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Abstract
The occurrence of disasters in deep mining engineering has been con�rmed to be closely related to the
external dynamic disturbances and geological discontinuities. Thus, a combined �nite-element approach
was employed to simulate the failure process of an underground cavern, which provided insights into the
failure mechanism of deep hard rock affected by factors such as the dynamic stress-wave amplitudes,
disturbance direction, and dip angles of the structural plane. The crack-propagation process, stress-�eld
distribution, displacement, velocity of failed rock, and failure zone around the circular cavern were
analyzed to identify the dynamic response and failure properties of the underground structures. The
simulation results indicated that the dynamic disturbance direction had less in�uence on the dynamic
response for the constant in situ stress state, while the failure intensity and damage range around the
cavern always exhibited a monotonically increasing trend with an increase in the dynamic load (stress-
wave amplitudes). The crack distribution around the circular cavern exhibited an asymmetric pattern,
possibly owing to the stress-wave re�ection behavior and attenuation effect along the propagation route.
Geological discontinuities signi�cantly affected the stability of nearby caverns subjected to dynamic
disturbances, during which the failure intensity exhibited the pattern of an initial increase followed by a
decrease with an increase in the dip angle of the structural plane. Additionally, the dynamic disturbance
direction led to variations in the crack distribution for speci�c structural planes and stress states. These
results indicate that the failure behavior should be the integrated response of the excavation unloading
effect, geological conditions, and external dynamic disturbances.  

Introduction
Many metal mines in China will gradually enter the depth range of 1000–2000 m during the 14th Five
Year Plan Period, suggesting that deep mining will become widespread in the coming decades. The high
initial static stress, high ground temperature, high permeability, and strong engineering disturbances
confronted by deep underground engineering make it a challenging problem worldwide, for which there is
neither a mature theory and method nor successful international experience [1]. It has been
acknowledged that one of the biggest differences between metal mines and coal mines is that the
orebody and surrounding rock in metal mines are generally hard rocks [2]. The hard and brittle rocks at
great depths often exhibit signi�cantly different mechanical properties from rocks at shallow depths. The
frequent disasters induced by excavation activities in roadways and caverns restrict the safe and e�cient
operation of deep underground engineering and cause tremendous casualties and economic losses [3–
5]. In these deep hard metal mines, special failure phenomena such as slabbing, rockburst, buckling, and
roof caving are frequently encountered around caverns or chambers where stresses are always
concentrated, which potentially affect the stability and increase the cost of rock supporting [6–9].

It has been demonstrated that the stress conditions of deep surrounding rocks are signi�cantly affected
by self-excavation unloading activities (typically called excavation disturbance), in which the tangential
stress increases and the radial stress decreases under high static stresses (in situ stress). In practice, the
surrounding rocks of deep roadways and caverns are inevitably affected by external dynamic
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disturbances, such as ore collapse, ore caving, mechanical drilling, and blasting of adjacent stopes during
the exploitation of solid mineral resources [10, 11]. The two aforementioned types of disturbances are
collectively denoted as “mining effects.” Therefore, the stress state of the deep engineering rock mass
can be attributed to “high initial static stress + external dynamic disturbance,” and the analysis and
interpretation of rock mechanical behaviors in deep hard rock mining—particularly for rockburst, slabbing,
and zonal disintegration—should be focused on the coupled static and dynamic loads in the mining
process [2]. There are two types of dynamic loads in deep mining: low-frequency disturbances generated
by regional stress adjustments [12, 13] and strong dynamic disturbances induced by blasting loads [14].
Considerable effort has been directed toward investigating the failure properties of rocks subjected to
these two types of dynamic loads. For example, Du et al. [15] performed true-triaxial unloading and local
dynamic disturbance tests on three rock types. They found that under local dynamically disturbed
loading, none of the specimens displayed obvious fracturing at low-amplitude local dynamic loading,
while the degree of rock failure increased as the local dynamic loading amplitude increased. Li et al. [16]
developed a modi�ed split Hopkinson pressure bar (SHPB) for a coupling load experiment at medium-to-
high strain rate, and investigated the mechanical properties and energy dissipation law of rock under
different pre-stresses and impact disturbances.

In addition to the stress conditions in deep mining activities, the presence of geological discontinuities
signi�cantly affects the stability of the engineering structure, which has been con�rmed by engineering
practice [17–19]. The randomness and differentiation of the spatial distribution makes a �ssured rock
mass a complex engineering medium. A structural plane (mainly refers to a discontinuity joint, hard
structural plane, discontinuity, or other structural plane in the rock mass) is a geological discontinuity that
cuts the stratum and destroys its continuity and integrity in deep mining. Researchers have investigated
the mechanical behaviors and failure properties of caverns with nearby structural planes at the laboratory
and engineering scales under such conditions. For example, for the former one, Lin et al. [20] investigated
the mechanical behavior of a jointed rock mass with a circular hole under compression-shear loading by
means of DIC (Digital Image Correlation) and DEM (Discrete Element Method) modeling, and the crack
evolution process was investigated and four types of crack coalescence among joints were summarized.
Chen et al. [21] studied the fracture evolution characteristics of sandstone containing double �ssures and
a single circular hole under uniaxial compression. The results show that the peak strength, peak strain
and elastic modulus of defected specimens decrease comparing with those for intact sample, and the
rock bridge angle has a great in�uence on crack initiation, coalescence, �nal failure mode, crack initiation
stress and trans�xion stress. Yang et al. [22] conducted a series of laboratory testing to investigate the
failure behavior and crack evolution mechanism of a non-persistent jointed rock mass containing a
circular hole. Their results show that the peak strength and elastic modulus of the non-persistent jointed
rock specimens display a “U” type variation with respect to the joint inclination. For the latter one, Feng et
al. [23] used Elfen software to modeling the hard rock failure induced by structural planes around deep
circular tunnels. They found that that the failure intensity of rock tunnel is a function of both dip angles
and frictional coe�cients of structural planes, and the lateral pressure coe�cient may affect the damage
range and location. Ma et al. [24] investigated the distance effects of the fault on the rock mass stability
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of the main powerhouse at the Huanggou pumped-storage power station, and concluded that when the
distance is low, the damage of the surrounding rock masses subjected to excavation evolved from the
spandrel toward the fault, eventually causing a V-shaped collapse if the strength reduction continues.

To better understand and prevent the aforementioned dynamic disasters, it is necessary to consider the
combined effects of the external dynamic disturbances and the geological structure on the failure
properties of deep underground structures. For example, Li et al. [25] studied the failure mechanism of
rock with �ssure-opening �aws under coupled static-dynamic loads. The crack process of rock under
coupled loads was observed in real time by DIC system, and crack initiation positions and failure modes
of granite specimens were summarized. However, the opening was pre-fabricated during the preparation
of specimens, indicating that the excavation unloading effect prior to be impacted by dynamic loads was
ignored in their research. Therefore, the entire failure process during the construction phase and service
life was not reproduced. Manouchehrian and Cai [26, 27] analyzed the rockburst in tunnels subjected to
static and dynamic loads, with particular attention paid to the effects of nearby faults. The modeling
results con�rm that the presence of geological structures in the vicinity of deep excavations could be one
of the major in�uence factors for the occurrence of rockburst. Because the dip angles of fault were not
fully considered in their research, the conclusions still needs further validation and evaluation. Moreover,
the dynamic stress direction was not taken into account in the numerical simulation.

Numerical simulation is an effective method for analyzing the failure behaviors of rock materials
subjected to complex stress conditions, stress paths, and geological structures at the engineering scale.
In the present study, the combined �nite–discrete element method (FDEM) was adopted to simulate the
failure process of a deep underground cavern. This method can reveal the failure properties of deep hard
rock, which are affected by key factors such as the dynamic stress-wave amplitudes, disturbance
direction, and dip angles of the structural plane. Typical hard marble extracted from Hongling Lead-Zinc
mine in Inner Mongolia, China was selected for the numerical simulation, and the stress-�eld distribution,
displacement, velocity of failed rock, and failure zone around the circular cavern were analyzed. This
study provides insight into failure mechanism of hard surrounding rock, which is affected by the external
dynamic disturbances (mainly refers to blasting loads), excavation unloading effects, and geological
conditions in deep mining engineering.

Model Setup And Numerical Simulation
The combined �nite discrete element approach is a numerical method that combines continuum
mechanics principles with dis-continuum algorithms to simulate multiple interacting deformable solids
[28, 29]. Some scholars have carried out a series of effective analysis on the failure characteristics of
rock or rock-like materials by using FDEM, which demonstrated the rationality and effectiveness of this
numerical approach. In the current study, Elfen software developed by Rock�eld Software was adopted to
reproduce entire failure process of an underground cavern. This method can solve 2D and 3D models
problems implicitly and explicitly, and is able to simulate the rock failure process under static and
dynamic loads, which shows great advantage in the numerical simulation. Elfen has a large number of
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constitutive models for selection, and can also be combined to create material models for different types
of rock mechanics problems. Among these models, the Mohr–Coulomb constitutive model with rotating
crack was commonly selected because it can simulate rock fracturing due to both tension and
compression. A detailed description of the fundamental principles of the FDEM approach and
applicability of constitutive model on the basis of Elfen can be found in previous literature [28–30].

2.1 Numerical simulation validation
A uniaxial compressive test based on the FDEM was conducted to validate the simulation with laboratory
testing. The objectives were to calibrate the selected parameters and to con�rm the accuracy of the
numerical simulation results. For two-dimensional (2D) simulations, plane strain analysis assumes a unit
thickness. The dimensions of the cylindrical specimen used in the uniaxial test were 100 mm × φ50 mm.
Face loading was applied in the horizontal direction, and displacement-controlled loading was imposed
on the top of the specimen end surface. The bottom end surface was �xed in the y direction. The basic
physical and mechanical and discrete contact parameters used in this study are presented in Table 1. For
details regarding the selection of the discrete contact parameters, the reader is referred to the works of
Feng et al. [23] and Chen et al [17].
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Table 1
Material properties adopted in the present numerical study

Name Marble

Young’s modulus (GPa) 35.8

Possion’s ratio (µ) 0.23

Density (Ns2/m4) 2610

Tensile strength (MPa) 3

Plastic strain 0.0 0.001 0.003 0.005

Cohesion (MPa) 20 10 2 1

Frictional angle () 32 35 40 45

Dilatancy angle () 0 15 10 7

Fracture energy (N/m) 5

Normal penalty (N/m2) 2.0×1010

Tangential penalty (N/m2) 1.0×1010

Friction of newly generated cracks (γ) 0.5

Frictional coe�cient of structural plane (µ) 0.1

Mesh element size (m) 2 and 1

Contact type Node-Edge

Contact �eld 0.4

Contact damping type Velocity/Momentum

Contact damping 0.2

There are �ve basic material parameters in the Mohr–Coulomb constitutive model: cohesion C, frictional
angle φ, dilation angle ψ, tensile strength σt, and fracture energy Gf. The residual cohesion and frictional
angle are calculated in accordance with CWSF model proposed by Hajiabdolmajid et al. [31]. Fracture
energy, de�ned as the amount of energy needed to create continuous crack on a unit area, is an important
parameters to characterize the di�culties of visible crack propagation. The relationship between fracture
toughness in mode I and fracture energy can be de�ned as Mitelman and Elmo [32]:

  (1)
Where Gf is the fracture energy, N/m; KIC denotes the fracture toughness in mode I, MPa m1/2; and E is the
Young’s modulus, GPa. In the current study, the fracture toughness KIC can be estimated using an
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empirical relationship with the rock tensile strength [32, 33]:

σt = 6.88KIC  (2)
Based on above equations, the fracture energy is calculated to be about 5N/m.

Figure 1 presents the stress–strain curves and �nal failure modes of marble under the uniaxial
compressive test based on the numerical simulation and laboratory testing. Macro-shear bands coupled
with longitudinal splitting cracks appeared in the specimen, which is a typical hard/brittle property of
marble. The �nal failure mode was tension with shear. Observation and comparison of the crack
distribution within the marble specimen revealed good agreement between the two cases.

The stress–strain curves differed slightly with regard to the total strain and pre-peak stage. This is
attributed to the compaction and closure of primitive cracks within the rock specimens, which led to
larger deformation and strain values in the early stage compared with the case of the numerical
simulation. This phenomenon could not be reproduced in the current numerical simulation analysis,
because the micro-pore structure was not fully considered when specifying material parameters in the
software. Therefore, the stress–strain curve (blue line) for the numerical simulation always exhibited a
linear increase before reaching the peak strength. Nevertheless, the typical hard-brittle property in which
the yield deformation stage representative of a nonlinear segment (plastic strain) was extremely limited
can be observed in Fig. 1. Moreover, the peak strengths for the two cases were almost identical
(approximately 70 MPa), indicating that the selected material parameters and discrete contact
parameters can accurately characterize the failure property of marble specimens in numerical modeling.
The results con�rm the applicability and accuracy of the FDEM.

2.2 Model setup and boundary conditions
The established 2D model is shown in Fig. 2. The rock mass is represented by a single face, and the
tunnel is represented by a circular cavern. To closely re�ect practical deep-mining activities, the
excavation process was also considered prior to be dynamically disturbed. It has been recognized that
the stress-redistribution zone around an opening should be at least 3–5 times the radius after excavation.
Thus, the model size should be at least 10 times the tunnel diameter to eliminate the boundary effect
induced by stress redistribution around the circular cavern [34]. The external boundary geometry length of
the model was 200 m, and the cavern diameter was 20 m.

In the present study, models without a structural plane (Fig. 2b) and with a structural plane (Fig. 2c) were
considered. For the case of a nearby structural plane with a constant length of 20 m, four dip angles were
modeled: 0º, 30º, 60º, and 90º (angle between the horizontal direction and the structural plane). The total
number of unstructured triangular elements established by the model was 31574. Dense meshes with a
length of 1 m were arranged around the central cavern, and the meshes were sparser (length of 2 m) for
the remaining regions. The objective was to reduce the computational burden to the greatest extent
possible. The bottom boundary was �xed in the vertical direction, and the top boundary and both sides
were unconstrained.
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2.3 Stress path
In current numerical modeling, face loading was employed to apply geostatic stresses at the model
boundaries. A vertical stress was applied to the top domain, and horizontal stresses were applied on both
sides of the model. To avoid unexpected fracturing within the model due to instantaneous loading, the
loading was conducted linearly, with a total duration of 1 s. The in situ stress remained constant until the
end of the numerical simulation. To reproduce the excavation activities, a linear relaxation path over 1 s
was formulated for the central cavern. When the cavern was deactivated, the relaxation was
automatically applied to release the stresses according to the speci�ed curve, as shown in Fig. 3a. The
monitored in situ stress �elds of the Hongling Lead-Zinc mine were calculated as follows [23]:

 (3)
where σv represents the vertical stress (MPa), and σhmax and σhmin represent the maximum horizontal
principal stress and minimum horizontal principal stress (MPa), respectively. In this study, a circular
cavern at a burial depth of approximately 1100 m was simulated to re�ect the higher geostatic stress
�eld. The h in Eq. 3 was regarded as 1000 m because there was a depth of 100 m between the top
domain and the cavern roof. Therefore, the vertical and horizontal stress components were σv = 27.9 MPa
and σhmax = 35.8 MPa (σhmin is not considered in 2D simulations), respectively.

External dynamic disturbances can be produced by various sources, such as explosions, vibrations,
earthquakes, ore drawing, and adjacent mining activities [26]. In this study, the dynamic disturbances
were assumed to be generated by adjacent blasting loads, and the dynamic loads were applied to the
model boundary via face loading (see Fig. 4), where the stress path was designed on the basis of the
literature [35]. The dynamic disturbances imposed on the top domain and right boundary were modeled
separately to investigate the effect of the disturbance direction on the mechanical response of the cavern.
A triangular blast load function, which included a rising stage (1 ms) and descending stage (2 ms), was
selected to re�ect the dynamic stress-wave induced by the blasting operation. The load function of the
dynamic stress-wave is shown in Fig. 3b. Additionally, the following stress-wave amplitudes were
modeled: 20, 40, 60, 80, and 120 MPa.

An important parameter during the analysis of dynamics is the damping value. A numerical viscous
damping (i.e., proportional to velocity) is introduced in the FDEM simulation. The value of damping
prescribed is de�ned relative to the automatically estimated lowest frequency of vibration for the
application and the damping may be prescribed differently for each freedom of the node. The factor
ranges from 0 (i.e. no damping) to 1 (i.e. critical damping). A damping value of 1.0 corresponds to critical
damping of the lowest vibrational mode. Actually, a damping value of 0.1 or less should be used for
dynamic relaxation simulation of linear problems [36], and a value of 0.015 is recommended in the
current numerical simulation. The in�uencing factors considered in this model are listed in Table 2.
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Table 2
Key factors considered in the current study

Key factors Indicators

Stress wave amplitude (MPa) 20 40 60 80 120

Disturbance direction Vertical (top domain) Horizontal (right
domain)

Dip angle of structural plane (º) 0 30 60 90

Relative location between structural plane and
dynamic disturbance source

(1) Same side

(dynamic direction from vertical direction)

(2) Opposite side

(dynamic direction from hozirontal direction
)

(3) Same and opposite side

(dynamic direction from both vertical and
horizontal direction)

Cavern Failure Induced By Excavation Unloading Effect
The failure around circular cavern caused by the excavation process was examined. The objectives were
to demonstrate the non-ignorability of the unloading effect and to perform a comparison with the
subsequent simulation results obtained with consideration of either the external dynamic disturbance or
the structural-plane effect. This is important, as in several previous studies, this process was ignored
during the analysis of the cracking behavior and mechanism of deep caverns in�uenced by various
factors, i.e., the stress conditions, geological discontinuity, and stress paths.

Figure 5 plots the numerical simulation results and failure behavior of the central cavern after it was
entirely unloaded according to the linear relaxation function. As shown in Figs. 5a and 5b, the stress
redistribution (minimum and maximum principal stress contours, respectively) around the cavern did not
reach the model boundaries, con�rming the rationality of previously selected model size.

As shown in Fig. 5c, several cracks appeared around the circular cavern. This indicates that the
surrounding rock was damaged owing to the excavation unloading effect. The current results exhibit
discrepancies compared with those of a previous experimental study [25, 37], because the hole or cavern
was prefabricated manually prior to testing. In the previous study, unloading-induced cracks were not
generated, because the rock was fractured by persistent loading, which was attributed to the limited
experimental techniques used for reproducing the unloading process. Generally, the failure behavior
around deep tunnels and chambers is induced by the excavation unloading effect rather than
monotonically compressive loads [29]. This may lead to different crack-propagation patterns and
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locations of the failure zone between two stress paths. Therefore, the realistic working conditions of
underground engineering projects should be fully considered.

The uneven distribution of cracks and the damage zone around circular cavern, where more visible cracks
were generated in the roof and �oor while less cracks were generated on both sides, are attributed to the
lower vertical stress and higher horizontal stress values. The distribution of the plastic strain shown in
Fig. 5d also illustrates this phenomenon. For additional details regarding the crack-distribution
characteristics, the reader is referred to the literature [23].

Effect Of External Dynamic Disturbance On Cavern Failure

4.1 Stress-wave propagation in model with circular cavern
To analyze the stress-wave propagation law for the established model, the maximum principal stress
contours for cases of an amplitude of 80 MPa were examined, as shown in Fig. 6. The current initial time
corresponds to the beginning of dynamic disturbance (t = 2.5 s). As indicated by Fig. 6, the stress-wave
exhibited signi�cant attenuation characteristics as the stress propagated from the top domain to the
bottom domain. The superimposed maximum principal stress value was attenuated from 101 MPa
(corresponding to t = 2.1 ms) to approximately 45 MPa (corresponding to t = 39.57 ms). When the stress-
wave was transmitted to the cavern boundaries, large number of visible cracks were generated around the
roof (after t = 25.22 ms). These cracks were mainly induced by the wave re�ection when it encountered
the free face. Therefore, the roof was fractured by tensile failure instead of compression failure. The
failure intensities and damage ranges on both sides were not as severe as those around the roof—
particularly for the case of the �oor (almost no change occurred compared with the case of t = 2.1 ms).
This is primarily attributed to the persistent wave attenuation, which reduced the dynamic disturbance,
although the surrounding rocks in these areas were still subjected to the tension effect. The numerical
results indicated that the mechanical response and failure characteristics of the cavern exhibited typical
temporal and spatial changes when subjected to the external dynamic disturbance. For veri�cation, the
radial stress distribution at different locations was also examined.

Five monitoring points were selected to study the radial stress evolution laws in the roof, �oor, and right
side of the circular cavern, as shown in Fig. 7. As shown in Fig. 7a (cavern roof), the radial stresses at
points 1 and 2 did not change over time, remaining at approximately 0. This indicates that the
surrounding rock mass was severely damaged by the excavation unloading prior to the external dynamic
disturbance. The radial stress evolution laws differed among points 3, 4, and 5. The radial stresses at
these points prior to t = 2.5 s remained at approximately 20 MPa. After t = 2.52 s, the stress values
suddenly increased to approximately 50 MPa. Subsequently, the radial stress values rapidly decreased,
particularly for points 3 and 4 (they reached almost 0 MPa). This indicates that the rock mass was
fractured by the re�ected tensile wave, which was expected, because the tensile strength of the rock was
signi�cantly lower than the compressive strength. Additionally, the peak stress values for monitoring
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points 3, 4, and 5 were 60, 46, 44 MPa, respectively. These results re�ect the attenuation of the wave
along the propagation route.

Figure 7b shows the radial stress variation trend for the cavern �oor. The radial stress at point 6 was
always 0 MPa, similar to the case of points 1 and 2, indicating that these rock masses were damaged
prior to the dynamic disturbance. For the remaining four points (7, 8, 9, and 10), although the radial stress
�uctuated owing to the dynamic stress-wave after t = 2.5 s, the amplitude was smaller than those for
points 3, 4, and 5. This is attributed to the wave attenuation, which weakened the dynamic response of
the rock mass in these areas. Moreover, the radial stress did not decrease after the �uctuation and
remained close to its initial value, indicating that these areas were not fractured by the external dynamic
disturbance. This also reveals why the failure intensity was lower for the �oor than for the roof.

The radial stress-time evolution law for the right sidewall shows similar variation trend compared with the
case of roof and �oor (Fig. 7c). For rock masses farther from the cavern boundaries, the original radial
stress value was higher, indicating that the rock masses were not damaged before the external dynamic
disturbances. In contrast, the radial stress for the rock masses near the roadway boundaries (point 11)
was always 0. The radial stress increased monotonically with an increase in the distance from the cavern
boundaries prior to the dynamic disturbance. Similarly, the stress ampli�cation increased monotonically
with an increase in the distance from the cavern boundaries. The stress ampli�cations for points 12, 13,
and 14 were 3.5, 6, and 9 MPa, respectively. This phenomenon was not determined by the wave
attenuation (same propagation distance); rather, it was determined mainly by the wave re�ection and
scattering. When the rock mass was close to the cavern boundaries (free surface), the re�ection and
scattering inhibited the propagation of the stress-wave. Therefore, the stress ampli�cations for points 14
and 13 exceeded that for point 12. However, this does not imply that a point with larger stress
ampli�cation was more prone to fracture, as points 14 and 13 remained in compressive stress states.
This is why damage due to the external dynamic disturbance occurred at point 12 (the radial stress at
point 12 decreased to 0, while it remained at 10 and 15 MPa for points 13 and 14, respectively).

The vibration velocity–time evolution curves for the different positions of cavern were plotted, as shown
in Fig. 8. The maximum velocities for points A and C (approximately 1.5 m/s) were signi�cantly higher
than that for point B (0.75 m/s) during the excavation unloading process. After reaching its maximum
value, the velocity rapidly decreased to 0 until the occurrence of the dynamic disturbance. When the
stress-wave arrived at the cavern boundaries, the vibration velocities at three monitoring points (roof,
�oor, and right side of cavern) all increased—particularly at points A and B (VA > VB > VC). This variation
trend differed from that of the excavation unloading stage (VC > VA > VB). When the stress-wave reached
point C, the stress ampli�cation was signi�cantly reduced after the wave had passed through a series of
free surfaces and long propagation route, which led to a smaller increase of vibration velocity for the �oor
due to the external dynamic disturbance.

4.2 Amplitude of dynamic load
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The effects of the amplitude of the dynamic load on the failure characteristics of an excavated circular
cavern were investigated. The external dynamic stress-wave was imposed on the top domain. Stress
amplitudes of 0, 20, 40, 60, 80, and 120 MPa were considered in the analysis. Figure 9 presents the �nal
failure modes of the circular cavern subjected to various stress-wave amplitudes. As shown, the failure
intensity and damage range increased monotonically with an increase in the stress-wave amplitude σd.
When the stress-wave amplitude was 20 MPa, less newly generated cracks were observed around the
circular cavern compared with the case where there was no dynamic disturbance (σd = 0 MPa). Because
of the wave attenuation and the low stress-wave amplitude, the dynamic response was weak when the
wave reached the cavern boundaries. When the stress-wave amplitude was increased to 40 MPa, several
visible cracks were generated around the surrounding rock of the circular cavern—particularly near the
roof. Under this condition, although the rock mass was fractured by the re�ected tensile wave, the extent
of this in�uence remained at a limited level. As the stress-wave amplitude continued to increase, the
failure intensity and damage range of the surrounding rock gradually increased, and visible cracks
emerged and propagated around the cavern roof. When σd was > 60 MPa, newly generated cracks were
observed in the �oor and both sides of the circular cavern (see Figs. 9e and 9f). Under this condition, the
large stress-wave amplitude led to severe fracture of the rock mass in these areas, even though wave
attenuation occurred. Additionally, the severe fracture and persistent propagation of cracks near the
cavern roof caused stress redistribution and transference when the dynamic stress-wave amplitude was
large. This lead to further increase in the tangential stresses around both sides and the �oor. Therefore,
the rock masses in these areas were fractured.

Figure 10 presents the maximum kinetic energy per unit area (kJ/m2) and fracture damage zone
distribution with respect to the dynamic stress-wave amplitude. Both these indicators increased with the
dynamic stress-wave amplitude. When σd reached 40 MPa, the maximum kinetic energy per unit and the
size of the fracture damage zone were signi�cantly reduced. For example, the maximum kinetic energy
per unit increased from 1.63 at σd = 40 MPa to 3.63 at σd = 60 MPa, and the size of the fracture damage

zone increased from 228 m2 at σd = 40 MPa to approximately 304 m2 at σd = 60 MPa. The overall
variation trends were consistent with those for the �nal failure mode and crack-propagation pattern,
verifying the accuracy of the numerical simulation results.

4.3 Direction of dynamic disturbance
The effect of the direction of the dynamic disturbance on the cavern failure was analyzed. For
comparison with the numerical results presented in Sect. 4.1 and 4.2 (stress imposed from the vertical
direction), the dynamic stress-wave was generated from the right domain (imposed from the horizontal
direction) of the model. Figure 11 presents the maximum principal stress contours for cases of an
amplitude of 80 MPa. Similar to the case of the vertical direction, the wave was attenuated, as indicated
by an increase in the spread distance. The superimposed maximum principal stress value was attenuated
from 111 MPa at t = 2.1 ms to approximately 52 MPa at t = 39.57 ms. However, when the wave was
transmitted near the cavern, visible cracks and obvious damage occurred on the right side, whereas
almost no obvious damage occurred at the other positions of the cavern (particularly near the left side).
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Tao et al. [38] investigated the failure characteristics and stress distribution of a pre-stressed rock
specimen with a circular cavity subjected to dynamic loading. In their study, the stress-wave propagation
through the tunnel and the deformation and failure characteristics of the tunnel were reproduced using
ANSYS software. They found that the plastic deformation was primarily distributed at the sides—
particularly the side where the dynamic stress-wave was incident, as well as the roof and �oor, where
several points with slight deformation were observed. Their conclusions are consistent with our results,
validating our �ndings.

The vibration velocity–time evolution curves for three monitoring points at different positions of the
cavern (dynamic disturbance in the horizontal direction) are presented in Fig. 12. The variation trend after
the dynamic disturbance was analyzed. The maximum velocity ampli�cations for the points decreased in
the following order: VB > VC > VD. The main reason for this is consistent with that in the situation of stress
imposition in the vertical direction (stress-wave attenuation and re�ection) and will not be discussed here.
Additionally, the maximum vibration velocity in the horizontal direction was almost identical to that in the
vertical direction (2.6 and 2.9 m/s, respectively). This indicates that the direction of the dynamic
disturbance hardly affected the failure intensity of the deep cavern.

Figure 13 shows a plot of the �nal failure modes of the circular cavern subjected to different stress-wave
amplitudes (in the horizontal direction). The failure intensity and damage range increased monotonically
with the increasing stress-wave amplitude. This trend is consistent with the results for stress imposition
in the vertical direction (see Fig. 9). However, the main damage range changed from the roof to the right
side of the circular cavern when the disturbance source was from the top domain to the right domain. We
also found that the differences in the overall failure intensity around the cavern were insigni�cant for
identical stress-wave amplitudes.

To validate the aforementioned conclusions, the maximum kinetic energy per unit and the fracture
damage zone for the two disturbance directions were plotted, as shown in Fig. 14. The maximum kinetic
energy was always identical for same stress-wave amplitude and different disturbance directions, similar
to the fracture damage zone. This was particularly true when the dynamic stress-wave amplitude was < 
60 MPa. Du et al. investigated the failure behaviors of different rock types (granite, red sandstone, and
cement mortar) using a novel testing system coupled to true-triaxial static loads and local dynamic
disturbances. The experimental results indicated that the fracture process did not depend on the direction
of local dynamic loading, and the degree of rock failure increased as the local dynamic loading amplitude
increased. This indicates that the direction of the dynamic load had little effect on the development of
rockburst. The experimental results of Du et al. [15] are consistent with our numerical results. Additionally,
we found that the fracture intensity was higher for stress imposition in the vertical direction than for
stress imposition in the horizontal direction. This is attributed to the initial geostatic stress states.
Because more visible cracks were generated in the roof and �oor than in both sides of the cavern during
the excavation unloading stage, the �nal failure intensity became more severe in these areas after the
dynamic disturbance.
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Figure 15 shows the displacement distribution for different monitoring points around the cavern with
respect to the stress-wave amplitude (in both the vertical and horizontal directions). The maximum
displacement value for point A under a vertical disturbance was 0.1729 m, and the maximum
displacement value for point B under a horizontal disturbance was 0.1644 m. The maximum
displacement value for point C under a vertical disturbance was 0.0259 m, and the maximum
displacement value for point D under a horizontal disturbance was 0.0255 m. These results indicate that
for the same stress-wave amplitude, the relative location between the disturbance direction and the
maximum tangential stress had little effect on the damage degree of the circular cavern in the speci�c
static stress environment. These conclusions are based on the small difference between the vertical and
horizontal static stresses (27.9 and 35.8 MPa, respectively). Therefore, the applicability of the foregoing
conclusions to cases with large differences between the maximum and the minimum principal stresses
must be further analyzed.

Effects Of Structural Plane And Dynamic Disturbance On Cavern
Failure
Previous �ndings have indicated that geological discontinuities and weakened planes signi�cantly affect
the mechanical properties of deep underground rock masses [23, 26, 27, 34, 39, 40]. The effects of the
structural plane and external dynamic disturbance on the dynamic response of the deep circular cavern
are investigated in this section.

5.1 Dip angle of structural plane
Four different dip angles of the structural plane were considered in the analysis: 0º, 30º, 60º, and 90º. The
friction coe�cient of the structural plane was set as 0.1. The dynamic stress-wave was imposed on the
top domain, with an amplitude of 60 MPa. The failure characteristics of the circular cavern with a nearby
structural plane before and after the external dynamic disturbance (vertical direction) were analyzed, as
shown in Fig. 16. Before the cavern was affected by the dynamic stress-wave, the surrounding rock was
fractured, and the failure behavior was determined by the excavation unloading process and the
structural-plane effect. As shown in Fig. 16a, the failure intensity and damage degree �rst increased and
then decreased. When the dip angle θ was 0º, visible cracks were generated in the roof. Careful
observation revealed that these cracks were merely distributed between the cavern boundaries and
structural plane, and the failure mode resembled a pan shape. This result is consistent with Zhou’s
description [39]. When θ was 30º, numerous cracks were formed near the structural plane, and new
cracks appeared at the tip of the structural plane. Analogous slabbing failure was observed around the
cavern boundary, which is similar to the previous �ndings [41–43]. When θ increased to 60º, the failure
intensity and crack propagation became more severe. Under this condition, the rock masses on both sides
and the �oor of the cavern were fractured violently. As reported by Feng et al. [23], gradual slabbing
failure may contribute to the stress concentration and dynamic response around the structural plane; the
activated structural plane begins to shear and slip and may in turn cause slabbing failure near excavation
boundaries. Therefore, the extensive and violent coupled reaction may lead to a serious failure and
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dynamic response, even rockburst. When θ was 90º, the failure intensity was reduced instead—
particularly near the cavern roof.

After experiencing the external dynamic disturbance, the circular cavern was obviously aggravated, with
more visible cracks generated in the surrounding rock, regardless of the dip angle. The overall variation
trends of the failure intensity and damage range with respect to the dip angle were similar to the previous
�ndings for the excavation unloading process (the most serious situation corresponded to θ = 60º). In
contrast, at θ = 0º, no visible cracks were generated on the sides of the cavern prior to the external
dynamic disturbance. This may have been due to the structural plane, which inhibited the stress
propagation around the cavern wall and �nally led to a relatively stable state in these areas. However,
when the cavern was subjected to a dynamic stress-wave, cracks were generated in both sidewalls. This
appeared to be due to the consistent fracturing at the cavern roof induced by the stress-wave, which led
to stress redistribution around the sidewalls. Moreover, the cracks in the roof continued to coalesce and
propagate toward both sides of the cavern. The analysis indicated that the failure of the cavern was
affected by the excavation unloading, structural plane, and external dynamic disturbance.

Figure 17 shows the fracture damage zone distribution with respect to the dip angle of the structural
plane under an external dynamic disturbance in the vertical direction. The red line indicates the case
without a structural plane. As indicated by Fig. 17, the damage areas for dip angles of 0º, 30º, and 60º
were larger than that in the case without a structural plane, whereas for a dip angle of 90º, the point was
below the red line. This indicates that the nearby structural plane had both favorable and unfavorable
effects on the failure behavior of the cavern. When the dip angle was 90º, the structural plane inhibited
the fracture of the surrounding rock, for the following two reasons. (1) The shear and slip failure along
the structural plane were not activated by the excavation unloading or external dynamic disturbance,
because the tangential stress was normal to the structural plane; thus, the mutual interaction of slabbing
and shearing did not cause severe dynamic fracture. (2) The presence of the structural plane along the
radial direction may have reduced the integrity of the thin rock plates around the roof.

The displacement–time evolution laws for four monitoring points around the circular cavern were
analyzed, as shown in Fig. 18. Regardless of the location of the monitoring point, the displacement was
always maximized when the dip angle of the structural plane was 60°, whereas at different dip angles,
the displacement distribution was disorganized. This indicates that the failure intensity and damage
range at θ = 60° were signi�cantly more severe than those at the other dip angles. Moreover, all the
displacement values for monitoring point C decreased (to varying degrees) at approximately t = 2 s and
subsequently increased. Because point C was located on the cavern �oor, the movement direction of the
rock mass was opposite to the direction of the displacement generated by the initial geostatic stress
during the excavation and unloading.

5.2 Relative location between structural plane and dynamic-
disturbance source
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The effect of the relative location between the structural plane and the dynamic-disturbance source
(disturbance direction of the stress-wave) on the failure behavior of the circular cavern with a nearby
structural plane was investigated. The dip angle of the structural plane was set as 30°, with a constant
friction coe�cient of 0.1. Figure 19 shows the failure process of the circular cavern after the dynamic
disturbance.

For the vertical disturbance direction (structural plane and dynamic-disturbance source were on the same
side), the cracks were initiated near the cavern boundaries and structural-plane tip at t = 25.89 ms and
gradually propagated toward the cavern roof. At t = 45.33 ms, a few newly generated cracks appeared on
the sides and the �oor. The failure intensity was higher for the roof than for other locations.

For the horizontal disturbance direction (structural plane and dynamic-disturbance source were on
opposite sides), the cracks were initiated on the right side of the cavern and at the structural-plane tip (t = 
25.88 ms). At t = 35.35 ms, more cracks appeared around the structural plane and gradually coalesced
with the cracks on the right side of the cavern. Moreover, cracks were generated around the roof. Because
the structural plane was near the cavern roof, it was further activated by the dynamic stress-wave, which
led to the instability of the rock mass in these areas (t = 45.33 ms).

When dynamic disturbances were imposed on both the top and right domains (structural plane and
dynamic-disturbance source were on opposite sides), the failure intensity and damage range were more
severe and violent than those in the two aforementioned situations. At t = 25.88 ms, the cracks were
generated almost simultaneously in the roof and the right side of the cavern. Over time, the stress-waves
propagated further and coalesced. The right side of the cavern, the roof, and the �oor continued to
deteriorate (t = 50.15 ms)—particularly near the structural plane. Under this condition, the rock mass near
the structural plane was affected by both the external dynamic disturbances (tensile failure) from the two
directions and the structural plane (shear failure) simultaneously. The failure intensity of the left side of
the cavern was lower than those at the other positions.

The effects of the relative location between the structural plane and the dynamic-disturbance source on
the displacement and vibration velocity distribution at selected monitoring points around the circular
cavern were also investigated, as shown in Fig. 20. The displacement and vibration velocity were always
the highest in the case of the double disturbance, regardless of the locations of points A and B. For point
A, the displacement and velocity induced by the dynamic stress-wave from the vertical direction exceeded
those induced by the dynamic stress-wave from the horizontal direction. This is explained as follows: the
longer distance between the disturbance source and point A led to greater stress-wave attenuation for the
case of the horizontal direction. For point B, the displacement and velocity induced by the dynamic stress-
wave from the horizontal direction exceeded those induced by the dynamic stress-wave from the vertical
direction. Additionally, another factor led to the smaller values for the case of the vertical direction: the
structural plane restrained the propagation of the stress-wave toward point B, resulting in the re�ection of
the stress-wave. This indicates that the relative location between the structural plane and the dynamic-
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disturbance source signi�cantly affected the failure intensity and damage range of the deep circular
cavern.

The displacement–time history curves for different monitoring points on the structural plane under
different disturbance directions were analyzed, as shown in Fig. 21. The displacements of the three
monitoring points always decreased in the order of DisE > DisF > DisG, regardless of the disturbance
direction. During the excavation unloading process (before the dynamic stress-wave was induced), the
displacement was larger closer to the cavern roof. At this time, the structural plane near the cavern
boundary was prone to activation and instability, and the failure behavior was determined by the
excavation unloading and the structural-plane effect. After the external dynamic disturbance, because the
structural plane near the roadway boundary was further activated and dislocated by the stress-wave, the
failure intensities in these areas were signi�cantly increased. Additionally, the displacements of the
monitoring points were always larger for the double disturbance than for the other two cases.

For point E, the displacement in the case of the vertical direction exceeded that for the horizontal direction
(see Fig. 21). This is attributed to the longer distance between point E and the right domain, which led to
greater stress-wave attenuation, for the case of the horizontal direction. Furthermore, the displacements
of points F and G exhibited no obvious distinction in these two situations. Because these two monitoring
points were farther from the cavern boundaries than point E, the rock masses in these areas were hardly
affected by the structural-plane activation, excavation unloading, and external dynamic disturbance
effect.

Conclusions
The effects of external dynamic disturbances and the structural plane on rock fracturing around an
excavated deep underground cavern were comprehensively investigated by using a combined FDEM. The
dynamic stress-wave amplitudes, disturbance direction, and dip angle of the structural plane were
considered as key factors. A typical hard rock (marble) extracted from Hongling Lead-Zinc mine in China
was selected for the numerical simulation, and the stress-�eld distribution, displacement, velocity of
failed rock, and failure zone around the circular cavern were comprehensively analyzed. The results
con�rmed that the dynamic response and failure properties of the deep cavern were affected by the
excavation unloading, external dynamic disturbance, and structural plane. On the basis of a parametric
analysis, the following conclusions are drawn.

(1) The mechanical response and failure characteristics of the cavern exhibited typical temporal and
spatial differences under an external dynamic disturbance, which is primarily attributed to the stress-
wave re�ection that occurred when the wave was confronted with free surfaces and underwent persistent
attenuation along the extended propagation route. The cracks formed by the external dynamic
disturbance were tensile cracks.
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(2) The failure intensity and damage range around the deep cavern increased monotonically with the
increasing stress-wave amplitude. When the stress-wave amplitude was ≥ 60 MPa, the failure intensity
was signi�cantly increased. Under this condition, the su�cient stress-wave amplitude led to severe
fracture of the rock mass in these areas, although wave attenuation occurred.

(3) The direction of the dynamic disturbance affected the failure position of the cavern (mainly in the roof
and right side when the direction was vertical and horizontal, respectively) but hardly affected the failure
intensity. The fracture intensity for the case of the vertical direction was higher than that for the
horizontal direction, which is attributed to the speci�c initial geostatic stress states and excavation
unloading disturbance prior to the external dynamic disturbance.

(4) With the increasing dip angle of the structural plane, the failure intensity and damage degree �rst
increased and then decreased, both before (excavation unloading stage) and after the dynamic
disturbance. This indicates that the nearby structural plane had both favorable and unfavorable effects
on the failure behavior of the cavern. Moreover, the relative location between the structural plane and the
dynamic-disturbance source signi�cantly affected the failure intensity and damage range of the deep
circular cavern.
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Figure 1

Typical stress-strain curves and failure modes of marble specimen under uniaxial compressive test based
on numerical simulation and laboratory testing.

Figure 2

Geometry size and established model in the current study.
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Figure 3

Stress path applied in the model. (a) loading and unloading path; (b) triangular load function. Note: σs
indicates the initial static stress, and σd means the dynamic stress.
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Figure 4

Combined static and dynamic loads in the model. (a) model without structural plane; (b) model with
structural plane. Note: σvs indicates the vertical static stress, and σhs indicates the horizontal static
stress.
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Figure 5

Numerical simulation results of the circular cavern induced by excavation unloading effect. (a) minimum
principal stress contour; (b) maximum principal stress contour; (c) crack distribution around cavern; (d)
effect plastic strain contour.
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Figure 6

Dynamic stress-wave propagation process in the numerical model. Note: The dynamic stress-wave was
imposed on top domain, and the amplitude is 80MPa. The initial time starts from 2.5s.
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Figure 7

Radial stress-time evolution curves for corresponding monitoring points in different locations of cavern.
Note: the negative value indicates that the rock is subjected to compressive stress condition.
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Figure 8

Vibration velocity-time evolution curves for three monitoring points in different locations of cavern
(dynamic disturbances in vertical direction).

Figure 9
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Final failure modes of circular cavern subjected to various stress-wave amplitudes. Note: σdy represents
that the external dynamic disturbances is generated from top domain.

Figure 10

Maximum kinetic energy per unit area and fracture damage zone distribution as functions of dynamic
stress-wave amplitude (dynamic disturbances in vertical direction)
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Figure 11

Dynamic stress-wave propagation process in the model. Note: The dynamic stress-wave was imposed on
right domain, and the amplitude is 80MPa. The initial time starts from 2.5s.

Figure 12

Vibration velocity-time evolution curves for three monitoring points in different locations of cavern
(dynamic disturbances in horizontal direction).
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Figure 13

Final failure modes of circular cavern subjected to various stress-wave amplitudes. Note: σdx represents
that the external dynamic disturbances is generated from right domain.
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Figure 14

Maximum kinetic energy per unit and fracture damage zone distribution as functions of dynamic stress-
wave amplitudes. Note: y direction indicates vertical direction, and x direction indicates horizontal
direction)
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Figure 15

Displacement distribution for different monitoring points around cavern as functions of stress-wave
amplitudes in vertical and horizontal direction
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Figure 16

Final failure mode of circular cavern with a nearby structural plane before and after being subjected to
external dynamic disturbances in vertical direction

Figure 17
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Fracture damage zone distribution as functions of dip angle of structural plane subjected to vertical
dynamic disturbances

Figure 18

Displacement-time evolution curves for four monitoring points at different dip angles of structural plane.
Note: Point A is located in roof, Point B is located in right side, Point C is located in �oor, and Point D is
located in left side.
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Figure 19

Final failure mode of circular cavern with a nearby structural plane at a dip angle of 30° subjected to
external dynamic disturbances with various directions. Note: The initial time in this �gure starts from
t=2.5s.
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Figure 20

Displacement and vibration velocity-time evolution curves for two monitoring points around circular
cavern with a nearby structural plane when subjected to external dynamic disturbances. Note: y direction
indicates the vertical direction, x direction indicates the horizontal direction, xy direction indicates both
vertical and horizontal direction. Point A is located in roof, Point B is located in right side.
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Figure 21

Displacement velocity-time evolution curves for three monitoring points in structural plane when
subjected to external dynamic disturbances. Note: y direction indicates the vertical direction, x direction
indicates the horizontal direction, xy direction indicates both vertical and horizontal direction.


