I-steel is mainly caused by the plastic deformation in the middle span.
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5. Simulation of Synergistic Support Effect of Bolt–Cable Support

5.1. Numerical Simulation Scheme of Bolt–Cable Support Parameters Model

By using the FLAC three-dimensional finite element difference method, the support
effects of different support parameters are numerically simulated and compared to find
the optimal support solution. During the simulation, due to the large, buried depth
of the roadway, the surrounding rock stress is much greater than the additional stress
field generated by the anchor bolt (anchor cable) support, resulting in the formation of
additional stress field diffusion is not obvious, so in the support simulation process, the
original rock stress will be cancelled to study the additional stress field formed by the
support construction. In order to obtain the best support solution, the support simulation
parameters are shown in Table 4.

Table 4. Support parameters of numerical simulation.

Anchor Bolt on Roof Anchor Cable

Roof Bolt Side Bolt
Array

Pitch/mm

Roof
Cable/Root

Side
Cable/Root

Length/mm Spacing/mm Length/mm
Spacing

/mm
2 0

2700
700~1000

2400
700~1000 800~1000

3 1
2800 2500 4 2
2900 2600 5 3

The convergence standard of the numerical simulation model is that the maximum
unbalance force reaches 1 × 10−5, and the default convergence value of this model is also
1 × 10−5. The rule of grid division is that the boundary grid of the model is relatively
sparse, and the closer the coal pillar and the two sides of the working face, the denser
the grid. The grid size of the sparse boundary part is 3 m, and the grid size is gradually
reduced, and the grid near the coal pillar and on the two sides of the working face is
compressed to 0.5 m. The purpose of this division is to better observe the stress, strain,
and plastic zone. The left and right borders and the bottom are fixed, and the top vertical
direction is applied with self-weight stress.

5.2. Supporting Effect Simulation Results and Analysis

(1) Optimization of bolt spacing and length in the roof of the roadway

When the length of bolt in the roof of the roadway is 2700 mm, the distribution of the
vertical stress field of the surrounding rock with different spacings is shown in Figure 8.

When the length of bolt in the roof of the roadway is 2800 mm, the distribution of the
vertical stress field of the surrounding rock with different spacings is shown in Figure 9.

When the length of bolt in the roof of the roadway is 2900 mm, the distribution of the
vertical stress field of the surrounding rock with different spacings is shown in Figure 10.

As can be seen from the above figures, when the roof of the roadway is supported only,
the maximum vertical stress appears at the tail of the anchor, and the stress is transmitted
to the surrounding rock of the roadway. The area supported by the anchor bolt in the
roof is affected by the stress superposition between the anchor bolts, and the mutual
influence during diffusion forms an effective rectangular stress field. The compressive
stress gradually decreases during the diffusion process, forming an ear-shaped compressive
stress area in the horizontal direction, and the stress is reduced to zero when approaching
the top of the anchor in the vertical direction, thus converting into tensile stress. A circular
tensile stress area appears at the top of each anchor bolt.
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Figure 8. Stress-field diagram of roof bolt at 2700 mm.

Figure 9. Stress-field diagram of roof bolt at 2800 mm.

When the length of the anchor bolt is the same and the spacing between the anchor
bolts is small, the compressive stress area and continuity effect formed by the stress
superposition of the anchor bolts are better. As the spacing between the anchors gradually
increases, the range of action and diffusion trend of the additional stress field formed by
the support components through stress diffusion basically do not change, but the stress-
field area formed by the anchor bolts tends to be independent, and the area of stress
superposition gradually decreases.

When the spacings between the anchor bolts in the roof are 700 mm and 800 mm, an
effective compressive stress range of no less than 0.1 MPa is basically formed in the action
area of the anchor bolts at the bottom of the top plate, and the stress is fully exerted in the
diffusion and superposition process. When the spacings between the anchor bolts in the
roof are 900 mm and 1000 mm, the effective compressive stress range of no less than 0.1 MPa
in the action area of the anchor bolts in the roof gradually decreases. The compressive
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stress between two adjacent anchor bolts cannot be superimposed into a continuous piece
due to the large spacing. The compressive stress between the two anchor bolts is too small,
which will cause a significant decrease in the active support effect of the anchor bolts, and
the compressive stress area and the bearing structure range will also decrease. Therefore,
the most effective support effect of the anchor bolts can be exerted by selecting a reasonable
spacing of anchor bolts. According to the simulation results of the spacing of anchor bolts
in the roof, it can be concluded that the reasonable spacing of anchor bolts should be
800 mm.

Figure 10. Stress-field diagram of roof bolt at 2900 mm.

Under the condition of the same spacing of anchor bolts, within a certain range, as
the anchor length increases, the area of compressive stress will increase, and the range of
the bearing structure will also increase accordingly. When the length of the anchor bolt
increases further outside this range, the compressive stress value between the anchor bolts
will gradually decrease due to the increase in the prestress diffusion distance, resulting in
the stress field-segmentation phenomenon of the two parts of the stress of a single anchor
bolt. When the length of the anchor bolt is 2700 mm and 2800 mm, the effective compressive
stress range of the anchor bolts continues to expand, increasing the effective bearing area
of the roof, but when the length increases to 2900 mm, the compressive stress formed by
the two parts of the single anchor bolt gradually separates, which will lead to a decrease
in the stability of the bearing structure, uneven stress on the surrounding rock of the roof
of the working face, and thus the stability cannot be effectively guaranteed. Therefore,
when selecting the length of anchor bolt, a compressive stress between the two ends of the
anchor bolt should be selected that does not cause separation and can increase the effective
bearing area of the anchor bolt. It can be concluded that the length of anchor bolt should
be selected as 2800 mm.

In summary, through numerical simulation analysis, it can be concluded that the
optimal spacing of anchor bolts in the roof of 1331 (1) track roadway in Zhujidong Mine
should be 800 mm and the length should be 2800 mm.

(2) Optimization of bolt spacing and length on both sides of the roadway

When the length of bolt on both sides of the roadway is 2400 mm, the distribution
of the horizontal stress field of the surrounding rock with different spacings is shown in
Figure 11.
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Figure 11. Stress-field diagram of side bolt at 2400 mm.

When the length of bolt on both sides of the roadway is 2500 mm, the distribution
of the horizontal stress field of the surrounding rock with different spacings is shown in
Figure 12.

Figure 12. Stress-field diagram of side bolt at 2500 mm.

When the length of bolt on both sides of the roadway is 2600 mm, the distribution
of the horizontal stress field of the surrounding rock with different spacings is shown in
Figure 13.

As can be seen from the above figures, when both sides of the roadway are supported
only, without the influence of ground stress, the distribution characteristics of stress field
formed by the anchor bolt on both sides of the roadway are similar to those of anchor bolt
in the roof. The prestress diffuses from both sides of the roadway to the surrounding rock,
forming a crescent-shaped stress zone. As the stress on both sides of the crescent gradually
decreases until it approaches zero, a stress superposition zone is formed at the side of the
anchor bolt, providing effective support for the surrounding rock of the roadway.
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Figure 13. Stress-field diagram of side bolt at 2600 mm.

Under the same length of anchor bolts, the effective compressive stress area formed
by the superposition of anchor bolts decreases as the spacing of the anchor bolts increases.
The reduced position of the superimposed stress area starts from the heads of adjacent
anchor rods and diffuses to both sides, resulting in the anchor bolts being unable to form an
effective support compressive stress field when the spacing of the anchor bolts is too large.
When the spacing is expanded to 900 mm, the compressive stress between two adjacent
anchor bolts is small, and an effective stress bearing area cannot be formed, resulting in a
significant reduction in the active support effect of the anchor bolts. It can be concluded that
the spacing of the anchor bolts on both sides of the roadway should be less than 900 mm.
When the spacing is 800 mm, the number of anchor bolts is less than that of 700 mm, but
the difference in effective compressive stress formed by the spacing of 700 mm is not large.
Based on the above analysis, the reasonable spacing of anchor bolts on both sides of the
roadway is 800 mm.

Under the same spacing of anchor bolts, as the length of the anchor bolts increases, the
area of the bearing compressive stress area formed by the anchor bolts will also increase,
but the degree of stress diffusion will decrease with the increase in the diffusion distance.
When the length of the anchor bolt is too large, the compressive stress at the head of the
anchor bolts is too small, and the stress distribution is discontinuous, which affects the
support effect. The stress distribution characteristics of the roof and both sides of the
roadway are similar. In order to ensure that the stress can be fully diffused and that the
compressive stress distribution will not separate at the head of the anchor rod, the length
of anchor bolts is 2500 mm. Effective stress superposition can form a greater bearing effect,
so that a larger area of surrounding rock in the sides can be actively supported. Therefore,
the reasonable length of the anchor bolts on both sides of the roadway is 2500 mm.

In summary, as the length of the anchor bolts increases, the additional stress-field
area will also increase, and the stress diffusion effect will decrease with the increase in the
diffusion distance. Therefore, it can be determined that the optimal length of anchor bolts
in the roof is 2800 mm, and the optimal length of anchor bolts in both sides of the roadway
is 2500 mm. As the spacing of anchor bolts increases, the compressive stress area range
and continuity formed by stress superposition will gradually decrease, but considering the
integrity of the rock formation and economy, the optimal spacing of the anchor bolts in the
roof is determined to be 800 mm, and the optimal spacing of the anchor bolts on both sides
of the roadway is 800 mm.

(3) Optimization of row spacing of anchor bolts
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On the basis of the above numerical simulation of reasonable spacing of anchor bolts,
the distribution law of effective stress formed when the row spacing of anchor bolts is
800 mm, 900 mm, and 1000 mm is studied, aiming to obtain reasonable row spacing of
anchor bolts. The compressive stress effect formed by numerical simulation of roof bolt
support is shown in Figure 14.

Figure 14. Cloud diagram of vertical stress under different row spacings of anchor bolts.
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As can be seen from the figures above, the compressive stress field formed by the
anchor bolts diffuses from the center of the anchor bolt to the surrounding area and
gradually decreases, and the stress diffusion rate is the same. When the row spacing is
800 mm and 900 mm, the stress field formed by the anchor bolts is superimposed and
connected together to form a relatively continuous bearing structure. The maximum
compressive stress is at the center of a single anchor bolt, and the maximum compressive
stress is 0.037 MPa. When the row spacing is 800 mm, the minimum compressive stress
in the middle between two adjacent anchor bolts is 0.075 MPa. When the row spacing is
900 mm, the minimum compressive stress in the middle between two adjacent anchor bolts
reaches 0.05 MPa, which is not much different from the row spacing of 800 mm. As the
row spacing of the anchor bolts increases to 1000 mm, the maximum compressive stress
at the middle of a single anchor bolt undergoes no significant alteration, but the area of
compressive stress close to 0 appeared in the middle of the two anchor bolts. In this case,
the anchor bolts cannot provide effective active support to this area, affecting the continuity
of the bearing structure. Therefore, in order to ensure effective support of the surrounding
rock of the roadway and reduce support costs, the reasonable row spacing of anchor bolts
is 900 mm.

6. Stability Control and Assessment of Gob-Side Entry

6.1. Stability Control of Gob-Side Entry

(1) Roof support

The combined support of grade IV rebar prestressed anchor bolt (MG400) and M5
steel strip and 10# rhombic metal mesh was applied in the roof. The anchor bolts in the
form of a ‘7-7’ arrangement were applied to the roof, the length of the M5 steel strip was
5.1 m, the diameter of the bolt was 22 mm, the length was 2800 mm, and the spacing
between the bolts was 800 mm and the row spacing was 900 mm. The full length of the
bolt was anchored with one roll k2860 and two roll z2860 resin roll, the angle between the
anchor bolts on both sides of the roof and the vertical direction was 15◦, the torque of the
bolt nut should not be less than 200 Newton-meters, and the anchoring force should not be
less than 150,000 newtons. The lap connection of the metal mesh should be no less than
200 mm, the connection between the networks should not be greater than 200 mm, the
stubble should not be pressed under the steel strip, and the double strands and double
rows of diamond iron wires of not less than 1 inch should be used for binding.

The anchor cable and W5 steel belt (4 m in length) in the ‘4-4’ configuration was
adopted, with two rows of 11# I-beams (2.4 m in length) and anchor cables along the strike.
The diameter of the anchor cable, which matching the butterfly-shaped large tray (280 mm
in length, 280 mm in width, and 16 mm in thickness), on the W5 steel belt was 21.8 mm,
the length was 7300 mm, and the spacing between the anchor cables was 1200 mm and the
row spacing was 900 mm. The diameter of the anchor cable on the 11# I-steel beam was
21.8 mm, the length was 6300 mm, and the spacing was 900 mm. Each hole was anchored
with one roll of k2860 and two rolls of z2860 resin drug rolls. The preload of anchor cable
should be no less than 180,000 newtons and the anchoring force should be no less than
350,000 newtons. The support design of the anchor bolt and anchor cable on the roof is
shown in Figure 15.

A group of anchor cable clusters was constructed in the middle of the roadway roof
every 15 m, and the preload of the anchor cable was no less than 180,000 newtons, and the
anchoring force was no less than 350,000 newtons.

(2) Support of both side of the roadway

1© A combined support consisting of five full-threaded anchor bolts (MG335); two M3
steel strips, each 1.8 m in length with vertical lap arrangement; 10# rhomboid metal mesh;
and one row of 11# I-steel (with a length of 2.4 m) in strike arrangement-reinforced anchor
cables was applied to the solid coal side. The diameter of the anchor bolt was 22 mm, the
length was 2500 mm, the spacing between the bolts was 800 mm, and the row spacing was
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900 mm. The diameter of the anchor cable was 21.8 mm, the length was 4300 mm, and the
row spacing was 900 mm.

The angle between the upper anchor bolt and the horizontal plane was 15◦, and
the angle between the lower anchor bolt and the horizontal plane was negative 15◦, and
the other anchor bolts were arranged vertically. The drill bit with a diameter of 28 mm
was used in the drilling of the hole of the anchor bolt, and two rolls of Z2350 resin car-
tridge were applied to each anchor bolt. The torque of anchor bolt nut was not less than
180 Newton-meters, and the pre-tightening force of anchor bolt was not less than
125,000 newtons. The lap connection of the metal mesh should be no less than 200 mm,
and the connection between the networks should not be greater than 200 mm. The distance
between the anchor cable and the floor was 1.6 m, and the cable was arranged along the
roadway. Two rolls of Z2860 resin cartridge were used for each hole, and the pre-tightening
force of the anchor cable was not less than 150,000 newtons.

 
(a) Support design of roadway cross section 

  
(b) Solid coal side (c) Pillar side 

Figure 15. Cont.
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(d) Top view of roof support 

Figure 15. Support design drawing of roadway.

2© A combined support consisting of four full-threaded anchor bolts (MG335), one
replacement anchor bolt at the shoulder joint of the roadway, two M3 steel strips each
1.8 m in length with vertical lap arrangement, 10# rhomboid metal mesh, and two rows
of 11# I-steel (with a length of 2.4 m) in strike arrangement reinforced anchor cables was
applied to the coal pillar side. The diameter of the bolt was 22 mm, and the length was
2500 mm; the diameter of the anchor cable was 21.8 mm, and the length was 4300 mm; and
the diameter of the alternative anchor cable was 21.8 mm, and the length was 3100 mm. The
spacing between the bolts (anchor cables) was 800 mm and the row spacing was 900 mm.

The drill bit with the diameter of 28 mm was used in the drilling of the hole of the
anchor bolt on the coal pillar side, and two rolls of Z2350 resin cartridge were applied to
each anchor bolt. The diameter of the anchor cable at the upper corner of the roadway was
21.8 mm, and the length was 3100 mm. The angle between the anchor cable at the upper
corner and the horizontal plane was 15◦, and the ball lock matched the anchor cable at
the upper corner. The diameter of the other anchor cables was 21.8 mm, and the length
was 4300 mm, the distance between the two rows of anchor cables arranged along the
roadway was 1.6 m and 2.4 m, respectively, and the pre-tightening force of the anchor cable
should not be less than 150,000 newtons. The angle between the anchor bolt at the lower
corner of the roadway and the horizontal plane was 15◦, and the other anchor bolts were
arranged vertically. The torque of the bolt nut was not less than 180 Newton-meters, and
the anchoring force of the side anchor bolts were not less than 125,000 newtons.

The supporting design diagram of the roadway is shown in Figure 15.

(3) Support of special sections

During the period when the roadway passes through the fault or in the section where
the roadway deformation is large, the roof support should be strengthened. In order to
strengthen the roof support strength, three rows of 11# I-beams (2.4 m in length) with
anchor cables were arranged along the strike; the diameter of the anchor cables on the 11#
I-beam on both sides of the roadway roof was 21.8 mm, and the length is 6300 mm. The
diameter of the anchor cables on the 11# I-beam near the middle of the roadway roof was
21.8 mm, and the length was 8300 mm. The anchor cable preload force is not less than
180,000 newtons, and the anchoring force is not less than 350,000 newtons.

A group of anchor cable clusters were constructed every 10 m on the top plate of the
roadway near the middle of the roadway.

In the case of broken top plate of the roadway or serious deformation of the roadway,
36 U type shed was used for support, and five groups of 11# I-beams and 8.3 m anchor
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cables were reinforced and excavated row by row. When shed support was used, the
spacing of the sheds was 700 mm.

6.2. Mine-Pressure Observation Scheme of Gob-Side Entry

In order to obtain the mine-pressure condition of the 1331 (1) track roadway during
the trial excavation, the observation scheme of mine pressure was set up. The arrangement
of the measuring stations is shown in the Figure 16. Observation station 1 is arranged
10 m inside the stoppage line of the 1321 (1) working face, and observation station 2 and
observation station 3 are arranged 30 m and 60 m back, respectively, as shown in Figure 16.
The main contents of the mine pressure monitoring of the track roadway are the surface
displacement of the roadway, the deep displacement of the surrounding rock, the roof
separation, and the working load of the anchor and cable.

Figure 16. Layout map of stations.

6.3. Stability Assessment of Gob-Side Entry

1. Displacement change in surrounding rock on roadway surface

The displacement data obtained from the observation station arranged on site are
collated, and the displacement changes in the surrounding rock on roadway surface are
shown in Figure 17. After the monitoring, the site survey was carried out on 1331 (1) track
roadway in Zhujidong Mine, and the on-site condition of surrounding rock on the roadway
surface was shown in Figure 18.

As can be seen from the figure, the deformation rate of the surrounding rock on the
surface of the track roadway is the largest within about 10 days of the formation of the
roadway. At this stage, it is mainly due to the fact that the mining stress generated by
the formation of the roadway has not reached equilibrium. Within 10 to 15 days of the
formation of the roadway, the displacement growth rate of the surrounding rock on the
surface of the roadway gradually decreases until it tends to be stable, and the disturbance
effect of roadway excavation on the observation point is becoming less and less; About
20 days after the formation of the roadway, the displacement of the surrounding rock on
the surface of the roadway tends to be stable and basically does not change. During the
monitoring period, the maximum displacement of the top and bottom plates is 86 mm, the
maximum displacement of the solid coal side of the roadway is 50 mm, and the maximum
displacement of the coal pillar side is 70 mm. The displacement of the coal pillar side of
the roadway is greater than the displacement of the solid coal side. It can be seen from the
on-site conditions of the track roadway in the later stage that the overall control effect of
the roadway surrounding rock is good.
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Figure 17. Cont.
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Figure 17. Change in displacement of surrounding rock on the roadway surface.

Figure 18. The on-site condition of the roadway.

2. Separation of the roof of the roadway

The roof separation of 1331 (1) track roadway was monitored by a 4-point separation
meter, and the depths of observation points 1#~4# were 2.7 m, 4.0 m, 7.3 m, and 8.0 m,
respectively. The separation of the roof of the track roadway was shown in Figure 19.
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Figure 19. Roof separation curve.

According to the data of the separation meter at the on-site measuring station, the data
of the roof separation meter at each observation station are 0 mm at the deep measuring
point. A small separation occurred at the shallow measuring point within about 12 days
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after the track roadway was completed. After that, the separation amount tended to be
stable and basically did not change. The maximum separation amounts of observation
point 1# and 2# at the observation station 1# were 14 mm and 22 mm, respectively, and the
roof separation amount at the observation station 1# was small. The maximum separation
amounts of observation point 1# and 2# at the observation station 2# were 10 mm and
18 mm, respectively, and the roof separation amount at the observation station 2# was small.
The maximum separation amounts of observation point 1# and 2# at the observation station
3# were 8 mm and 12 mm, respectively, and the roof separation amount at the observation
station 3# was small.

The monitoring data of the roof of 1331 (1) track roadway show that the roof separation
amount is small, and the surrounding rock of the roof is relatively stable.

3. Analysis of load on anchor bolt and cable

During the excavation of 1331 (1) track roadway, the load conditions of some anchor
bolts and cables on the coal pillar side, solid coal side and the roof of the roadway is
monitored, and the data are summarized and sorted to obtain the stress changes in the
anchor bolts and cables, as shown in Figure 20.

As can be seen from the above figures, in the early stage after driving the track road-
way, due to the influence of driving disturbance and residual stress of the adjacent gob
area on the surrounding rock of the roadway, the load on anchor bolts and cables gradually
increased within about 12 days, and then the load tended to be stable and basically did
not change. The initial load on the anchor bolt on the left side of the observation station
1# was 43,000 newtons (43 KN), and then the load on the anchor bolt gradually increased.
After about 13 days, the load on the anchor bolt tended to be stable and stabilized at
55,000 newtons (55 KN). The initial load on the anchor bolt on the right side was
29,000 newtons (29 KN), and the initial load on the anchor bolt on the roof was
25,000 newtons (25 KN). During the observation period, the load on the anchor bolt
on the right side and the roof basically did not change. The initial load on the anchor
cable on the roof was 123,000 newtons (123 KN), and then the load on the anchor cable
gradually increased. After about 13 days, the load on the anchor cable tended to be stable
and stabilized at 129,000 newtons (129 KN).

The initial load on the anchor bolt on the left side of observation station 2# was
31,000 newtons (31 KN), and then the load on the anchor bolt gradually increased. After
about 10 days, the load on the anchor bolt tended to be stable and stabilized at 39,000 new-
tons (39 KN). The initial load on the anchor bolt on the right side was 22,000 newtons
(22 KN), and then the load on the anchor bolt gradually increased. After about 10 days,
the load on the anchor bolt tended to be stable and stabilized at 30,000 newtons (30 KN).
The initial load on the anchor bolt on the roof was 37,000 newtons (37 KN), and then the
load on the anchor bolt gradually increased; after about 9 days, the load on the anchor bolt
tended to be stable and stabilized at 43,000 newtons (43 KN). The initial load on the anchor
cable on the roof was 132,000 newtons (132 KN), and then the load on the anchor cable
gradually increased; after about 15 days, the load on the anchor cable tended to be stable
and stabilized at 155,000 newtons (155 KN).

The initial load on the anchor bolt on the left side of observation station 3# was
62,000 newtons (62 KN), and then the load on the anchor bolt gradually increased. After
about 9 days, the load on the anchor bolt tended to be stable and stabilized at
86,000 newtons (86 KN). The initial load on the anchor bolt on the right side was
51,000 newtons (51 KN), and then the load on the anchor bolt gradually increased. After
about 9 days, the load on the anchor bolt tended to be stable and stabilized at
70,000 newtons (70 KN). The initial load on the anchor bolt on the roof was 38,000 newtons
(38 KN), and then the load on the anchor bolt gradually increased; after about 8 days, the
load on the anchor bolt tended to be stable and stabilized at 45,000 newtons (45 KN). The
initial load on the anchor cable on the roof was 139,000 newtons (139 KN), and then the
load on the anchor cable gradually increased; after about 15 days, the load on the anchor
cable tended to be stable and stabilized at 168,000 newtons (168 KN).
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Figure 20. Monitoring curves of the load on the anchor bolt and cable.

During the monitoring period after the excavation of the track roadway, there was
no failure phenomenon of anchor bolt and cable. The load of the anchor bolt and anchor
cable was less than the critical warning value stipulated by the coal industry company. The
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support resistance of the roadway support components increased and stabilized at a stress
value higher than the initial value, indicating that the roadway’s surrounding rock was in
a stable state, which was beneficial to the stability control of the surrounding rock of the
roadway and played an active role in controlling the deformation of the surrounding rock
of the roadway.

6.4. Deformation Characteristics of Gob-Side Entry

In order to obtain the deformation characteristics of the surrounding rock of the
track roadway during excavation along the goaf, a simulation calculation model was
established by using the simulation software Fast Lagrangian Analysis of Continua (FLAC
3 D 6.0) according to the geological conditions of 1321 (1) working face and 1331 (1) track
roadway. The size of the model is 343 m long, 300 m wide, and 172 m high, with a total of
825,346 units. The bottom boundary of the model is fixed, the left and right boundary
limits the horizontal displacement, and the top boundary imposes self-weight stress. The
simulated coal-seam mining height is 2 m, and the simulated roadway size is 5.4 m wide
and 3.6 m high. Coal and rock mass can be regarded as elastic–plastic material, which is
simplified to elastic–plastic model in numerical calculation, and Molar–Coulomb failure
criterion is selected. The working face was simulated by advancing 10 m each time, and the
roadway was simulated by excavating 10 m each time. The numerical calculation model
is shown in Figure 21, and the physical and mechanical parameters of coal and rock are
shown in Table 5.

Figure 21. Stress-balance cloud map of primary rock.

Table 5. Physical and mechanical parameters of coal and rock.

Rock Stratum
Density

d/kg·m−3
Bulk Modulus

K/GPa
Shear Elasticity

G/GPa
Frictional Angle

ϕ/◦
Adhesion Stress

C/MPa

Strength of
Extension

t/MPa

Fine sandstone 2650 9.5 5.6 38 5.2 5.5

Mudstone 2430 4.6 2.5 33 3.5 1.5

Coal 1350 3.5 1.2 28 1.2 0.5

Mudstone 2400 4.5 2.5 33 3.5 1.4

Siltstone 2750 9.8 5.6 36 5.5 5.6

Simulation process: initial ground stress balance → 1321 (1) waking face →1331 (1)
track roadway → output result.

The equilibrium condition is reached when the geo-stress is calculated to 8430 steps,
and the maximum unbalance force is less than 1 × 10−5. The average geo-stress of coal
seam and roadway is 21.3 MPa, and the geo-stress is generally distributed horizontally.

255



Appl. Sci. 2024, 14, 8226

After the mining of 1321 (1) waking face, 1331 (1) track roadway was excavated. The
displacement changes in roadway surrounding rock of track roadway under different
excavation distance conditions were shown in Figure 22.

Figure 22. Distribution characteristics of vertical displacement under different excavation-distance
conditions.

According to the analysis of the above figure, under the influence of residual mining
stress of adjacent working face and disturbance during roadway excavation, the displace-
ment of surrounding rock is mainly concentrated on both sides and the roof and floor
of the roadway during roadway excavation. With the increase in excavation distance,
the displacement of overlying rock gradually increases and tends to be stable, while the
floor-heave phenomenon occurs in the underlying rock in a small range.

When the roadway is driven to 50 m, the maximum displacement variation in the
roof and floor of the roadway is about 81 mm. When the roadway is driven to 100 m, the
maximum displacement change in the roof and floor is 88 mm. When the roadway is driven
to 150 m, the maximum displacement change in the roof and floor is 95 mm, and when the
roadway is driven to 200 m, the maximum displacement change in the roof and floor is
97 mm.

In the direction of inclination, with the excavation of the roadway, the displacement
changes in the stratification phenomenon appear on both sides of the roadway. However,
since one side of the roadway is close to the goaf of the upper section, and the other
side is a solid wall, the displacement changes on both sides are obviously asymmetric.
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With the continuous excavation of the roadway, the displacement asymmetry deformation
difference of surrounding rock on both sides of the roadway gradually decreases. With the
gob roadway driving, the maximum displacement change in the strike direction occurs
closer and closer to the roadway roof, and the displacement change becomes larger and
larger and becomes stable. In the direction of the dip, the displacement range of the top
strata gradually increases and becomes stable.

The numerical simulation results of the deformation of the roof and floor of the
roadway show that the deformation of the roof and floor of the roadway is consistent with
the field monitoring results.

7. Conclusions

Aiming at solving the problem of support failure caused by large deformation of
roadway surrounding rock in deep soft coal seam, the support effect of the supporting
system of gob-side entry in a deep soft coal seam was studied by using a numerical
simulation and field industrial test and inspection. The deformation characteristics of
various supporting systems of metal mesh, diamond mesh, metal mesh with anchor rod,
steel ladder beam, and M-shaped steel belt in the goaf supporting body of deep soft coal
seam were studied under vertical load. The supporting effect of the effective compressive
stress zone generated by bolt and cable under different row spacings and lengths was
analyzed, the law of variation in compressive stress field generated by supporting members
with supporting parameters was explored, and the reasonable supporting parameters were
optimized. The main conclusions are as follows:

(1) Based on the effective compressive stress zone generated by the anchor bolt and cable
support components, the supporting effect of the support components was analyzed,
and the law of the compressive stress field generated by the support components
that varied with the supporting parameters was obtained. The supporting effect
of bolt and cable under different length, spacing, and preload was simulated and
analyzed, respectively. The turning point of compressive stress-zone change under
different supporting parameters was determined, and the critical supporting parame-
ters of effective compressive stress zone continuous and good supporting effect were
selected.

(2) When different support systems were under the same fixed load, the maximum
deformation of the metal mesh was 239.61 mm, the maximum deformation of the
diamond mesh was 578.86 mm, the maximum deformation of the 12# steel ladder
beam was 193.77 mm, the maximum deformation of the 14# steel ladder beam was
161.62 mm, the maximum deformation of the M-shaped steel strip was 78.066 mm,
and the maximum deformation of 14#b channel steel was 110.87 mm, while that of
11# I-steel was 135.57 mm. The strongest resistance to deformation was observed in
the M-shaped steel strip, and the worst resistance to deformation was observed in the
diamond mesh.

(3) The support scheme of the 1331 (1) track roadway was designed, and the industrial
test was carried out. The investigation results of the stability of the surrounding
rock of the 1331 (1) track roadway showed that the maximum displacement of the
roof and floor of the roadway was 86 mm, the maximum displacement of the solid
coal side was 50 mm, the maximum displacement of the coal pillar side was 70 mm,
and the maximum separation of strata was 22 mm. The load of the anchor bolt and
anchor cable was less than the critical warning value stipulated by the coal industry
company, there was no failure phenomenon of anchor bolt and cable, and the overall
deformation of the roadway surrounding rock was small.

The results of the stability investigation of the surrounding rock of the 1331 (1) track
roadway show that the overall deformation of the surrounding rock of the roadway was
small, which indicated that the roadway support scheme in this study was reasonable, and
the research results can provide a reference for other roadway-surrounding-rock control
under similar conditions in the 11-2 coal seam of Zhujidong Coal Mine.
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Abstract: In order to investigate the dynamic response and rock mass damage characteristics of
cavities with different shapes under blasting loads, this paper, through a combination of model tests
and numerical simulations, studies the stress distribution, strain, failure modes, and blasting fragment
size distribution of cavities with different shapes subjected to blasting loads. The results show that
under the action of blasting loads, the presence of cavities with different shapes significantly affects the
blasting effects and rock mass damage. Spherical cavities exhibit excellent blast resistance, whereas
rectangular and triangular cavities are prone to stress concentration at their tips, which in turn
promotes rock mass damage and failure. Subsequent analysis of the blasting fragment sizes reveals
that rectangular and triangular cavities yield more favorable blasting results than spherical cavities.
The research findings provide important theoretical foundations and practical guidance for the design
and construction of underground engineering blasting, contributing to enhancing engineering safety
and promoting the sustainable development of the underground engineering industry.

Keywords: cavity; cross-sectional shape; blasting load; failure mode; fragment size distribution

1. Introduction

With the rapid pace of urbanization in our country, there has been a significant increase
in the construction and development of underground engineering projects. Against this
background, the construction of underground facilities such as tunnels, water-diversion
tunnels, and hydroelectric power projects often necessitates passage through complex and
variable geological environments [1,2]. However, in actual engineering practice, traditional
blasting techniques frequently encounter issues such as over-excavation and inaccurate
excavation pit formation [3–5]. Under such complex geological conditions, the presence of
rock mass with different-shaped caves, is of paramount importance for the stability and
safety of underground engineering projects [6]. The action of impact loads may lead to
excessive excavation damage, inaccurate cutting, or overdevelopment of fractures, which
can lead to a sudden water inflow accident [7,8]. Therefore, the stability of rock mass
containing different-shaped cavities is not only directly related to the safety and efficiency
of construction projects but also plays an indispensable and vital role in ensuring the safe
operations of workers on the construction site [9]. Therefore, conducting in-depth research
on the dynamic responses and rock mass damage characteristics of cavities with different
shapes under the action of impact loads is of great theoretical significance and practical
application value for guiding the design and construction of underground engineering
projects and enhancing their safety.

Scholars both at home and abroad have conducted in-depth research on the dynamic
response and damage characteristics of rock masses under impact loads [10–13]. Impact
loads refer to time-varying loads such as explosions, vibrations, stress shocks from adja-
cent rockbursts, and earthquakes [14]. The research primarily focuses on the macroscopic
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response characteristics of rock masses under impact loads, such as stress, strain, and
displacement, as well as the influence of impact vibrations on the surrounding environ-
ment [15–18].

Tao et al. [19] investigated the behavior of rock with preset circular holes under static
and dynamic loads using both theoretical and laboratory testing methods. The results
showed that when an underground cavity is subjected to both static and dynamic loads, the
combined effect of static and dynamic stress concentration can induce primary and ultimate
macroscopic failure of the rock. Li et al. [20] studied the dynamic response surrounding a
circular tunnel subjected to concentrated blast stress waves through theoretical analysis
and numerical simulation, thus revealing the reasons for the dynamic stress concentration
around pre-set holes.

In recent years, with the development of numerical simulation technology, scholars
have started to use numerical simulation methods to study the damage and failure mech-
anisms of rock masses under blasting loads. Li et al. [21] investigated the failure mode
of tunnels subjected to blasting loads when there are cracks nearby, using indoor tests
and LS-DYNA numerical simulation. The study found that the direction of the blasting
load has a significant impact on the final failure mode of the tunnel in the fractured rock
mass. Lin et al. [22] explored the interaction mechanism between circular holes and cracks
induced by explosions through experiments and numerical simulation. The research results
showed that pre-set circular holes do not simply promote or inhibit the propagation of
blast-generated cracks but are determined by the relative position between the circular
holes and the blastholes. Ma et al. [23] analyzed the foundation of blast-fill dams using
discrete element software, with the results indicating that appropriate construction progress
and flexible waterproofing materials are key characteristics of the waterproofing structure.
Liu et al. [8] conducted research on potential water inflow disasters caused by blasting
vibrations during the excavation of submarine tunnels, combining experiments with numer-
ical simulation and establishing a model for the evolution of seepage characteristics during
the surrounding rock damage process. Despite numerous studies that have explored the
dynamic response and damage issues of rock masses under blasting loads, there are still the
following issues and controversies: (1) the dynamic response laws of cavities with different
shapes under blasting loads are not clearly defined; (2) existing research is mostly focused
on macroscopic response characteristics, lacking studies on the micro-damage mechanisms
of cavities with different shapes.

In response to the aforementioned issues and controversies, this paper aims to ana-
lyze the dynamic response patterns of cavities with different shapes under blasting loads,
providing a theoretical basis for underground engineering construction. The study seeks to
investigate the damage mechanisms and blast fragment size distributions of cavities with
different shapes under blasting loads, explore the influence of cavity geological bodies on
the size of blast fragments and rock mass damage characteristics, and reveal the mecha-
nisms of rock mass damage and failure. The goal is to provide guidance for underground
engineering design and construction to enhance project safety. Addressing the cavity
structural conditions in mining geology, this study combines field tests with numerical
simulations. Firstly, concrete model specimens with pre-set spherical, triangular, and
rectangular holes (representing cavities with different shapes) were cast. A series of field
experiments were designed and conducted to study the dynamic response and damage of
cavities with different shapes under blasting loads, deeply investigating the relationship
between cavity geological structures and blasting effects and providing important informa-
tion on blast fragment size distributions for engineering practice and geological research.
Subsequently, using the LS-DYNA finite element software, numerical simulation models of
cavities with different shapes were established to simulate their dynamic responses and
damage processes under blasting loads. By simulating the blasting processes of cavities
with different shapes, the results can validate the field tests and further reveal how these
geological structures affect rock fracturing and fragmentation and subsequently influence
the block size distribution of blast products. This is of guiding significance for blasting
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construction safety in engineering projects. In the experiments, it is possible to predict the
blasting effects under different geological structures, including block size distribution and
degree of fragmentation, thereby providing predictions and references for actual projects.
The experimental results can provide important data support for rock blasting and exca-
vation in engineering projects, helping engineers make reasonable decisions and reduce
uncertainty and risk.

This study contributes to enriching the theory of rock mass dynamic response and
damage under blasting loads, providing new perspectives and methods for subsequent
research. (1) It offers a theoretical basis for underground engineering design and construc-
tion, enhancing project safety; (2) it aids in optimizing blasting parameters, reducing the
impact of blasting vibrations on the surrounding environment; and (3) it provides techni-
cal support for China’s underground engineering construction, fostering the sustainable
development of the underground engineering industry. In summary, the research on the
dynamic response and rock mass damage of caves with different shapes under blasting
loads holds significant theoretical importance and practical application value.

2. Experimental Methodology

2.1. Specimen Making

Based on the experimental scheme for cavity structures, ten concrete casting molds
were prepared. Before casting the samples, the molds were first checked to ensure their
integrity. After the mold inspection, the molds were moistened with water to prevent
the wooden boxes from absorbing moisture from the concrete, which could lead to an
imbalance in the water-cement ratio and affect the strength and quality of the concrete,
potentially causing cracking or detachment. Following the mold wetting, the concrete
casting process commenced. The concrete was mixed using fine river sand, cement, and
water in a ratio of 1:2:0.5 for cement, sand, and water, respectively. A small amount of clay
was added to one batch, as shown in Figure 1. After thorough mixing, the concrete was
placed into the molds. Blastholes were pre-made using PVC pipes with a diameter equal
to the blasthole size. The strength of the PVC pipe is negligible compared to the strength
of the concrete and the power of the explosive, and thus the pipes were left inside during
the explosion experiment. For some models that required the placement of spheres, cubes,
or other pre-made cavity shapes, foam objects were placed at the designated positions as
the concrete was filled. After filling the mortar with concrete, a vibrating rod was used
to expel air bubbles from the cement mortar, improving the compactness of the concrete.
The vibration rod should be moved uniformly within the wooden box during compaction.
Once the casting was completed, the samples were cured under standard conditions for
28 days. The finished concrete casting products are shown in Figure 1.

Figure 1. Specimen preparation and design scheme.
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After the concrete samples were cured for 28 days, the process of demolding the
samples began. Due to the adhesion between the concrete and the mold, tools such as
pry bars and hammers were needed. For some molds with a nine-parallelepiped shape,
the demolding was done in a sequence of first the edges and then the center. During the
demolding process, iron tools such as hammers should not be used directly on the concrete
model to avoid breaking the samples and ensure the accuracy of the experiment. After the
samples were separated from the mold, they should be properly labeled to facilitate the
identification of sample conditions and proportions during testing. As some concrete may
enter the pre-made blastholes during the casting process, after demolding, it is necessary to
check each blasthole to ensure that it is not obstructed. In cases of obstruction, a rod should
be used to clear the hole. For more severe blockages, a drill should be used to clear the hole.
When using a drill, the drilling direction must align with the direction of the blasthole,
without deviation, to prevent damage to the sample.

2.2. Experimental Program

Due to the large volume of the samples and the relatively large amount of explosives
used during the blast, the large samples were all placed in the blast pit, arranged in
order as shown in Figure 2. During the explosion experiments, the blasts were conducted
sequentially to ensure that each fragment came from the same sample. High-speed cameras
and associated equipment were used in the experiment, with the high-speed cameras being
used to record the destruction process of the samples and to measure key parameters
during the blast, such as the propagation velocity of the blast waves and the fragmentation
and separation process of the explosive material.

Figure 2. Experimental program and materials.

These parameters are crucial for evaluating the blasting effect and studying the blasting
mechanism. The various experimental equipment was connected to set up the explosion
test system, with the high-speed camera aimed at the sample to be blasted, adjusting the
angle and focal length, and checking through the computer screen whether the adjustments
were successful. Lighting was added to enhance the lighting effects for better photography,
and it was necessary to turn off the lights promptly after each experiment to prevent
damage to the light sources. The process of loading the explosive is shown in Figure 2.
Considering the large volume of the samples, to achieve a better blasting effect, the single-
hole loading quantity was kept at 20 g. An instantaneous electronic detonator was placed
in each blasthole. The explosive was first loaded into the blasthole, followed by the digital
electronic detonator, to ensure that the explosive would be initiated fully and effectively.
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3. Experimental Results

3.1. Specimen Fracture and Break

Due to the frame rate of the high-speed camera being set at 20,000 Hz, the interval
between each image is 50 μs. Key time-point images were selected for an overall analysis
of the damage characteristics of the samples containing cavities under blasting loads. The
damage and destruction process is shown in Figure 3. Generally speaking, the process
of damage and failure of the rock mass under blasting loads is as follows: Firstly, the
electronic detonator initiates the explosive charge, causing the PVC pipe in the blasthole to
be propelled out by the blast wave, but no cracks were observed on the side of the sample.
Subsequently, a vertical crack appeared at the position closest to the blasthole, and the crack
extended further until it pierced through the entire sample, with a branching crack also
forming at the middle of the side. As the damage progressed, the branching crack pierced
through the sample, with the entire crack forming an “X” shape. At this point, the explosive
gas began to be ejected, and the blocked sand and earth were continuously thrown out.
New cracks continued to form at the top of the side and gradually expanded towards the
left free surface. An additional branching crack also formed in the middle of the “X” crack,
expanding towards the right. Finally, as the action of the explosive gas intensified further,
the width of the cracks kept increasing, and no new cracks were produced.

Figure 3. Fracture process of different shapes of cavities under blasting loads.

Figure 4 shows the crack propagation process of the control group (i.e., with no
structural components) under blasting loads. From the figure, it can be observed that with
the significant displacement of the PVC pipe, obvious deformation was also seen on the
upper surface of the sample. Subsequently, a noticeable crack propagation was observed,
and the propagation speed was relatively fast. After the basic formation of cracks, the
width of the cracks continued to increase. Throughout the explosion process, the emission
of explosive gases from the blast lasted for a considerable period. When no new cracks
were produced, the process of width increase began to see the efflux of explosive gases
and debris. This indicates that the action time of the explosive gas was prolonged, and
the energy of the explosive was fully utilized, which is conducive to the fragmentation of
the sample.

Figure 4. Rock fracture process of intact control specimen and clay-containing specimen under
blast loading.

The results of the aforementioned research indicate that under the intense shock wave
generated by the explosion of the explosive in the rock mass, the shock and compression of
the surrounding rock mass cause local pulverization. After passing through the crushed
zone, the compressive stress wave continues to propagate outward, but its intensity has
decreased to the point where it can no longer directly cause rock fracturing. When the
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compressive stress wave reaches the free surface, it reflects from the free surface as a tensile
stress wave. Since the tensile strength of rock is significantly lower than its compressive
strength, if the strength of the reflected tensile waves exceeds the dynamic tensile strength
of the rock, the rock will begin to produce layer-by-layer tensile fracture damage from the
free surface [24]. This mode of fracture is also known as “falling in pieces”. As the reflected
wave propagates towards the explosion source, the falling in pieces continues until the rock
within the explosion range is completely pulled apart. High-speed camera images clearly
show that the free surface cracks are primarily generated in the area closest to the blasthole,
as the stress waves arrive there first, producing a tensile effect and concentrating stress,
which in turn leads to crack formation. Subsequently, under the action of the explosive
gases, the cracks continue to propagate, and their widths keep increasing. At this point, it
is clearly visible that explosion gases and debris are erupting from the blasthole.

3.2. Blasting Block Size and Effectiveness

The presence of cavities within concrete structures affects the propagation of stress
waves, and the impact of these cavities varies depending on their location. For blasting
experiments conducted on structures with cavities of different shapes, a corresponding
size analysis is carried out. The analysis focuses on the blasting block sizes X50 and X100 at
distances varying from the upper free surface. X50 reflects the average size of the fragments,
while X100 represents the maximum size of the fragments, which effectively describes the
proportion of large pieces generated by the explosion. Additionally, due to limitations in
the experimental conditions, the spherical cavity model only yielded block size data at
distances of 8 cm and 12 cm from the upper free surface. The block size distribution is
shown in Figure 5.

Figure 5. Fragments images for different distances and shapes of the rock mass: (a,b) the shape of the
cavity is spherical, and the distances from the upper surface are 8 and 12 cm, respectively; (c–e) the
shape of the cavity is parallelepiped, and the distances from the upper surface are 4, 8, and 12 cm,
respectively; (f–h) the shape of the cavity is conical, and the distances from the upper surface are 4, 8,
and 12 cm.

A large amount of measured data and literature indicate that the five-parameter
Swebrec modified distribution function can well describe the distribution law of rock
blasting fragments [25]. Therefore, this article, after obtaining the sizes of each rock block
through ImagJ (https://imagej.net/ij/) image processing, uses the Swebrec modified
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distribution function to obtain the size distribution curves for each group of rock blasting
tests. The basic expression of this function is as follows:

P(x) = 1/

{
1 + A[ln(xmax/x)/ ln(xmax/x50)]B + (1 − a)

[( xmax

x
− 1
)

/
(

xmax

x50
− 1
)]C

}
(1)

where xmax is the maximum size at P(xmax) = 100%, which can be obtained by directly
measuring the size of the largest fragment; x50 is the median size at P(x50) = 50%; A is the
grading coefficient, with a range of values from 0 to 1; and B, C are the fitting parameters,
with a range of values around 2.

The distribution patterns of blasting fragment sizes under different shapes and dis-
tances from the upper free surface are illustrated in Figure 6a–c showing good fitting effects
with R2 values greater than 0.99. Figure 6a reveals that when the spherical cavity is 8 cm
away from the upper free surface, the X50 value (average fragment size) is 10.64 cm, and
the X100 value (maximum fragment size) is 35.97 cm. When the cavity is 12 cm away
from the upper free surface, the X50 value is 6.84 cm, and the X100 value is 19.25 cm. The
fragment size analysis indicates that a spherical cavity closer to the free surface yields a
better blasting effect, resulting in smaller overall fragment sizes and a reduced proportion
of large pieces.

(a) 

(b) 

(c) 

Figure 6. Fitted curves of the distribution pattern of the blasting block size for each group of
specimens: (a) spherical cavities; (b) parallelepiped cavities; (c) conical cavities.
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Similarly, for concrete structures with parallelepiped cavities at different positions,
different blasting effects were observed. Figure 6b shows the blast fragments from different
positions of a cube. In this case, the cavity is located in three different positions. The best
blasting effect was achieved when the cavity was 12 cm away from the upper free surface,
with X50 = 5.98 cm and X100 = 12.73 cm, resulting in no obvious large pieces, as shown in
Figure 6b. When the cavity was 4 cm or 8 cm away from the upper free surface, the blasting
effect was poorer, with values of X50 and X100 being relatively close to each other.

In summary, there is little difference in the average fragment size among the three
samples. However, for the maximum fragment size, the sample with the spherical cavity
12 cm away from the upper free surface had significantly smaller values compared to
the other two groups. Figure 6c displays the fitting curves of the blasting fragment sizes
for concrete structures with conical cavities under explosive shock loads. For the three
different positions of the conical structures, the best blasting effect was obtained when the
cavity was 8 cm away from the upper free surface, with the smallest average fragment size,
X50 = 6.99 cm and X100 = 14.59 cm. The worst effect was achieved when the cavity was 4 cm
away from the upper free surface, with X50 = 10.84 cm and X100 = 25.54 cm. The fitting curve
was relatively flat when the cavity was 12 cm away from the upper free surface, indicating
a large discrepancy in blasting fragment sizes, with X50 = 7.93 cm and X100 = 22.62 cm.
Overall, the conical cavities exhibited consistent blasting fragment size distribution patterns
with other shapes, meaning that the best blasting effect is achieved when the conical cavity
structure is located in the middle of the sample, while the worst effect is observed when the
cavity is in the middle upper position. The shape of the cavity affects the propagation of
explosion stress waves, and for spherical, parallelepiped, and conical cavities, the average
fragment size after blasting for spherical cavities was significantly larger than for the
other two shapes. The overall average sizes of the parallelepiped and conical cavities
were relatively close, suggesting that these two shapes have similar effects on the blasting
fragment sizes.

4. Numerical Simulation Study on the Response and Fracture Characteristics of
Cavity Blasting

In this section, corresponding numerical simulation analyses are carried out for differ-
ent blasting conditions in similar model tests, and the blasting model, intrinsic relationship
and parameter selection of numerical simulation are calibrated by comparing numerical
simulation and similar model test results to verify the accuracy of numerical simulation.
On this basis, a two-dimensional mechanical response and three-dimensional dynamic
damage numerical simulation are carried out to further obtain the influence of different
cross-section shapes on the stress redistribution and damage process around the cavity,
so as to provide a theoretical basis and practical guidance for the on-site engineering
blasting and the stability of the cavity. The software selected for numerical simulation is
the dynamic finite element program ANSYS/LS-DYNA R7.0.

4.1. Parameter Calibration and Cavity Stress Response

In order to obtain the material parameters, samples were taken on-site in the model
test to make standard tests for mechanical property tests, and atriaxial testing machine was
used to carry out uniaxial compression, Brazilian splitting and straight shear tests, and
the mechanical property test data are shown in Table 1. In order to study the mechanical
response characteristics of the cavity, the rock material is set as an elastic material, the
keyword *MAT_ELASTIC is used, and the parameter settings are consistent with the
mean values in Table 1. The foam material is used to simulate the cavity—ANSYS/LS-
DYNA software simulation foam has a variety of materials available. In this paper, the
MAT_SOIL_AND_FOAM material is used and the specific parameters determined by
reference [26] are shown in Table 2.
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Table 1. Experimental test data for similar materials.

Sample
Density

ρ/(kg·m−3)

Static
Compressive

Strength
σs/MPa

Dynamic
Compressive

Strength
σd/MPa

Tensile
Strength
σt/MPa

Modulus of
Elasticitye/GPa

Poisson’s
Ratio
μ

Cohesion
c/MPa

Angle of
Internal
Friction
ϕ/◦

1 2069.76 4.83 8.13 0.47 2.68 0.23 0.53 20.43
2 2103.71 4.66 8.48 0.45 2.59 0.24 0.51 20.29
3 1882.84 4.46 8.58 0.49 2.53 0.22 0.55 21.95

Average
value 2018.77 4.65 8.4 0.47 2.60 0.23 0.53 20.89

Table 2. Parameter settings for simulated cavity materials.

Density
ρ/(kg·m−3)

Tensile Strength
σt/MPa

Volume
Modulus/MPa

a0 a1 a2

400 0.64 3 0.0034 703.3 0.3 × 109

vcr ref lcid eps1 eps2 eps3
0 0 0 0 −0.104 −0.161

eps4 eps5 eps6 eps7 eps8 eps9
−0.192 −0.224 −0.246 −0.271 −0.283 −0.290
eps10 p1 p2 p3 p4 p5
−0.4 2 × 105 2 × 105 4 × 105 6 × 105 1.2 × 106

p6 p7 p8 p9 p10
2 × 106 4 × 106 6 × 106 8 × 105 41 × 105

The two-dimensional elastic numerical modeling is shown in Figure 7, which is
consistent with the top-view cross-section size of the similar model test, and the model is a
rectangular structure with the size of 60 cm × 30 cm, and the total number of model units
is about 130,000 units. The explosive size is 2 cm × 2 cm, and the equivalent blasting curve
is used to apply the load and generate the blasting stress wave propagating to the cavity.
The shapes of the cavities are circular, parallelepiped, and conical, and the diameters and
side lengths are 4 cm and 12 cm, respectively, so as to realize the numerical simulation
of the process of blasting stress wave incident on cavities with different cross-sectional
shapes. The needle-shaped wave is used to represent the blast stress wave, in which the
waveform rises rapidly and falls slowly, with the energy concentrated primarily at the
front, effectively approximating the stress wave generated by blasting. Additionally, the
pressure is applied along the contour of the blasthole.

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

Figure 7. 2D model of the cavity with different cross-section shapes and the needle-shaped wave [27]
(a) circular shape; (b) parallelepiped shape; (c) conical shape; (d) equivalence load curve.

The stress variation and effective strain cloud diagrams of different cross-sectional
shapes of the cavities under blasting loads are shown in Figures 8–10. From Figure 9a, it can
be seen that the blasting load produces a significant stress concentration at the bottom of the
top of the cavity when it propagates to the circular cavity. As the stress wave propagates to
the right free surface, a conical region of small effective stresses appears around the cavity
due to the presence of the upper and lower free surfaces. This means that the circular cavity
absorbed a large amount of energy during the incidence of the blast stress wave and played
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a good anti-detonation role. Subsequently, due to the free boundaries on the left and right
sides, the reflected wave and the incident wave acted together on the cavity, resulting in the
cavity being subjected to the stresses on both sides and an X-shaped high-stress distribution
appeared around the circular cavity, which means that the cavity is prone to butterfly
damage in the second half of the propagation of the blast stress wave, which is in line with
the conclusions of the existing studies [28]. The effective strain cloud in Figure 9b is also
consistent with the above analysis. The circular cavity first shows significant compressive
strains on the wave-facing side, and with the propagation of the stress wave, compressive
strains also appear on the back-blast side of the circular cavity. Finally, under the combined
effect of the incident wave and the reflected wave, significant compressive strains appear
in the whole cavity interior, but the strains on the periphery of the cavity are larger, which
is due to the X-shape of the high-stress distribution.

  

  
(a) 

  

  
(b) 

Figure 8. Effective stress and strain in a circular cavity under blasting load: (a) effective stress
nephogram of circular cavities; (b) effective strain nephogram of circular cavities.
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(a) 

 

 
(b) 

Figure 9. Effective stress and strain in a parallelepiped-shaped cavity under blasting load: (a) ef-
fective stress nephogram of the parallelepiped-shaped cavity; (b) effective strain nephogram of the
parallelepiped-shaped cavity.

  

  
(a) 

  

  
(b) 

Figure 10. Effective stress and strain in a conical cavity under blasting load: (a) effective stress
nephogram of the conical cavity; (b) effective strain nephogram of the conical cavity.
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Figure 10 shows the process of changes in effective stress and strain within a paral-
lelepiped cavity subjected to blast impact. Due to the large effective impact area of the
parallelepiped cavity, significant stress concentration first appeared at the two corners
on the left. Subsequently, the stress wave produced significant reflection and scattering
between the blasthole and the cavity, resulting in a conical region of high effective stress
between the blasthole and the cavity. As the stress wave propagated to the free surfaces
on both sides, the incident wave and the reflected wave simultaneously acted on the par-
allelepiped cavity, causing sustained dynamic stress concentration on the side facing the
blast, while stress concentration also appeared at the two corners on the right side of the
parallelepiped cavity. From Figure 10b, it can be observed that when the blast stress wave
reached the parallelepiped cavity, a significant compression strain rapidly appeared on
the side facing the blast, and as the stress wave propagated, the entire cavity exhibited
compression strain, although the strain on the side facing the blast was much greater than
that on the upper and lower sides and the side opposite the blast, with the strain on the
opposite side being the smallest. This is because the incident wave, reflected wave, and
scattered waves directly acted on the side facing the blast, where the majority of the stress
wave energy was consumed, while the side opposite the blast was affected the least. Finally,
when the incident wave and the reflected wave produced by the right side’s free surface
acted on the cavity together, a significant compression strain also appeared on the opposite
side, but it was still smaller than that on the side facing the blast. Additionally, the strain
near the four sides of the parallelepiped was much greater than the strain within the cavity
itself. In summary, during the plastic stage, the parallelepiped cavity is prone to develop
cracks first at the four corners of the parallelepiped, which then gradually propagate to the
four sides, thus initiating structural failure.

As shown in Figure 10a, the propagation of stress waves to the conical cavity resulted
in significant scattering. The stress waves were bifurcated by the corners facing the blast,
propagating along the edges of the conical cavity to the right. Between the blasthole and
the conical cavity, a larger conical region appeared with high effective stress, and the
corners facing the blast exhibited significant dynamic stress concentration. Subsequently,
the reflected waves generated by the free surface interacted with the incident waves
simultaneously on the conical cavity, causing significant stress concentration at the three
corners of the conical cavity, with the effective stress at the corner facing the blast being
greater than that at the other two corners. From Figure 10b, it can be observed that when
the blast stress wave reached the cavity, a significant compression strain appeared at the
corner facing the blast. As the stress wave propagated, both edges of the side facing the
blast also showed a considerable compression strain. Finally, when both the incident wave
and the reflected wave acted on the conical cavity simultaneously, a region of significant
compression strain appeared at the two corners opposite the blast, but no such strain was
observed near the edges on the opposite side. Therefore, during the plastic stage, the
conical cavity is prone to damage and failure at the three corners and the two sides adjacent
to the blast, with most of the energy being consumed by the rock mass of the cavity on the
side facing the blast, thereby protecting the structure of the cavity on the opposite side.

The comprehensive analysis reveals that different cross-sectional shapes have a signif-
icant impact on the propagation of blast stress waves and the characteristics of stress and
strain changes around the cavity. The circular cavity, due to its curvature, experiences only
transient stress concentration at the top and bottom, and the effective strain throughout the
process is far greater than that of the parallelepiped or conical cavities. This indicates that
the circular cavity absorbs a large amount of blast energy for structural deformation of the
cavity and subsequent cavity damage, thus reducing the energy used for the destruction of
the surrounding rock mass. Therefore, the circular cavity serves as a better blast-resistant
effect on the surrounding rock mass. Furthermore, both the parallelepiped and conical
cavities exhibit significant stress concentration at the corners, with the effective strain
of the conical cavity being less than that of the parallelepiped cavity due to the larger
effective impact area of the parallelepiped cavity. However, because of the tip effect of
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the conical, the effective stress at the corner facing the wave is much greater than that of
the parallelepiped.

4.2. Three-Dimensional Numerical Modeling and Damage Characteristics of Cavities

Based on the stress distribution characteristics of cavities under blasting, a three-
dimensional elastic-plastic model was constructed to further study the destructive characteris-
tics of cavities under blasting. Some scholars have employed the MAT_PLASTIC_KINEMATIC
model for simulating the dynamic damage of rock due to its computational efficiency and
alignment with the dynamic rock damage criteria [29,30]. The rock material is primarily
defined using the material keyword MAT_PLASTIC_KINEMATIC (kinematic plasticity
model material). This material’s constitutive model can reflect the elastic and plastic failure
processes of soils, rocks, concrete, and other media under the action of explosive blasting.
According to the mechanical testing results of cement mortar specimens from similar model
tests, the specific parameters used are listed in Table 3.

Table 3. Material parameter settings.

Density
kg/m3

Modulus of
Elasticity/GPa

Poisson’s
Ratio

Yield
Strength/MPa

Tensile
Strength/MPa

Failure
Strain

2000 2.60 0.23 4.65 0.47 0.06

The keyword MAT_ADD_EROSION can define various parameters of material failure,
such as compression stress, tensile stress, equivalent stress, strain, and failure time. For the
MAT_PLASTIC_KINEMATIC material, therefore, it is only necessary to use this keyword
to define the material’s tensile strength [31]. In this simulation, any model that defines
the tensile strength parameter with MAT_ADD_EROSION is set to −0.47 MPa (the tensile
stress value for MAT_ADD_EROSION is labeled as a negative value). Additionally, the
MAT_HIGH_EXPLOSIVE_BURN material is used to define high-energy explosives and
void material. This paper uses No. 2 rock emulsion explosives with the same explosive
performance as the similar model test, with a density of 1050 kg/m3 and a detonation
velocity of 4200 m/s. Besides material parameters, in ANSYS/LS-DYNA, it is also necessary
to set the *EOS_JWL equation of state parameters [32].

The EOS_JWL equation of state is as follows:

P = A[1 − ω

R1V
]e−R1V + B[1 − ω

R2V
]e−R2V +

ωE
V

(2)

where A, B, R1, R2, ω are parameters related to explosives determined by experiments,
V0 is relative specific volume, E0 is initial specific energy. The specific parameters of the
equation of state of the explosive are shown in Table 4.

Table 4. Parameters of the explosive equation of state.

A B R1 R2 OMEG E0 V0

2.144 × 1011 0.182 × 109 4.2 0.9 0.15 4.192 × 109 1.0

The three-dimensional numerical modeling employs the Lagrange (Lagrange) method
with shared nodes, which requires not only the definition of explosive and rock materi-
als but also the additional definition of void material. The ALE12 algorithm for *SEC-
TION_SOLID is used to calculate the void material, which provides the necessary volume
for the expansion of the explosive, thereby preventing negative volume errors during the
simulation. The void material is co-nodally coupled with the rock mass without requiring
additional special boundaries, ensuring that the transmission of the blasting stress wave
remains unaffected. The void material (void) is defined using the same material parameters
as the explosive material. The three-dimensional numerical model is shown in Figure 11.
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Consistent with similar model tests, the model is rectangular in structure with dimensions
of 60 cm × 40 cm × 30 cm, and the total number of elements is approximately 640,000. The
blue part in the figure represents the explosive elements, with a size of 4 cm × 2 cm × 2 cm,
which is close to the 20 g charge mass in the similar model test. The red part represents
the void material elements, which are shaped as cubes with an edge length of 20 cm. The
yellow part represents the filled area; in this figure, an individual fracture model is used as
an example, with a size consistent with the corresponding similar model test. The green
part represents the rock elements, with a size of 60 cm × 40 cm × 30 cm, and the void
material elements partially overlap with the rock elements in the modeling. Generally,
when simulating the blasting of rock mass, a non-reflecting boundary is applied at the
model’s boundary using the keyword BOUNDARY_NON_REFLECTING to simulate dif-
ferent numbers of free surfaces. The 3D model is not set with a reflection-free boundary to
consistency with the experimental specimen.

  

Figure 11. Three-dimensional numerical model.

Due to the presence of free surfaces, there is a limiting and nature-altering effect on
the energy of the blast stress waves. This causes the stress wave energy to be confined
within the expected range of blasting action through reflection, and it can alter the nature
of the stress wave energy, converting the original compressive wave energy into tensile
and shear wave energy. As a result, compared to the case without free surfaces, the rock
mass is subjected to a longer duration of stress wave destructive action, leading to tensile
and shear damage to the rock mass.

The damage development of the rock mass during a simulated typical rock blasting
process is shown in Figure 12 and is specifically manifested as follows:

  
(a) (b) 

  
(c) (d) 

Figure 12. Complete model destruction process: (a) 0.0001 s, (b) 0.0025 s, (c) 0.0075 s, and (d) 0.0100 s.
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(1) At 0.1 ms, under the impact load of the explosive, the rock mass elements surround-
ing the explosive reach their failure strength and undergo massive destruction, forming a
blast cavity. At 0.3 ms, the blast cavity has basically expanded to its limit, indicating that
the action of the explosive impact load has essentially ended. The rock mass outside the
cavity is subjected to hoop stress from the direct blast stress waves, forming radial cracks
that radiate outward. At 0.7 ms, the radially spreading cracks have further developed. As
the blast stress wave reaches the edge of the rock mass, due to the reflection of the stress
wave at the free surface, the rock mass undergoes multi-layer fracturing under the action
of the reflected wave, forming multiple cracks parallel to the free surface.

(2) At 0.9 ms, the radiating radial cracks and the parallel free surface layer cracks
further expand. The reflected waves from adjacent free surfaces begin to converge, and
under the superimposed stress field, the rock mass exhibits angular cracks, with the angular
crack cracks beginning to develop. At 4.5 ms, in addition to the already fully developed
radiating radial cracks, parallel free surface layer cracks, and angular cracks, the rock mass
shows a wider variety of cracks under the action of stress waves, including edge cracks at
45◦ to the free surface. These various cracks are mostly interconnected, and the rock mass
is overall in a state of destruction.

(3) Compared to the 4.5 ms moment, at 10 ms, the cracks have only slightly developed,
and their expansion has essentially halted, indicating that the destructive effect of the rock
mass blast stress waves has ceased. At this point, the cracks are primarily expanding under
the quasi-static pressure of the explosive gases, and at the same time, the broken rock mass
is being propelled outward by the action of the explosive gases, with the rock mass edges
showing noticeable bulging. When comparing the 20 ms with the 10 ms moment, there is
almost no further development of rock mass cracks, and in some cases, the edges of certain
cracks have even exhibited a closure phenomenon. The main cracks have further extended,
and the bulging of the rock mass at the free surface is more pronounced.

The damage situations of different cross-sectional cavity numerical models under
blasting are shown in Figure 13. From Figure 13, it can be seen that the shape of the blast
cavity within the rock mass model has not changed significantly with the variation in the
shape of the cavity cross-section. This indicates that these conditions are set at a consid-
erable distance, and they have little effect on the compressive and shearing destructive
actions in the blasting crushing zone. At the five free surfaces near the explosive, under the
action of blasting, there have been obvious tensile failure cracks, and these cracks exhibit
variations in shape under different conditions.

  
(a) Complete model. 

Figure 13. Cont.
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(b) Parallelepiped cavity model. 

  
(c) Conical cavity model. 

  
(d) Spherical cavity model. 

Figure 13. Partial model damage.

To analyze the effects of blasting further statistically under different conditions, the
information files from the simulations can be used to count the unit failure in the rock mass
model. This allows us to understand the development of rock mass damage and the final
damage effects during the rock blasting simulation process. Table 5 shows the number of
failed units and the ratio of failed units to the total number of units for all models up to
20 ms, reflecting the impact of different conditions on the rock mass damage effects. The
proportion of failed units in the parallelepiped cavity is slightly greater than that of the
conical cavity and much greater than that of the circular cavity. Additionally, the proportion
of failed units in the intact model is less than that of the parallelepiped and conical cavities
but greater than that of the circular cavity. This means that the circular cavity absorbs more
blast energy, hinders rock mass damage, and reduces the degree of rock mass destruction,
while the parallelepiped and conical cavities promote rock mass damage. This is because
parallelepiped and conical shapes have significant dynamic stress concentration at their
corners, which induces damage and fractures in the cavities. From Figure 13, it can be
observed that the cracks produced by the parallelepiped and conical cavities connect with
the blasting crushing zone area, and the main cracks in the parallelepiped and conical
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cavities occur on the blast-facing side, which is consistent with the results of the two-
dimensional numerical model. However, due to the larger effective incoming area of the
parallelepiped compared to the conical, the area between the blastholes and the cavities
experiences significant reflection and scattering of stress waves, thereby intensifying the
damage to the rock mass in that area. Moreover, the average block sizes of the spherical,
conical, and parallelepiped cavities in the experimental results are consistent with the
numerical simulation results. This indicates that the spherical cavity hinders the blast stress
wave from damaging the rock mass, while the conical and parallelepiped cavities promote
the blasting damage to the rock mass.

Table 5. Number and proportion of failed units for different condition models.

Numerical Model Type
Complete

Model
Parallelepiped
Cavity Model

Conical Cavity
Model

Spherical Cavity
Model

Number of failed units 70,800 70,771 70,644 62,857
Number of rock units 639,566 625,742 633,580 638,661

Percentage of
failed units 11.07% 11.31% 11.15% 9.84%

5. Conclusions

This study has conducted an in-depth exploration of the dynamic response and rock
mass damage issues under blasting loads for different shapes of cavities. Through field
tests and numerical simulations, the mechanisms of rock mass damage and destruction
under blasting loads were revealed, and the following conclusions were drawn:

Firstly, the dynamic response laws of different shaped cavities under blasting loads
were analyzed, and the damage mechanisms and blast block size distributions under
blasting loads were studied. The influence of cavity geological bodies on the size of blasting
fragments and the characteristics of rock mass damage were revealed. A combination
of field tests and numerical simulations was used to verify the experimental results and
further reveal the influence of different geological structures on the blasting effect. The
results show that the presence of spherical, conical, and parallelepiped cavities has a
significant impact on the blasting effect and rock mass damage under blasting loads. The
spherical cavity, with its good anti-blast performance, can absorb a large amount of blast
energy and reduce the degree of rock mass destruction, while parallelepiped and conical
cavities are prone to stress concentration at the corners, promoting rock mass damage
and destruction. Additionally, the study of blast block size distribution indicates that the
blasting effect of the parallelepiped and conical cavities is better than that of spherical
cavities. The research results of this study contribute to the enrichment of the theory of
rock mass dynamic response and damage under blasting loads, providing new ideas and
methods for subsequent research. These research findings serve as an important theoretical
basis and practical guidance for the design and construction of underground engineering
blasting, helping to improve engineering safety and promote the sustainable development
of the underground engineering industry.
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Abstract: The vibration of rock breaking in tunnel excavation may cause serious damage to nearby
buildings if it is not controlled properly. With reference to a hard rock tunnel in China, the vibration
response to the high-pressure gas expansion method (HPGEM), an emerging rock-breaking approach,
was investigated with field tests, theoretical derivations, and numerical simulations, then comparisons
with the traditional dynamite blast were performed. Firstly, the vibration velocity prediction formulas
of the two methods were fitted based on the field tests. Subsequently, the accuracy of the formula
was verified by numerical simulation, and the vibration attenuation law of the HPGEM was explored.
Comparisons were made between the blast and HPGEM, particularly the differences in peak particle
velocity (PPV) for different agent qualities, distance from the blasting center, and engineering
conditions. Furthermore, this study also analyzed the relationship between the agent qualities
and the rock-breaking volume under different cases, finding that the HPGEM has slight vibration
and good rock-breaking effect. The HPGEM is thus fully capable of replacing dynamite blasting to
carry out rock-breaking operations in certain special areas.

Keywords: high-pressure gas expansion; dynamite blasting; peak particle velocity; rock breaking;
tunnel excavation

1. Introduction

The vibration generated by the rock-breaking process in tunnel excavation is one of the
key factors that jeopardize the safety of adjacent important buildings (structures). Currently,
dynamite blasting is still one of the most commonly used rock-breaking methods [1,2].
However, it inevitably produces high vibration velocity due to its own principle of action;
thus, it is no longer applicable in some special construction environments. To solve this
problem, some new methods such as the tunnel boring machine (TBM) [3], mechanical
excavation [4,5], and gas blasting [6,7], etc., have emerged (Figure 1). Nevertheless, these
methods still have some shortcomings. TBM equipment is costly and requires a large
construction area [5]. Mechanical excavation is inefficient and has a limited scope of
application [6]. Gas blasting has high requirements for equipment and operation, and high
requirements for the environment [7]. The above problems bring challenges to the safe
excavation of hard rock tunnels near important buildings or facilities in urban development.

The “High-Pressure Gas Expansion Method” (HPGEM) [8,9] was proposed to address
the above-mentioned shortcomings. This method involves the simultaneous chemical and
physical reactions of the gas generator in the expansion pipe as the active ingredients under
sealed conditions. In an extremely short period of time, a large number of high-temperature
and high-pressure gases are released to expand and affect the surrounding media, thus
achieving rock breaking (Figures 2 and 3). Existing studies have shown that the rock
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fragmentation morphologies found after HPGEM and traditional explosive blasting are
quite different. The fragmentation of rock slag after HPGEM is obviously larger than that
from the drilling and blasting method, and the failure surface of the rock slag basically
retains the original structural plane, while the failure surface of rock slag produced by
the drilling and blasting method is mostly a fresh fracture surface. More specific HPGEM
principles can be found in the authors’ previously published literature [10].

Figure 1. Commonly used rock-breaking techniques.

Figure 2. High-pressure gas expansion tube and on-site construction process.
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Figure 3. Rock-breaking mechanism of HPGEM (modification based on [10]).

As an emerging rock-breaking method, there are few studies on HPGEM. Peng
et al. [9] applied HPGEM to a tunnel excavation to find the optimal blasting design param-
eters. In addition, they constructed a set of rock mass classification methods applicable to
HPGEM [10]. Based on a tunnel in Hangzhou, Liu et al. [11] proposed a set of safe and
efficient solutions for urban hard rock excavation by analyzing the rock-breaking effect and
vibration effects of the HPGEM on the surrounding buildings. Subsequently, to investigate
the applicability of HPGEM in hard rock tunnels near historical sites, Liu et al. [12] obtained
suitable rock-breaking parameters for tunnel excavation by means of theoretical analyses,
on-site experiments, and vibration monitoring. They found that if the plugging holes were
of high quality and not drilled, HPGEM could have the advantages of low vibration, low
noise, and fewer flying rocks, which provided a solution for hard rock tunnel excavation
near ancient buildings and historical sites.

There have been many studies on the hazards caused by blasting vibration. As
early as the 1970s, standards were issued for the control of blasting vibration damage to
buildings [13]. Singh [14] carried out dynamic monitoring of the stratum before and after
the explosion to obtain the maximum peak particle velocity, and then investigated the
influence of blasting in open-cast coal mines on the stability of an adjacent underground
coal mine roadway. Zhou et al. [15] assessed the damage to residential structures induced
by blasting vibration in open pit mines by developing a gradient hoist model, and damage
categories were more accurately investigated. Noren-Cosgriff et al. [16] evaluated the
damage to residential structures caused by blasting vibration in a quarry. The test results
confirmed that the limits of the standards in most countries were too conservative. Yue
et al. [17] used ANSYS/LS-DYNA software to study the effects of borehole arrangement,
delay time and decoupling charge on the rock damage and vibration attenuation of multi-
hole blasting, and then optimized the blasting design to improve the blasting effect. Wang
et al. [18] discussed the propagation characteristics and attenuation prediction equations
for blasting vibration in rock tunnels by on-site monitoring and numerical simulation.
They also improved the empirical equations of scalar distance to predict the peak mass
vibration in the whole space of the rock tunnel, and finally proposed a new equation
for predicting the peak mass vibration of the adjacent tubes in the plane of the center of
blasting. Lv et al. [19] obtained the propagation mechanism and the damage distribution
characteristics of blasting vibration along the elevation direction of the high sidewall
of a deep underground cavern. The propagation mechanism of blasting vibration in
the direction of blasting vibration was analyzed, and the prediction formula of particle
vibration velocity along the elevation direction under the blasting vibration condition
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was derived. Aiming at problems such as the lack of comprehensive stage analysis in the
field of blasting vibration, Zhang et al. [20] elucidated the research progress of blasting
vibration, clarified the research frontiers, and discussed in depth the social significance of
the intelligent blasting system in the context of artificial intelligence. Based on a tunnel
project in Shenzhen, Wu et al. [21] proposed a four-part excavation method with a vibration
buffer rock layer. Numerical simulation was utilized to model the damage prevention
mechanism of the vibration buffer rock layer to understand the propagation of cracks
in the interbedded rock. Finally, combined micro-vibration control blasting technology
was realized by combining different loading structures and blasting equipment designed
according to the change in the thickness of the interbedded rock.

In summary, as an emerging rock-breaking method, the application effect and vibration
response law of HPGEM in practical engineering still need to be studied. In view of this,
based on a hard rock tunnel in China, this paper analyzed the vibration velocity and rock-
breaking capacity of the dynamite blasting method and HPGEM. The forces and vibrations
of the buildings near the excavated tunnel under different scenarios were identified by
means of numerical simulation and on-site monitoring. The vibration attenuation law
during rock-breaking by the HPGEM was explored, and the relevant fitting equations were
proposed. Finally, engineering recommendations were made for the adoption of these two
methods.

2. Project Overview

This study is based on the background of a double-hole tunnel of a highway in China,
which is close to underground pipelines and a high-speed rail line; therefore, there are
strict restrictions on construction vibration in this project. An overview of the study area is
presented in Figure 4. The Quaternary overburden in the study area is mainly Pleistocene
diluvial silty clay (QP

d1), and the underlying is the upper Jurassic C-1 member (J3
c-1) tuff.

The surrounding rock is hard, the development degree of joints and fissures is different,
there is a dripping phenomenon, and the weathering degree is from never weathered to
slightly weathered. There is no obvious surface water in the tunnel site. The groundwater
is mainly bedrock fissure water. The connectivity of joint fissures is general. It is the main
storage space of groundwater and mainly depends on atmospheric precipitation. The
low-lying parts are discharged in the form of underground runoff, while the slope parts are
discharged from the surface through seepage along fissures or terrain cutting. Therefore,
the project has a strict restriction on construction vibration. According to the previous
design and construction experience and the seismic intensity table in the blasting safety
regulations, as well as the requirements of the project specification documents, the safety
seismic standards for the underground pipelines and high-speed rail line were formulated
to require that the vibration velocity should be controlled within 7.0 cm/s. The vibration
velocity of the high-speed rail line should be controlled within 1.0 cm/s. This brings great
challenges to tunnel boring work. Meanwhile, the geological survey demonstrates a mean
compressive strength of 69.8 MPa for the rock mass, but the actual strength of the rock mass
is more than 140.0 MPa. Overall, the tunnel is a hard rock tunnel, and blasting operations
with explosives are extremely difficult in these circumstances. Meanwhile, the use of other
blasting methods is either costly or inefficient. Therefore, there is an urgent need for a
new rock-breaking technique with good rock-breaking effect and tiny vibration velocity to
ensure the safety and efficiency of the construction project.
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Figure 4. Overview of the study area. (a) Geographic location of the study area; (b) elevation map of
the study area; (c) satellite view of the study tunnel area; (d) inside the tunnel; (e) outside the tunnel.

3. Rock Breaking Design Program

3.1. Dynamite Blasting
3.1.1. Schematic Design

Since HPGEM is an emerging rock-breaking method with little engineering experience
to draw on, this study first carried out the design of the rock-breaking scheme by explosive
blasting (No. 2 rock emulsion explosive), to provide a reference point for the subsequent
design of the HPGEM. Due to the constraints of the construction project’s environment,
dynamite blasting cannot be performed in the case study tunnel. Therefore, all blasting
tests in this study were conducted in another tunnel about 1 km away from the case study
tunnel (with almost the same geological conditions as in the study area). The blasting
vibration velocities in three directions are monitored during the blasting operation. The
peak particle velocity [22,23] is usually taken as the key factor for determining the impact
of blasting vibration. Determination of the PPV is the basis for measuring whether the
blasting operation causes damage to adjacent buildings (structures), which the Sadowski
formula is commonly used to predict [24,25] (Equation (1)).

PPV = K
( 3
√

Q
R

)α

(1)

where the characteristic coefficient K and α are the coefficients related to the site topography
(geological conditions and other factors are shown in Table 1). PPV is the peak particle
velocity (cm/s), R is the distance from the blasting center (m), Q is the maximum explosive
charge in all sections (kg).
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Table 1. Relationship between the values of K, α, and lithology.

Lithology K α

Hard rock 50~150 1.3~1.5
Medium hard rock 150~250 1.5~1.8

Soft rock 250~350 1.8~2.0

Taking the logarithm of both sides of Equation (1) gives the following:

lgPPV = lgK + αlg
( 3
√

Q
R

)
(2)

Let y = lgPPV; x = lg
( 3
√

Q
R

)
; b = lgK; k = α

Then:
y = kx + b (3)

The regression calculation yields the following:

k =
n∑n

i=1 xiyi − ∑n
i=1 xi∑n

i=1 yi

n∑n
i=1 xi

2−(∑n
i=1 xi)

2 (4)

b =
1
n

(
n

∑
i=1

yi − α
n

∑
i=1

xi

)
(5)

The correlation coefficient can be expressed as:

γ =
∑n

i=1 (x − x) · (y − y)√
∑n

i=1 (x − x)2 · ∑n
i=1(y − y)2

(6)

where n is the total number of monitoring; and, each xi and yi represents the size of a
particular experiment x and y.

If the full section excavation is used, the PPV will exceed the specified limit. Therefore,
the proposed tunnel is divided into a drilling and blasting excavation area and a mechanical
and drilling and blasting excavation area, according to the distance from the highway and
underground pipelines. Excavation operations are carried out in the areas within 34 m
from the left and right sides of the highway centerline, and drilling and blasting excavation
is performed outside the area. Since the PPV is the direct cause of damage to buildings
(structures), the analysis is conducted on vibration monitoring and the blasting effect of
the drilling and blasting method. In this blasting design, the wedge cutting technique was
applied to blast excavate a section of the upper and lower benches. The spacing of the cut
holes was 0.9 m, with a plum-shaped arrangement and a row spacing of 0.7 m. Each hole
was charged with 0.4 kg of explosives (calculated based on the design of the drilling and
blasting excavation). The first section of the charge was slightly larger, with a charge of
0.6 kg per hole, and an advance of 1.0 m per cycle. Refuge blasting is used at the center
of the empty hole by spiral hollowing, with a maximum charge of 0.6 kg per hollowing
hole. Each cut and peripheral hole is charged with 0.2 kg of explosives, and the guide mine
for each advance cycle is 0.8 m long. Sections are divided according to the distribution of
drilling and blasting holes, and the detonator section is shown in Figure 5.
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Figure 5. Schematic diagram of tunnel excavation section, borehole distribution and detonator
segmentation of drilling and blasting method. (a) Tunnel excavation sections; (b) drilling and blasting
hole distribution and detonator segmentation.

3.1.2. Monitoring and Fitting

An attempt is first made to obtain the blasting vibration fitting equations for the study
area. The TC-4850 blast vibrometer (Zhongke Electric, Yueyang, China), TC-3850 blast
vibrometer (Zhongke Electric, Yueyang, China), CDJ-1 type velocity sensor (China Sichuan
Chengdu Zhongke measurement and Control Co., LTD, Chengdu, China), and three-
direction velocity sensor (China Sichuan Chengdu Zhongke measurement and Control Co.,
LTD, Chengdu, China) were utilized to perform on-site PPV monitoring. The obtained
PPV monitoring results were divided into three velocity directions: vertical, radial, and
tangential. Since the PPV mainly occurs in the vertical direction [26,27], only the vibration
velocity in the vertical direction is regressed and analyzed in this study. The vibration test
results and vertical vibration velocity are shown in Table 2.

Table 2. Vibration test results.

Monitoring Point No. R (m) Q (kg) PPV (cm/s) Main Vibration Frequency (Hz)

1 26 20 4.52 108.108
2 28 22 4.25 98.199
3 35 18 2.93 116.280
4 42 24 2.64 166.166
5 31 15 2.98 85.107
6 39 18 2.69 109.863
7 28 17 3.67 94.933
8 13 17 11.78 88.889
9 53 14 1.56 200.911

10 50 12 1.39 192.667
11 40 11 1.96 145.752
12 24 12 3.79 90.909
13 35 12 2.47 100.122
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Based on Table 2 and Equations (1)–(6), the relevant parameters can be determined
as: K = 103.02, α = 1.377. It can be found from Table 1 that the K is in the range of 50–150
and the α is in the range of 1.3–1.5 for hard rock, which is in line with the actual rock mass
conditions. The fitting equation for the vibration velocity of the explosive blasting currently
is as follows:

PPV = 103.02×
( 3
√

Q
R

)1.377

(7)

Then based on Equation (7), for the inverse highway roadbed (HR), underground
pipeline (UP), and high-speed rail line (HSRT) to reach the PPV control value at the nearest
distance to the maximum section of the explosive charge, that is, the limit cases of the
maximum section of the explosive charge without considering the possibility of practical
operation, the values are, specifically, as shown in Table 3.

Table 3. Maximum section explosive charge in limit cases.

Location PPV Control Value (cm/s) R at Minimum PPV (m) Q (kg)

HR 7 5.70 0.53
UP 7 4.64 0.29

HSRT 1 50.00 5.15

(1) Drilling and blasting
Based on the tunnel segmentation schematic, the PPV in the upper bench blasting

will occur in the 13th segment at the tunnel face of section YK9+082. The Q of the 13th
section, the explosive charge per hole, and the charge of other segments is calculated
according to Table 3 and Equation (7). Finally, the vibration velocity of the highway roadbed,
underground pipelines and high-speed rail line caused by blasting with explosives in each
section is back-calculated to verify whether the PPV control value is exceeded, and the
calculated seismic wave propagation distance is taken as the average value of the distances
of each section of the gun holes. The results show that, for the upper bench blasting at the
tunnel face at section YK9+082 in the 13th section (Q is 6.8 kg), the PPV for the highway
roadbed, underground pipelines and high-speed rail line are calculated to be 6.95 cm/s,
6.36 cm/s and 0.97 cm/s, respectively, which are close to but less than the limit of the
specified PPV. Similarly, the PPV of each section at the lower bench of the tunnel face at
section YK9+082 during blasting are calculated. Since the underground pipeline is closer
to the tunnel lower bench, it is not necessary to calculate the PPV of each section of Q for
the highway roadbed during blasting of the lower bench. For the upper bench blasting of
the tunnel face at section YK9+082, the calculated PPVs for the underground pipelines and
high-speed rail line are found in the first segment (with a Q of 4 kg), which are 6.33 cm/s
and 0.76 cm/s, respectively, which are less than the specified PPV control value. Therefore,
the settings of the blasting parameters for the upper and lower benches are reasonable.
Their specific calculation results are shown in Figure 6.

(2) Collaborative dredging
The project overview confirms that the minimum clear distance of the underground

pipeline from the tunnel bottom at the highway central divider is only 4.64 m. Therefore,
in this blasting design, it is assumed in the limit case that the highway central divider, the
blasting tunnel face and the underground pipeline are in the same plane. Theoretically
the maximum PPV will occur in this section. If the PPV at the tunnel face satisfies the
vibration velocity provisions, the PPV at the section between the YK9+082 and YK9+150
should be within the safety limit. The calculation method is the same as the previous
drilling and blasting method, and the calculation results are shown in Figure 7. It can be
seen that when the underground pipeline is located directly above the guided blasting,
the PPV of the highway roadbed, underground pipeline and high-speed rail line are in
the 15th segment (with Q of 1 kg), the 13th segment (with Q of 0.6 kg), as well as in the
13th and 15th segments (with Q of 1 kg), respectively, which are 4.83 cm/s, 6.10 cm/s and
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0.47 cm/s, respectively, which are less than the specified PPV limit, indicating that the
blasting parameters of the lower bench meet the safety requirements.

  
(a) The upper bench (b) The lower bench 

Figure 6. Calculation results of PPV during the construction of upper and lower step drilling and
blasting method (YK9+082).

 

Figure 7. Calculation results of PPV with the guide hole cooperative excavation method (YK9+082).

(3) Numerical simulation of explosive blasting under three operating conditions
Conventional blasting for the proposed tunnel is a design based on the protection of

adjacent projects. The highway in operation, the fully enclosed high-speed railway line, and
the inaccessible underground pipeline make it impossible to carry out large-scale on-site
monitoring. Therefore, it is necessary to verify the design through numerical simulation
and analyze the stresses of the structure under the limit conditions, to provide a basis for a
comparative analysis between the HPGEM and dynamite blasting. Considering that the
excavation of the left tunnel has been completed, and the two tunnels are not adjacent
tunnels, only the right tunnel of the proposed tunnel is considered in the numerical model.
Numerical simulations were performed to investigate the vibration velocity and force of
the highway roadbed, underground pipeline, and high-speed rail line during dynamite
blasting under three working conditions.

According to the relative position relationship of each structure and the geological
conditions, the model size is 160 m × 80 m × 100 m (long, high, wide). The element of the
model is solid-164. The three main materials used in the model are explosives, rock, and
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concrete. C30 concrete is considered for the highway roadbed, and the explosives are the
No. 2 rock emulsified explosives. The equation of state is defined as follows:

P = A
(

1 − ω

R1V

)
e−R1V + B

(
1 − ω

R2V

)
e−R2V +

ωE
V

(8)

where P is the blasting pressure (MPa); V is the relative volume; E is the internal energy
per unit volume (GPa); and ω, A, B, R1, R2 are the material constants.

Actual geotechnical media are discontinuous and inhomogeneous, and it is currently
almost impossible to describe these envelopes mathematically directly and objectively. The
rock mass is usually regarded as a homogeneous and continuous elastic medium. In this
paper, ANSYS 16.0 is used to simplify the model, that is, rock and soil are regarded as
elastic–plastic materials. The material of the model is chosen to simulate the geotechnical
medium, and the yield condition is shown in Equation (9). The constitutive relationship
and numerical model are presented in Figure 8. The concrete of roadbed is simulated by
the material of the model. According to the data provided by the geological report and
indoor test, the main parameters of the selected material of the model are illustrated in
Tables 4 and 5.

ϕ =
1
2

ξ2
ij −

σ2
y

3
= 0 (9)

ξij = sij − aij, σy =

⎡
⎣1 +

( .
ε

C

) 1
p

⎤
⎦(σ0 + βEpε

p
e f f ).

where sij is the Cauchy stress tensor; p and C are input constants; σ0, β are the initial yield

stress and hardening parameter, respectively;
.
ε is the strain rate,

.
ε =

√ .
εij

.
εij; Ep is the

plastic hardening modulus, Ep = EtE
E−Et

, with E being the elastic modulus, Et being the
tangential modulus; and ε

p
e f f is the effective plastic strain.

 

Figure 8. Numerical model and constitutive relationship.

In general, the ramp-up time of the blast load is 8–12 ms, and the unloading time is
80–100 ms. To better analyze the propagation law of the blasting vibration seismic wave
in the modeled medium, the computation time of the dynamite explosion simulation in
this study is set to 0.3 s and the blast vibration seismic wave propagates in the modeled
medium.

(1) Analysis of Blasting Vibration Velocity
The maximum vibration velocity nephograms of the highway roadbed in each direc-

tion during blasting under three working conditions are extracted, as presented in Figure 9.
Figure 10 presents the maximum vibration velocities of the highway roadbed, underground
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pipeline, and high-speed rail line under each condition, where they are compared with
the fitted values. It can be seen from Figure 9 that the maximum vibration velocities of the
highway roadbed under the three conditions are all located at the nearest point on the side
of the head-on blast, and their values are within the specified range. It can be seen from
Figure 10 that the simulated and the calculated values of vibration velocity under the three
conditions are similar, indicating that the numerical simulation results are credible, and
confirming the feasibility of applying the parameters in the empirical formula of Sadowski
to the proposed tunnel project.

Table 4. Main parameters of numerically simulated explosives.

Parameters β (g/cm3) D (cm/μs) P (MPa) A (MPa) B (MPa)

Value 1.2 0.48 0.097 2.144 1.82 × 10−3

Parameters R1 R2 ω E0 (J/cm3) V0

Value 4.2 0.9 0.15 3.60 × 103 0

Table 5. Main parameters of rock and concrete used in numerical simulation.

Parameters ρ (g/cm3) E (MPa) γ ET (MPa) σs (MPa)

Rock 2.6 6.00 × 1010 0.27 1.30 × 103 4.00 × 103

Concrete 2.25 3.00 × 1010 0.2 2.50 × 102 2.40 × 103

 

Figure 9. Numerical simulation results of highway roadbed under different working conditions:
(a) Vibration velocity–upper bench–X direction; (b) vibration velocity–upper bench–Y direction;
(c) vibration velocity–upper bench–Z direction; (d) vibration velocity–lower bench–X direction;
(e) vibration velocity–lower bench–Y direction; (f) vibration velocity–lower bench–Z direction; (g) vi-
bration velocity–guide hole–X direction; (h) vibration velocity–guide hole–Y direction; (i) vibration
velocity–guide hole–Z direction; (j) first principal stress–upper bench; (k) first principal stress–upper
bench; (l) first principal stress–guide hole; (m) third principal stress–upper bench; (n) third principal
stress–upper bench; (o) third principal stress–guide hole.

289



Appl. Sci. 2024, 14, 6645

 

Figure 10. Simulated and fitted values of vibration velocity for different blasting conditions.

Since structural stress affects structural stability, it is necessary to analyze the first
and third principal stresses of the structure under various working conditions. Due to
limited space, only the stress state of the highway roadbed is analyzed in this study, where
the first principal stress is tensile stress, with positive values; the third principal stress is
compressive stress, with negative values, also as shown in Figure 9. The maximum stresses
of the highway roadbed in the three conditions are also located at the nearest point on
the blasting side, with maximum tensile stresses of 0.87 MPa, 0.793 MPa and 0.989 MPa,
respectively, and maximum compressive stresses of 1.83 MPa, 1.081 MPa and 1.39 MPa,
respectively. According to the specification, the design tensile strength of C30 concrete is
1.39 MPa, and the design compressive strength is 13.8 MPa. Under the action of blasting
dynamic load, its tensile and compressive strengths will be much higher than these two
design values. For the highway roadbed under the action of blasting stress, the value is
lower than its own ultimate destructive strength, so the highway roadbed is safe and stable.

In summary, the analysis of explosive blasting excavation based on theoretical calcula-
tions and numerical simulations confirms that the maximum vibration velocity and the
maximum stress subjected to this scheme are within safe limits, and the scheme is feasible.

3.2. HPGEM
3.2.1. Schematic Design

The HPGEM allows rock-breaking tests to be conducted directly on the tunnel face
of the project tunnel. Firstly, under the HPGEM rock-breaking scheme, wedge-shaped
hollowing rock-breaking testing is carried out to determine the optimal type of hollowing.
After the rock-breaking test, the amount of rock breakage was measured on site, and
the statistical results are summarized in Table 6. It was found that the wedge-shaped
hollowing had formed a cavity at the location of the broken rock, and there was no obvious
“undercutting” in the cavity (Figure 11). After the large-diameter hollow straight-hole
hollowing test, the same cavity was formed at the rock-breaking location, and there was
basically no “undercutting” at the bottom of the cavity. Therefore, the hollowing results are
as expected, which indicates that both types of hollowing tests are successful. Although
the effect of both types of hollowing can meet construction requirements, it can be seen
from Table 6 that, in this hollowing test, the unit consumption of wedge-shaped hollowing
was 1.25 kg/m3, which is lower than that of the large-diameter hollow hole hollowing of
1.39 kg/m3. Hence, wedge-shaped hollowing is superior to the large-diameter hollow hole
hollowing, and wedge-shaped hollowing was adopted in the subsequent test.
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Table 6. Comparison of results of rock removal tests.

Hollowing Type
Expansion Pipe

Number
Gas Generated Agent

Quality (kg)
Rock Breakage
Amount (m3)

Unit Consumption
(kg/m3)

Wedge-shaped hollowing 6 3 2.40 1.25
Large-diameter hollow
Straight-hole hollowing 8 4 2.87 1.39

 

Figure 11. Rock-breaking effect of the HPGEM.

Subsequently, different expansion tube burial depths and hole spacings were set to
optimize the matching of the expansion pipe hole network parameters with the lithology
of the rock mass at the tunnel face. First, three groups of high-pressure gas expansion
rock-breaking tests were designed, with three top-down arranged boreholes in each group.
The spacing of each group of boreholes was more than 2 m, without interfering with
each other. The hole spacings of group 1, group 2 and group 3 were 1.0, 1.2 and 1.4 m,
respectively. The depth of the holes was 1.5 m, and the buried depth of the expansion pipe
was 1.4 m. Secondly, according to the effect of the first three groups of tests, group 4 and
group 5 tests were designed, where the depths of holes in these two groups were 1.4 and
1.6 m, respectively; and the buried depths of the expansion pipe were 1.3 m and 1.5 m,
respectively. The rest of the parameters are the same as those of the group 2 tests. The
results of the first three groups of tests show that the optimal hole spacing for HPGEM
in this tunnel is 1.2 m, and the optimal hole depth is 1.4 m. For monitoring the vibration
data during the test, the monitoring program adopted the same monitoring basis and
monitoring instrument. The monitoring method and monitoring point arrangement are as
described in the previous section. The vibration monitoring points are mainly arranged on
the ground in front of the tunnel working face. The monitoring points for rock breakage
are arranged at intervals of a few meters.

3.2.2. Monitoring and Fitting

The vibration monitoring data are shown in Table 7. It was found that there is an
obvious exponential function relationship between the two sets of data. With reference to
the process of fitting the Sadowski formula for the vibration velocity of dynamite blasting,
the Statistics Analysis System (SAS) software (v.9.4) was used to statistically analyze the
above data to fit the formula for calculating the vibration velocity of the rock breakage of
the HPGEM of the tunnel in this Equation (10):

PPV = e3.3205 · Q1
0.7012

R1.5695 (10)
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where Q1 is the mass of the explosive (kg), and R is the distance from the vibration
monitoring point to the rock-breaking point (m).

Table 7. Measured and calculated PPV of the tunnel with HPGEM.

Number Q1 (kg) R (m) Monitor PPV (cm/s) Calculate PPV’ (cm/s)

1 0.5 3 3.389 3.034
2 0.5 4.3 1.713 1.724
3 0.5 43.6 0.057 0.045
4 1 7 1.600 1.305
5 1 5.9 1.810 1.706
6 1 43.6 0.084 0.074
7 1.5 45 0.118 0.095
8 1.5 65 0.039 0.051
9 1.5 6.2 2.237 2.098

10 1.5 11 0.667 0.850
11 1.5 18 0.225 0.391
12 5 18 0.740 0.910
13 7 15 1.659 1.544
14 15 13.6 2.438 3.070
15 20 27.5 1.480 1.245

The calculated vibration velocity results were compared with the actual measured
data to verify the reliability of the fitting formula. It can be seen from Table 7 and Figure 12
that the fitted calculation values match well with the actual measured values, with a
correlation coefficient R2 of 0.946, indicating that the Equation (10) is reasonable. As shown
in Figure 12, the fitting formula demonstrates a better fitting degree at lower PPV values.
However, as the PPV values increase, the data exhibits greater dispersion. Therefore, the
fitting formula may perform better in the context of smaller PPV values.

Figure 12. Comparison of measured and calculated PPV by HPGEM.

4. Comparison of the Dynamite Blasting and HPGEM

The vibration velocity under the same geological conditions is mainly affected by the
pharmaceutical quality and the R. Therefore, under the same geological conditions, the
PPV of the two rock-breaking methods with different R of the same Q or different Q of the
same R is compared and analyzed.

Due to the limitations of the site conditions and the differences between the two
rock-breaking methods, the field test R and Q cannot be fully consistent. Considering
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that the reasonableness of the fitting equations for the vibration velocity of the two rock-
breaking methods has been verified; therefore, the two fitting equations can be used for the
calculation of vibration velocity. To facilitate the comparison, the Q is set to 5, 10, 15, 20
and 25 kg, while the R is set to 5, 10, 15, 20 and 25 m. The specific data are as displayed in
Table 8. The vibration velocities of the explosives and aerosols under different Q and R are
plotted in Figure 13, in which PPV1 and PPV2 are the vibration velocities of the explosives
and HPGEM, respectively.

Table 8. Comparison of PPV of dynamite blasting and HPGEM with different Q and R.

Number Q (kg) R (m) PPV1 (cm/s) PPV2 (cm/s)

1 5 5 23.509 6.839
2 5 10 9.051 2.304
3 5 15 5.179 1.219
4 5 20 3.485 0.776
5 5 25 2.563 0.547
6 10 5 32.314 11.120
7 10 10 12.442 3.746
8 10 15 7.119 1.983
9 10 20 4.790 1.262

10 10 25 3.523 0.889
11 15 5 38.923 14.776
12 15 10 14.986 4.979

13 15 15 8.575 2.635
14 15 20 5.770 1.677
15 15 25 4.244 1.182
16 20 5 44.417 18.079
17 20 10 17.102 6.091
18 20 15 9.785 3.224
19 20 20 6.584 2.052
20 20 25 4.843 1.446
21 25 5 49.207 21.141
22 25 10 18.946 7.123
23 25 15 10.840 3.770
24 25 20 7.294 2.400
25 25 25 5.365 1.691

 

(a) Specific value (b) Difference in value 

Figure 13. Difference and ratio of vibration velocities with different Q and R.

As can be seen from Figure 13, the vibration velocity of the dynamite blasting method
and HPGEM exhibits a similar pattern of change. In the case of the same agent quality
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and blasting center distance, the vibration velocity formed by explosives and gas generator
explosion is much higher than the HPGEM. In the case of the same R, the greater the Q,
the larger the vibration velocity, the larger the difference in vibration velocity between the
dynamite blasting and HPGEM. For the same Q, a larger R results in a smaller difference
in vibration velocity between the explosive blasting and HPGEM. The smaller the R, the
more obvious the difference brought about by the difference in the Q. The opposite is less
obvious.

For the same Q and R, the vibration velocity of the explosive blasting method is
2.33–4.7 times that of HPGEM. For the same R, the greater the Q, the smaller this multiplier
relationship. But for the same Q, with the increase in the R, the multiplier becomes greater.
The smaller the maximum section of the charge (for HPGEM, it is a detonation of the mass
of the gas generating agent) and the further away the protected structure is from the point
of explosion, the better the vibration rate can be controlled and reduced by the HPGEM.
For scenarios where the maximum cross-section of the charge is very large and is close to
the protection limits, the use of HPGEM can also significantly reduce the vibration rate,
but the effect is relatively weak. The reason for this phenomenon is that the explosives’
blasting vibration mainly generates from explosive shock waves (of course, there are also
high-temperature and high-pressure gas effects). Shock waves propagate quickly and cause
damage to the nearby zone of the explosion, and then decay into stress and seismic waves,
while stress waves propagate relatively slowly in the rock mass. The rock mass was moved
by the superposition of explosive gases resulting from the shock waves and explosives’
explosion, while the disturbance of the rock mass by shock waves precedes the uptake
of explosive gases in the rock mass. The vibration generated by the HPGEM is basically
from the impact of the high-temperature and high-pressure gas on the expansion of the
rock wall, but the impact of the shock wave is relatively weak. As the expansion of the
fissures in the rock and the extension of the pressure decrease rapidly, the disturbance of
the rock mass will decrease. In general, the further the distance, the faster the disturbance
decreases.

After understanding the change rule of vibration velocity of the two rock-breaking
methods, it is beneficial to compare and analyze the vibration velocities of the two rock-
breaking methods when they are employed in difficult engineering sites. Based on the
above conclusions and the safety requirements mentioned, the vibration velocities of the
HPGEM with the same Q in the limit case were obtained for comparative analysis, as shown
in Table 9. Similarly, according to the explosive blasting program in the field, the vibration
velocity of the HPGEM with the same Q was also acquired, as displayed in Table 10.

Table 9. Comparison of PPV1 and PPV2 in the limit case.

Location Q (kg) R (m) PPV1 (cm/s) PPV2 (cm/s) V/V1

HR 0.53 5.70 7 1.152 0.165
UP 0.29 4.64 7 1.032 0.147

HSRL 5.15 50.00 1 0.188 0.188

Table 10. Comparison results of PPV1 and PPV2 in the practical case.

Location Q (kg) R (m)
PPV1

(cm/s)
PPV2

(cm/s)
PPV2/PPV1

Upper
bench

HR 6.80 13.45 6.950 1.795 0.258
UP 6.80 14.324.00 6.355 1.626 0.256

HSRL 6.80 56.00 0.972 0.191 0.197

Lower
bench

HR 4.00 12.037.00 6.330 1.473 0.233
UP 4.00 56.00 0.762 0.132 0.173

Pilot
HR 1.00 9.23 4.823 0.845 0.175
UP 1.00 7.79 6.100 1.103 0.181

HSRL 1.00 50.00 0.471 0.060 0.127
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As can be seen from Tables 9 and 10, in the case of the same Q of explosives and the gas
generating agent explosion, the vibration velocity of the HPGEM with various engineering
difficulties is much lower than that of the explosives’ blasting method. Moreover, it can be
seen from the ratio of vibration velocity that the vibration velocity control efficiency of the
HPGEM in the actual operable procedure is basically lower than in the limit case. This is
due to the different locations of the three major engineering difficulties. Considering that
the excavation design program must be practical to operate, the Q and the R will be adjusted
accordingly. However, the smaller vibrations produced by the HPGEM demonstrated its
advantage in controlling vibration hazards.

According to the maximum allowable vibration velocity set at each engineering diffi-
culty in the limit case, the maximum section charges of the two rock-breaking methods at
each engineering difficulty were back-calculated using the fitting formula obtained from
dynamite blasting and HPGEM in the test tunnel (for the HPGEM, it is the quality of
single consumption). The results of the comparative analysis are shown in Table 11. The
minimum value of 0.6 kg/m3 is taken for the single consumption of dynamite blasting for
rocks with hardness coefficients f = 9–15, which is less than the actual single consumption
of dynamite blasting. In this case, the maximum segmented Q can produce the maximum
amount of rock breakage. Comparison is made with the calculation results of the HPGEM
tests to demonstrate the advantages of the HPGEM in terms of the amount of rock breaking
and the control of vibration hazards.

Table 11. Comparison of maximum Q at one time and rock-breaking volume at the PPV in the
limit case.

Location
PPV1

(cm/s)
R (m)

Dynamite Blasting HPGEM

m2/m1 A2/A1
Q (kg)

Unit Consumption
(kg/m3)

Rock Breakage
Amount A1 (m3)

Q1 (kg)
Unit Consumption

(kg/m3)
Rock Breakage

Amount A2 (m3)

HR 7 5.7 0.53
0.6

0.881 6.930
0.87

7.965 13.10 9.04
UP 7 4.64 0.29 0.475 4.372 5.026 15.33 10.57

HSRL 1 50 5.15 8.576 55.776 64.110 10.85 7.48

As can be seen from Table 11, at the maximum vibration velocity in the limit case,
to protect the highway roadbed, underground pipelines and high-speed rail line, the
maximum masses of gas agent required for a single initiation of blasting in the high-
pressure gas expansion method are 13.103, 15.327 and 10.839 times the maximum sectional
charge in dynamite blasting, respectively; while the volumes of the rock breakage in the
high-pressure gas expansion method are 9.037, 10.570 and 7.475 times those in dynamite
blasting, respectively. In other words, the high-pressure gas expansion method can use
more mass of agent than dynamite blasting at one time, without having to be overly limited
to segmentation, and can obtain far greater volumes of the rock breakage than dynamite
blasting. At the same vibration rate, high pressure gas expansion is also more conducive to
increasing the volume of rock breakage.

Considering the feasibility of the actual tunnel excavation program, comparisons of the
maximum vibration velocity and the amount of rock breakage under the single maximum
charge quantity in the limit case are shown in Table 12, where the unit explosive is the
corresponding to actual unit consumption. To protect the highway roadbed, underground
pipelines and high-speed rail line, the upper bench, the lower bench, and guide blasting
are used for three detonations. In the upper-bench rock breaking, the maximum mass of
gas generating agent used in the high-pressure gas expansion method is 6.89, 6.98 and
10.15 times the maximum charge in the dynamite blasting, while the rock-breaking volume
is 7.23, 7.33 and 10.65 times, respectively. In the lower-bench rock breaking, the maximum
mass of gas generating agent used in the high-pressure gas expansion method is 8.0 and
12.2 times of the maximum charge in the dynamite blasting, while the rock-breaking
volume is 6.67 and 10.16 times, respectively. In the guide blasting rock breaking, the
maximum mass of gas generating agent used in the high-pressure gas expansion method
is 11.99, 11.46, and 19.06 times the maximum charge in the dynamite blasting, while the
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rock-breaking volume is 12.34, 11.80, and 19.63 times, respectively. In the limit case, the
high-pressure gas expansion method can break rock in a single blasting using a much
larger charge than dynamite blasting, and can obtain a much larger rock-breakage volume
than dynamite blasting. However, the variation in the ratio between high-pressure gas
expansion and dynamite blasting in the practical scenario is much greater than that in
the limit case, especially in the case of guide rock breaking. The further away from the
breaking point, the more advantageous the high-pressure gas expansion method is over
dynamite blasting in controlling the vibrations of the fragmented rock and in increasing
the volume of fragmented rock. This is mainly due to the rock-breaking mechanism of the
high-pressure gas expansion method and the attenuation law of the vibration rate.

Table 12. Comparison of the maximum Q and rock-breaking volume at one time under the PPV
under the practical program.

Location
PPV1

(cm/s)
R

(m)

Dynamite Blasting HPGEM

m2/m1 A2/A1Q
(kg)

Unit
Consumption

(kg/m3)

Rock-Breakage
Amount A1

(m3)
Q (kg)

Unit
Consumption

(kg/m3)

Rock-Breakage
Amount A2

(m3)

Upper
bench

HR 6.950 13.45 6.80
0.91

7.45 46.86

0.87

53.86 6.89 7.23
UP 6.355 14.32 6.80 7.45 47.49 54.58 6.98 7.33

HSRL 0.972 56.00 6.80 7.45 69.03 79.34 10.15 10.65

Lower
bench

HR 6.330 12.04 4.00
0.73

5.52 31.99 36.77 8.00 6.67
UP 0.762 56.00 4.00 5.52 48.78 56.07 12.20 10.16

Guide
hole

HR 4.823 9.23 1.00
0.9

1.12 11.98 13.77 11.99 12.34
UP 6.100 7.79 1.00 1.12 11.45 13.17 11.46 11.80

HSRL 0.471 50.00 1.00 1.12 19.06 21.90 19.06 19.63

During the tunnel blasting excavation, blast vibration monitoring of the adjacent
ground or underground buildings (structures), and comparative analysis of the monitor-
ing results with the standard specifications can ensure the safety of adjacent buildings
(structures), and can also optimize the blasting parameters. Therefore, the use of the above
blasting design for blasting excavation of the test tunnel can meet the requirements of all
parties to the project on vibration velocity, and safe construction of the tunnel can also be
achieved. Due to the complexity of the site construction environment, the density of the
surrounding personnel and vehicles, as well as the difficulty in unifying the minds of all
parties, it is difficult to obtain approval for the excavation plan using traditional blasting
with explosives. Therefore, combined with the comparative analysis of the above two
rock-breaking methods, it is recommended that the high-pressure gas expansion method
be used for tunnel excavation. The upper bench, lower bench and guide hole can be blasted
according to the above blasting design.

Since the high-pressure gas expansion method can achieve the excavation of larger
rock-breakage volume within the maximum allowable vibration velocity, the tunnel can
be divided into upper and lower bench blasting areas. Outside the range of section
YK9+082–YK9+150, the high-pressure gas expansion method can be adopted for tunnel
excavation, and in the range of section YK9+08–YK9+150, guide hole excavation can be
expanded, or the bench tunneling method can be used, In this way, the efficiency of rock
breaking can be improved, the construction period can be shortened, and the cost saving
can be maximized.

5. Conclusions

To investigate the safety performance of the high-pressure gas expansion method in
the process of rock breaking, a hard rock tunnel in China was taken as the research object,
and a comparative analysis of the vibration caused by this new rock-breaking method
and traditional rock breaking using explosives was carried out by means of on-site test,
theoretical derivation, and numerical simulation. The main conclusions are as follows:
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(1) Firstly, field tests were conducted on traditional blasting with explosives. The peak
vibration velocity prediction formula was fitted based on Sadowski’s formula. Com-
bined with the maximum allowable vibration velocity given by the design, the max-
imum segmental loading of the project was calculated, and the force and vibration
of the buildings near the tunnel during the maximum segmental loading of blasting
under three working conditions were obtained through numerical simulation.

(2) With reference to the dynamite blasting method, field tests of the high-pressure gas
expansion method of rock breaking were carried out to determine its optimal hollow-
ing method and rock-breaking effect. Based on the vibration velocities monitored in
the field, the vibration attenuation law was explored and the prediction formula for
the peak vibration velocity was established.

(3) A comparative analysis of the dynamite blasting method and the high-pressure gas
expansion method was carried out, with emphasis on the effects of different agent
qualities, blasting center distances, and the application of engineering difficulties
on the PPV. The relationship between the maximum agent quantity and the volume
of rock breakage under the limit case, and a practical implementation scheme are
discussed.

(4) The study demonstrates that the high-pressure gas expansion method has low vibra-
tion and excellent rock-breaking effect, and is fully capable of replacing explosives in
some special areas.
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