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STABILITY ANALYSIS OF OPEN-PIT BENCH SLOPE UNDER REPEATED HEAVY VEHICLE
LOADING BASED ON STRESS-CORROSION MODEL

In the present study, we address an important and increasingly relevant topic in mining safety and
efficiency, namely the stability of open-pit bench slopes subjected to daily heavy truck cyclic loading.
Specifically, we focus on the stability of Zhahanur open-pit slope (Inner Mongolia region, China) and
investigate the potential role of daily heavy truck cyclic loading in bench slope instability. To this end, we
incorporate a stress corrosion model into the particle flow code to develop a time-dependent deformation
model of the rock. With the established model, we quantitatively analyse the effect of heavy truck cyclic
loading on the bench slope stability. Our results support the hypothesis that daily heavy truck loading can
cause gradual downward deformation of a rock mass, leading to slope instability. To validate our numerical
modelling results, we compare and analyse them with in situ monitoring data. Our study demonstrates the
significant impact of daily heavy vehicles on bench slope stability in open-pit mines and provides a practi-
cal tool for assessing the long-term stability of open-pit bench slopes and optimising mining operations.
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1. Introduction

The working benches in open-pit mines are crucial for continued operation and efficient ore

production. Typically, heavy trucks operating on working benches are generally used for loading
and hauling in open-pit mines such as the Zhahanur open-pit coal mine, in Jarud Banner, eastern
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Inner Mongolia, China, which serves as the case study mine site of the present study. Repeated
travelling of heavy trucks can be detrimental to the integrity of working benches, resulting in
slope failures. Notably, fractures were observed on the working bench slope at 920 m and 944 m
above sea level in the Zhahanur open-pit coal mine. These fractured benches are the primary
working benches of the mine, and numerous heavy trucks transport on the benches every day.

The influence of the vehicle load on the damage to the road surface or pavement gradually
accumulates with the repeated running time of the vehicle has been studied. Extensive data from
various types of vehicles have been analysed to identify their load characteristics and influence on
road surfaces and pavements. The American Association of Highway and Transportation Officials
was one of the first organisations to investigate the effects of vehicle loads on pavement damage
and proposed the well-known fourth power law based on a series of road tests under different
vehicle loadings. The relationship between the tyre model and the road surface is usually as-
sumed as the point contact in the theoretical study of vehicle dynamics [1]. To match the actual
vehicle-road interaction, the point contact model has been developed into the line contact model
and surface contact model. Various researchers have proposed and studied different models for
the vehicle-road interaction, including a flexible roller contact tyre model [2] simplified vehicle
loads as an equivalent static concentrated load [3], and the influence of different vehicle speeds
on the dynamic response of road surfaces. [4] studied the influence of different vehicle speeds
on the dynamic response of a road surface and reported that the dynamic load of vehicles on the
road surface increases with an increase in speed. Under the same conditions, the dynamic load
of heavy vehicles on the road surface is significantly larger than that of light vehicles, and the
potential damage caused by heavy vehicles on the road surface can be severe. All of these studies
confirm that vehicle loads have a significant effect on dynamic response, and heavy vehicles can
cause severe potential damage to road surfaces. Moreover, the stability safety factor of under-
ground structures increases relatively after considering dynamic loading. Therefore, the effect of
cyclic dynamic vehicle loading on the stability of excavation or rock slopes cannot be ignored.

Laboratory testing is an effective approach to analysing failure behaviour and the mechanism
of slopes under cyclic dynamic loading conditions. A range of shaking table tests was conducted
to investigate the mechanisms of cyclic dynamic-induced permanent deformation and failure
behaviour in slopes [5,6]. However, the scale of laboratory tests on a shaking table is limited to
the size of the table, which can restrict the size of structures that can be tested, and laboratory
tests using a shaking table can be expensive since specialised equipment and trained personnel
are needed to operate these devices. Moreover, it can be challenging to control the intensity of
the shaking table, which may limit the accuracy of the results obtained.

With the development of computers, numerical techniques have also become more accurate
and reliable. This reliability has enabled numerical simulations to be used in many practical
applications. It has also become essential for evaluating the behaviour of rock mass and rock
structures under complex loading conditions. The finite element method (FEM) is a powerful
computational tool that provides a flexible, accurate, cost-effective, and time-efficient means of
solving complex problems in engineering and physics. Its versatility and effectiveness make it
a widely used tool in many fields of study. FEM with limit analysis was applied in the analysis
of slope stability to provide rigorous lower and upper bounds to the exact critical load [7], and
the finite-element limit analysis method was used in the evaluation of the aseismic stability of
slopes [8]. [9] used the virtual proving ground approach for obtaining the dynamic stress or strain
history and distribution and performed dynamic stress analysis of the vehicle frame using a non-
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linear finite element method. [10] implemented nonlinear shear strength criteria of power-law
type in a finite element model and performed FEM analysis of slope stability using limit analysis
and limit equilibrium approach. [11] presented a numerical limit analysis on the slope stability
using the rigid finite element method with the consideration of the rotational component of the
centroid velocity for each element, as well as a generalised overturning failure criterion govern-
ing the element rotation. [12] used a finite element method to discuss the dynamic response of
compacted loess subgrade under dynamic load, established a numerical calculation model, and
deduced a deformation law of loess subgrade with different compaction degrees. [13] developed
a finite element limit analysis method with a pseudo-static approach to assess the seismic stability
of earth-rock dams and determined the lower and upper bounds on the critical seismic coefficients
of dams. [14] carried out finite element analysis by utilising a multibody systems approach to
vehicle dynamics. [15] studied the slope stability under the combined action of rainfall and vehicle
based on the limit equilibrium method.

Although FEM has been widely used in rock mechanics and engineering studies, it still
has some limitations when applied to the analysis of highly heterogeneous and discontinuous
rock mass. In contrast, the Discrete Element Method (DEM) has been proven to be a suitable
tool for studying rock mechanics under highly heterogeneous conditions due to its capability of
explicitly considering the local interactions between individual elements of the materials. DEM
has been successfully applied in dealing with highly discontinuous rock mass behaviour, such
as crack propagation and coalescence in the step-path failure mechanism of rock [16]. The land-
slide evolution process of the open-pit mine and the unloading scheme of the mine slope were
also investigated using DEM [17,18]. [19] studied the vehicle-asphalt pavement interaction and
micro-structure by discrete element method, and [20] performed discrete element modelling of
the meso-mechanical response of asphalt pavement under vehicle load. Existing studies have
shown that vehicles have a great influence on slope stability, and that vehicle loading on the
slope is mainly set as static or dynamic loading. However, in reality, the loading of vehicles on
the slope is cyclic, as the vehicle repeatedly operates on bench roads. The deformation of a rock
mass subjected to cyclic repeated loading differs from that under static loading conditions [21-25].
Therefore, it is of great significance to gain insight into the mechanism of bench slope stability
under repeated heavy vehicle loading. In the present manuscript, we first described a model to
couple the stress corrosion theory with a discrete element method, Particle Flow Code, account-
ing for the influence of stress corrosion. Then a set of laboratory experiments were conducted,
and the simulation results were compared with the experimental data to validate and calibrate
the model. Furthermore, we evaluated the safety and durability of the slope under the influence
of stress corrosion by applying the calibrated model to the slope stability analysis under repeated
heavy vehicle loading and gained a comprehensive understanding of the deformation behaviour
of the slope under repeated heavy vehicle loading.

2. Stress-corrosion incorporated particle flow model

Stress corrosion, also known as stress corrosion cracking, is a type of corrosion that occurs
owing to the simultaneous action of a corrodent and sustained tensile stress. It’s a phenomenon
that when the load on the rock is between the peak compressive strength and the stress corro-
sion threshold, the mechanical properties of the rock continue to weaken over time and, finally,
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instability failure occurs. It has been recognised that stress corrosion is likely the main mecha-
nism of subcritical crack growth under shallow crustal conditions [26]. Stress corrosion causes
damage accumulation in rocks, leading to time-dependent deformation [26,27]. Based on the
time-dependent deformation induced by stress corrosion, a numerical model of time-dependent
deformation and damage of rock was established in this study by incorporating the parallel-bonded
stress corrosion model into the particle flow code (PFC) to investigate the deformation behaviours
of the northern slope of the Zhahanur open-pit coal mine under daily heavy truck loading. The
simulation results were compared with the on-site monitoring data. Overall, the results of this
study provide some theoretical guidance for bench slope management in surface mining, such
as the northern slope of Zhahanur open-pit coal mine.

2.1. Parallel bond model

Particle Flow Code (PFC) is a distinct-element modelling (DEM) framework proposed by
Cundall and Strack [28]. PFC models synthetic materials composed of an assembly of variably-
sized rigid particles that interact at the contacts to represent both granular and solid materials.
Each particle in the PFC model is denoted as a body and not a point mass. A general particle-flow
model simulates the mechanical behaviour of a system consisting of a collection of arbitrarily
shaped particles. PFC models simulate the independent movement (translation and rotation) and
interaction of many rigid particles that may interact at contacts based on an internal force and
moment. Contact mechanics obey particle-interaction laws that update the internal forces and
moments. Force transfer satisfies Newton’s law, and it is convenient to deal with the mechanical
problems of discontinuous media.

The parallel bond model provides two types of contact interfaces. The first contact interface
is equivalent to the linear model and regulates slip by applying a Coulomb limit to the shear
force and is capable of transmitting both force and friction between particles. The second contact
interface is resistant to relative rotation, and its behaviour is linearly elastic. When the contact
force exceeds the strength limit, the bond breaks and degenerates into a linear model, meanwhile,
it can transmit both force and moment between the particles. A schematic of the parallel bond
model is represented in Fig. 1. Owing to the relative motion among particles, the bond is affected
by the force and moment. The parallel bond model requires setting the normal and tangential
bond strengths. When the normal stress at the contact is greater than the normal bond strength
or the tangential stress is greater than the tangential bond strength, the bond will break, and the
mechanical parameters such as force and stiffness at the bonding point will be reduced to zero.
The normal and tangential stresses can be calculated using equations (1) and (2).

E:%+WTEE (1)
_ B e
T:TJ{_TR (2)

where, o, T are the normal stress and tangential stress at the contact; R is the radius of bond, 4,
1, J are respectively the parallel bond area, and the parallel bond rotational inertia, the parallel
bond polar inertia.
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Fig. 1. Schematic representation of the parallel bond contact model (F;" and F;’ are normal contact forces
and tangential contact force, respectively. M [ and M}’ are normal and tangential contact moments,
respectively; R is the radius of the bond)
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The Mohr-Coulomb criterion is used to determine the failure behaviour in the parallel bond
model, and some macro-mechanical parameters, such as tensile strength, cohesion, and the angle
of internal friction, need to be set at the contacts. The envelope of the parallel bond strength in
terms of the Mohr-Coulomb criterion is represented in Fig. 2.

T

Unbroken

o) o

c

Fig. 2. Envelope of parallel bond strength (In the parallel bond model, when the stress at the contact exceeds
the threshold, the bond breaks, and the program automatically sets the values of mechanical parameters such
as force, moment and stiffness at the contact to zero), ¢ is the angle of internal friction, ¢ is the cohesion,
a,, and 7, are the normal strength and tangential strength at the contact, respectively
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2.2. Stress-corrosion model

Stress corrosion, a weakening reaction of a bond in rock materials by a chemical reaction,
is considered one of the key factors driving the time-dependent behaviour of rocks in the upper
crust. This complex behaviour of rock materials can be revealed by incorporating the micro-
structure into a rock model. For example, different microscopic characteristics are assigned to
the bonding interface between the particles in the PFC, and the effect of stress corrosion is re-
flected by changing the physical parameters of the bonds. Previous studies, for instance, [29-31],
introduced stress corrosion theory into the particle flow code (PFC) and shortened the contact
length between different particles in the model to mimic time-dependent weakening processes
in rock at the microscale. The contact diameter, D, between particles is reduced to weaken the
contact strength between the particles. When the stress between the particles is between the stress
corrosion threshold and the tensile strength of the bond, the contact diameter between particles
continues to decrease with time. During the entire servo process, the contact force between
the particles is constantly updated. The stress corrosion model and the corrosion rate curves
are shown in Fig. 3.

4 In(V) |
| |
|
Y | :
| BZ
D L
L A | |
| |
! !
V=dD/d1 z .
(@) (b)

Fig. 3. Stress corrosion model. (a) Schematic of stress corrosion model, (b) Corrosion rate curve

In the stress corrosion model, the stress corrosion rate is expressed by Equation 4.

0 c<0,
ab _ ﬂz(?} o 4)
d |-fe ¢/ o,-0-0,

—o0 o220,

where o is the maximum tensile stress at the contact of parallel bonds between particles, g, is the
stress threshold o, is the tensile strength of parallel bonds between particles, D is the diameter
of parallel bonds, 8, and /5, are material constants.
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3. Model parameter calibration

The particle flow code (PFC) is based on local contacts to reflect macro-mechanical proper-
ties. Only the geometric and mechanical parameters of the particles and contacts must be defined
in the simulation [21]. However, there is no effective method to determine the relationship between
macro-parameters and micro-parameters, and the micro-parameter assignment of the particle
flow code can only be calibrated by trial and error method [32]. PFC reflects the macroscopic
mechanical properties of the model from a microscopic perspective. Therefore, it is necessary
to calibrate the parameters for different properties of the studied slope.

The northern slope of Zhahanur open pit coal mine is an anti-inclined layered rock slope
with a designed overall slope angle of 22°. By analysing the distribution of different lithologies
in the drilled borehole cores and combining with the results obtained in previous research, the
strata of the open-pit coal mine can be mainly classified into six lithologies, namely waste dump,
Quaternary strata, Tertiary strata, mudstone, coal seam, and sandstone. According to previous
investigations, the mechanical parameters of Quaternary strata, Tertiary strata and mudstone on
the northern slope of Zhahanur open-pit coal mine are listed in TABLE 1. A biaxial compression
specimen model was established based on the particle size of the slope model. Numerical biaxial
compression on the specimen, under different confining pressures, was performed to obtain the
cohesion and internal friction angle of the model based on the macroscopic rock mass. The width
of the specimen should exceed 40 times the average particle size to avoid size effect during the
parameter calibration. The numerical biaxial compressive model is presented in Fig. 4.

TABLE 1
Mechanical parameters of Quaternary strata, Tertiary strata and mudstone
in the north slope of Zhahanur open-pit coal mine
Properties Unit weight y (KN/m®) Cohesion c (kPa) Angle of internal friction ¢ (°)
Quaternary strata 17.7 30 5.7
Tertiary strata 17.7 32 6.5
Mudstone 20.2 33.7 15.4

Fig. 4. Numerical biaxial compressive model. (The model is

60 m in height and 30 m in width, and confining pressure is

applied to the left and right walls, while the upper and lower
loading serves as axial servo-control. The walls enable applying
| ! velocity boundary conditions to assemblies of balls or clumps
e—— 30m —»l for compaction and confinement purposes in PFC)
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The microscopic parameters of the model were calibrated using a trial-and-error method.
Initially, biaxial compressions on the specimen under confining pressures of 0, 10, 20, and 30
kPa were conducted, to obtain the peak strength under different confining pressures. The Mohr
circle and strength envelope were developed, until the cohesion and internal friction angle of the
model were consistent with the macroscopic mechanical parameters of Quaternary strata, Tertiary
strata, and mudstone, respectively. This allowed us to obtain the microscopic parameters of the
corresponding rock. Furthermore, time-sensitive microscale parameters in the stress corrosion
model were calibrated based on relevant rock mechanics experiments. For instance, taking Tertiary
strata as an example, Figs. 5 and 6 depict the complete stress-strain curves and Mohr strength
envelope of the Tertiary strata rock under different confining pressures.

of—oor TN

Fig. 5. Complete stress-strain curves of the Tertiary strata rock under different confining pressures

80

S t=0xtan6.37°+31.6

Shear stress (kPa)

| { L | 1 L il 1 L J
0 I 20 40 60 80 l 100 120 140
Normal stress (kPa)

Fig. 6. Mohr circles and the Mohr strength envelope of the Tertiary strata rock
under different confining pressures

Figs. 5 and 6 show that the elastic modulus and peak strength of the rock model both in-
creased with an increase in confining pressure, and shear failure occurred in the specimen. It can
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be seen from Fig. 6 that the cohesion of the rock model is 31.6 kPa, and the angle of internal
friction is 6.37°, which is consistent with the macroscopic mechanical parameters of the Tertiary
strata. Therefore, we conclude that the microscopic parameters meet the simulation requirements.
Following the same procedure, we calibrated the microscopic parameters of Quaternary strata
and mudstone, as presented in TABLE 2.

TABLE 2
Microscopic parameters of numerical model
Parallel- Parallel- P“l‘:::gfl'
.. Contact | Stiffness bond . Material | Material
Para- Friction . . bond internal
meters coefficient modulus | ratio tensile cohesion friction constant | constant
E’/kPa K strength | _ L1072 | /10712
— c/kPa angle
o./kPa P
Quaternary 0.1 6 1 38 34 8 21.4 15.2
Tertiary 0.1 5 1 41 35 10 19.7 14.5
Mudstone 0.1 8 1 50 48 9.5 17 12.6

4. Case study

4.1. Site description

The Zhahanur open-pit coal mine is located in the northwest of Tongliao city, Inner
Mongolia, China, covering an area of approximately 60 km in length (east-west) and 10 km in
width (north-south). In 2020, the waste dump in the northern slope of the mining area suffered
from a significant failure, which was triggered by the damage caused by the drainage holes at the
920 m and 944 m levels. Visible fractures can be seen at the slope, as illustrated in Fig. 7, which
posed a significant risk to the production of the open-pit coal mine. According to on-site statistics,
the bench width at the 920 m level is designed to be 30 m, and 55 100-ton trucks are transported
daily. Conversely, the bench width at the 944 m level is designed to be 150 m, of which 30 m

Fracture
.

Fractures

(b)
Fig. 7. Fractures appeared on the surface of the transportation bench. (a) Induced fractures at the 920 m level.
(b) induced fractures and slope deformation at the 944 m level
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is for the road, and the remaining width serves as a safety distance, and 150 80-ton trucks daily
transport alongside the bench. The recurring operation and transportation of heavy trucks gener-
ate cyclic loading, which induces potential damage and instability in the slope. Therefore, it is
necessary to study the impact of daily heavy truck loading on the stability of the bench slope in
the northern part of the open-pit coal mine.

4.2. Numerical model

A cyclic loading model of the northern slope of Zhahanur Open-pit mine was established
using PFC to analyse the deformation behaviour of the bench slope under the cyclic loading of
daily heavy trucks. Fig. 8 shows the spatial locations of 13 cross-sections across the northern slope
of the mine. The radar monitoring data showed that the most significant deformation occurred
near the slope of the NB-4 cross-section. Therefore, we selected the NB-4 cross-section slope as
the primary object for analysis, and a cross-sectional view of the slope is shown in Fig. 9. The
lithology involves a Quaternary stratum located at the 944 m level and a Tertiary stratum located
at the 920 m level. The slope model was established based on the NB-4 cross-section, and the
particles in the slope model were grouped according to different lithologies. The numerical slope
model is shown in Fig. 10. Due to the large size of the slope and the limitation of computer power,

Fig. 8. Spatial location of 13 cross-sections cross the north slope of the mine (Thirteen cross-sections,
NB-1 to NB-13, are arranged across the north slope)

Fig. 9. The north slope of the NB-4 cross-section
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it is necessary to significantly increase the radius of the particles in the slope model. However,
it is challenging to maintain accuracy while increasing the particle radius. Therefore, we chose
a subsection of the slope (red box in Fig. 10) to create the slope model for analysis. The distri-
bution of lithology of the slope model for analysis is illustrated in Fig. 11; heavy trucks passed
through the 920 m and 944 m levels, and the 913 m level, 928 m and 935 m levels did not pass
through the heavy trucks.

1200 1200
1100— 1100
1000— 1000
900 — 900
800 : 800
700 700
600 600
500 500
400 100
300 300

Fig. 10. The particle flow slope model of NB-4 cross-section, and subsection
in the red box is selected for analysis

Quaternary strata

Tertiary strata [N
913 mlevel 920 mlevel 928 mlevel 933 mlevel 944 m level Mudstone [N

‘ 317m ‘

Fig. 11. The distribution of lithology of the slope model for analysis

We selected the radius distribution of particles using the trial-and-error method, and the
chosen distribution range was between 0.3 and 0.45 m. Initially, we generated particles within the
scope of the model, and then allowed them to settle under gravity until they reached mechanical
equilibrium. The suspended particles in the model were subsequently deleted, and effective par-
ticles were allocated using a linear parallel bond model. To ensure even load distribution on the
benches, we established loading walls at the 920 m and 944 m levels, and subsequently grouped
the particles based on the distribution of lithologies, as illustrated in Fig. 12a. Altogether, the
model is comprised of 21928 particles representing the three strata, namely Quaternary, Tertiary,
and mudstone. We observed the force chain distribution of the model under gravity as shown in
Fig. 12b. When at the same elevation, the thicker the overlying strata, the larger the contact force
between the particles. Our model also features twelve monitoring points on different benches to
monitor real-time displacement in the current state, and their positions are depicted in Fig. 12c.
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Quaternary strata Load
Tertiary strata

Mudstone v

Contact force_mag
Contacts (48629)

5.0000E 04
1.1686E+02

©

Fig. 12. Local slope model of particle flow code (a) Slope model and particle grouping, (b) Distribution of
contact force chains under gravity, and (c) Position of twelve monitoring points along the benches

4.3. Numerical simulations

Due to limitations in numerical calculations, we transformed the loading of heavy trucks into
aload on the loading walls of the model in this study. Consequently, we considered only the cyclic
loading of heavy trucks, with the path of cyclic loading on the bench slope depicted in Fig. 13.

Stress

Open-pit mine
haulage berm

—— — T

(b)

Fig. 13. (a) Schematic of the bench slope with heavy truck loading, and (b) the path of cyclic loading
on the bench slope used in the modelling

v

The benches are subjected to dynamic load when heavy trucks drive through them. The ratio
of the dynamic load to the static load is referred to as the dynamic load coefficient. In open-pit
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mining, pavements are classified into four grades, namely A, B, C, and D. The dynamic load
coefficients of the A-, B-, C-, and D-grade pavements are 1.12-1.19, 1.23-1.38, 1.48-1.76, and
2.00-2.52, respectively. We used a dynamic load coefficient of 1.15 for the pavements at the
920 m and 944 m levels of the Zhahanur open-pit mine due to their relatively flat nature. Based
on the weight and number of heavy trucks passing through the benches, we designated a defined
loading scheme. The servo stress at the 920 m level was loaded 55 times with a value of 230 kPa,
while the servo stress at the 944 m level was loaded 150 times with a value of 184 kPa.

Slope stability is assessed based on the following three aspects: 1) if the model calculation
does not converge, the slope is deemed unstable, 2) the formation of macroscopic cracks in the
model indicates an unstable state of the slope, and 3) when the slope displacement exceeds 1 m,
it is considered unstable. We recorded the maximum displacement curves of twelve monitoring
points in the current state, as depicted in Fig. 14.

Fig. 14 illustrates that the largest displacement of 0.13 m occurred at monitoring point 11
on the 944 m level while monitoring points 2 and 3 on the 920 m level recorded the maximum
displacement of 0.04 m. The displacement of the benches that were not haulage berms from the
other monitoring points was 0.02 m, indicating that the slope is generally stable. The large de-
formations observed on the slope at the 920 m and 944 m levels aligned well with the numerical
simulation results. Furthermore, the radar monitoring data, represented in Fig. 15, show that the
single-day displacement at the 913 m level is approximately 20 mm, which closely corresponds
with the deformation estimated from the numerical model.

0.14 21
A
0.12 | 18 e
——NO.1——NO.7
0.10 L ——NO2——NO08 ~ 15k
_ ——NO3——NO0.9 g
£ ——NO.4——NO.10 £
£ 008 ——NO.5——NO.11 g5 12
E ——NO.6——NO.I12 £
2 8
S 0.06 £ 9r
8 z
=}
0.04 | 61 //
/
0.02 3/
0.00 0 1 1 1 1 1 1 1 1 1 1 1
0.0 2,0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10* 0 2 4 6 8 10 12 14 16 18 20 22 24
Time step Time (h)

Fig. 14. Maximum displacement of twelve monitoring Fig. 15. Single-day radar monitoring displacement
points along the slope under cyclic loading at the 913 m level

4.4. Time-dependent deformation and stability

The simulation results indicate a significant local displacement at the 920 m and 944 m
levels caused by self-weight and cyclic loading, yet the slope as a whole remains stable. The
magnitude of the material constant (i.e. £y, 5,) in the parallel-bonded stress corrosion (PSC)
model directly determines the weakening rate of the rock mass strength. To further examine the
potential sliding mass under cyclic loading, we adjusted the material constants (f;, ) in the
PSC model to accelerate the weakening of rock mass strength of the slope. The displacement and



www.czasopisma.pan.pl P@N www.journals.pan.pl
FOLSRA AKADEMIANAUK

224

deformation at each monitoring point on the slope were recorded until the instability criterion for
the slope was met. The simulations for different material constants are shown in Fig. 16. It can be
observed that the displacement of each monitoring point increases continually with an increase in
the material constant. When the magnification of material constant (f;, f,) is less than 1.15, the
local position of the slope exhibits significant deformation. However, with the mutual dislocation
of the internal particles and the redistribution of the contact force, the maximum displacement
of each monitoring point eventually stabilises, indicating that the slope as a whole is stable.
When the magnification of material constant (5;, 5,) is 1.15, the displacement of monitoring
point 11 does not converge. Continuous cyclic loading results in the maximum displacement at
the shoulder at the 944 m level reaching 1 m, causing the calculation to terminate. Additionally,
the deformation at the 920 m level is noticeable. As the magnification continues to increase,
when it reaches 1.2, the displacement at the 920 m level changes abruptly, except for the 944 m
level. At this point, both the 920 m and 944 m levels are damaged, resulting in the termination
of calculations.
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Fig. 16. Displacement curves when the magnification of material constant (£, 5,) is (a) 1.05,

(b) 1.1, (¢) 1.15, and (d) 1.2
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Fig. 17 shows the slope displacement with the magnification of material constant (5, )
of 1.15. Under the influence of gravity and cyclic loading, noticeable deformation occurs at
the shoulder of the 944 m level, and the coalescence of cracks forms a shallow sliding body.
However, there is only some deformation near the slope at the 920 m level, with no sliding body
formed. Figure 18 shows the displacement of the slope as a whole and in different directions with
the magnification of material constant (5, f,) of 1.2. Fig. 18 indicates that under the effect of
gravity and cyclic loading, the slope at the 920 m level and the 944 m level exhibits significant
deformation and forms sliding bodies, respectively. Deformations at the 944 m level still occur
within the benches, with larger deformation values and ranges than those of the magnification
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Fig. 18. Displacement nephogram of the slope when the magnification of material constant (5, f,) is 1.2.
(a) The slope displacement, (b) The slope displacement in X direction,
and (c) The slope displacement in Y direction
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at 1.15. On the other hand, deformation at the 920 m level occurs on the bench surface. This is
because the strata at the 944 m level are mostly Quaternary, generally softer, with a small bench
angle, which results in the deformation mainly occurring within the bench and a complete land-
slide being difficult to form. Meanwhile, the lithology of the 920 m level is mainly composed of
Tertiary and mudstone, with higher strength than that of the Quaternary. Additionally, the slope
angle at the 920 m level is greater than that of the 944 m level. With the continuous weakening
of the mechanical strength of slope rock mass, large-scale sliding will eventually occur. As the
944 m level strata are Quaternary, the daily heavy truck loading causes vertical deformation that
is more pronounced than that of the 920 m level.

5. Discussion

Various factors, such as geotechnical properties, hydrogeology, geomorphological con-
ditions, climate, weathering, vegetation, and human engineering activities, can impact slope
stability [33-40]. The findings of our study reveal that the cyclic loading of heavy vehicles can
cause noticeable deformation of the benches, leading to the production of cracks in the field.
Accordingly, it is pertinent to investigate whether the cracks observed at the 944 m and 920 m
levels of the Zhahanur open-pit mine were due to the action of heavy vehicle loading. Therefore,
we conducted several surveys in the study area of the Zhahanur open-pit mine, with a portion
of the benches on the north side depicted in Fig. 19. We established GNSS (Global Navigation
Satellite System) monitoring point JCDO1 at the 920 m level and monitoring point JCDO02 at the
935 m level. We measured daily deformation at two monitoring sites from August 1, 2021,
to August 30, 2021. The monitoring curves are shown in Fig. 20. All three monitoring sites
exhibited deformation, with the deformation at the 920 m level significantly higher than that of
the 935 m level. We infer that the deformation at the 935 m level, without vehicle passages, was
solely generated under the influence of gravity, while the combined action of gravity and vehicle

- Non-transport bench

- Heavy vehicles
transportation bench
Monitoring point

JCDO1 at 920 m level

Monitoring point
JCDO2 at 935 m level

Fig. 19. Different horizontal benches of the north side of Zhahanur open-pit Coal mine; 944 m level, 920 m
level have heavy-duty vehicles passing while 935 m level, 928 m and 913 m levels did not experience
heavy-duty vehicles passing
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heavy loading caused deformation at the 920 m. The monitoring data confirm that vehicle loading
had a significant effect on the deformation of the north bench slope of the Zhahanur open-pit

coal mine.
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Fig. 20. GNSS monitoring data curves of different levels in the north side of Zhahanur open-pit coal mine.
The GNSS monitoring system can monitor the three-dimensional deformation of the bench, and the curve data
reflects the three-dimensional deformation of each bench on the north side

6. Conclusions

In the present study, we investigate the impact of cyclic loading from heavy trucks on bench
slope stability in the context of open-pit coal mining. To quantify the damage effect on the rock
slope induced by cyclic loading, we developed a time-dependent deformation model of rock
by incorporating a stress corrosion model into the particle flow code. Based on the established
time-dependent model, we studied the effect of the cyclic loading of heavy trucks on bench slope
stability. Our results show that the cyclic loading of heavy trucks leads to significant shoulder
displacement at the 920 m and 944 m levels, with the shoulder displacement at the 944 m level
being the largest at 0.13 m and at the 920 m level being the largest at 0.04 m. Additionally, the
cumulative displacement of the non-haulage berm reaches approximately 0.02 m under the com-
bined effects of gravity and cyclic loading. The simulations are consistent with the on-site radar
monitoring results, which verifies the reasonability and accuracy of our developed model. By
applying the model to simulate the effect of stress corrosion rate acceleration on slope stability,
we discovered that the stability of the slope decreased progressively with the increase of the stress
corrosion rate. Under the combined effects of gravity and cyclic loading, the 920 m and 944 m
levels experienced significant deformations and formed sliding bodies. Our findings suggest that
continuous in-situ monitoring of bench slope stability and implementation of control measures
are necessary for increased open-pit coal mining safety and efficiency.
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