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Abstract
Caverns and tunnels are constantly exposed to dynamic loads, posing a potentially significant threat to the safety of rock 
structures. To facilitate the understanding of dynamic fracture around openings, a series of discrete element models were 
established to numerically examine the effect of hole shape on dynamic mechanical properties and crack evolution. The 
results indicate that the existence of a hole greatly reduces dynamic strength, and the reduction is closely related to hole 
shape. The strain variation of pre-holed specimens is more complicated and even larger than the value of intact specimens. 
Although crack initiation differs for varying hole shapes, the entire structural collapse of specimens is controlled by macro 
shear cracks along the diagonal direction of the specimen, which are effectively identified by velocity trend arrows and 
contact force distribution. Finally, comparative analysis between failure pattern of pre-holed specimens under static and 
dynamic loads were conducted.
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1  Introduction

With the population explosion, urban land scarcity and min-
eral resource shortage are becoming increasingly severe, 
which imminently requires developing more underground 
space to accommodate huge human beings and exploiting 
deep resources to maintain the normal operation of society 
(Xie et al. 2021). On one hand, an enormous number of 
underground cravens and tunnels are expected to excavated 
in the near future (Fig. 1a), and their stability and safety 
during construction and operation are of essential impor-
tance to economic benefits and staff’s lives. On the other 
hand, a mass of open goaf are left for some rock projects 
(Fig. 1b), like mining, bringing many geohazards, such as 

spalling, rockburst and ground subsidence. Hence, it is cru-
cially significant to deeply and comprehensively understand 
the underlying fracture mechanism of surrounding rocks of 
cavities, which can provide scientific guidance for design, 
construction, evaluation and maintenance of subsurface 
structures.

The studies on mechanical response of rocks containing a 
hole start from theoretical derivation. As long ago as 1913, 
analytical solutions of stress concentration factor along a cir-
cular or elliptical hole were obtained by Inglis (1913) using 
elasticity theory. For a plate containing a circular hole under 
remote biaxial compression, Sammis and Ashby (1986) cal-
culated the local stress field and further predicted the crack 
growth paths from the hole. Zhao et al. (2011) modified the 
Sammis–Ashby model and found the relationship between 
uniaxial compressive strength (UCS) and the pre-hole 
radius. Considering the effect of a variety of hole shapes, 
the stress distributions around a pre-hole were derived 
(Sharma 2012; Tan et al. 2021b; Wu et al. 2020; Zhao and 
Yang 2015) using complex variable theory, and they also 
found that arched edges can bear large external loads owing 
to a small stress concentration. The solution of Carter et al. 
(1992) also incorporated the effect of confining pressure. As 
the material is anisotropic, a unified semi-analytical solu-
tion was put forward by Setiawan and Zimmerman (2020) 
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to determine the magnitude and direction of stress field. Fur-
thermore, an improved Schwarz alternating method was pro-
posed to obtain the stress solution near the double pre-holes 
with a U-shape (Tan et al. 2021a). In addition, the interac-
tion mechanism between holes in circular (Kooi and Ver-
ruijt 2001; Ukadgaonker 1980) and elliptical shapes (Zhang 
et al. 2003) were analytically explored as well. These find-
ings have laid a solid foundation for revealing the fracture 
mechanism around the holes, however, which also requires 
laboratory tests to validate analytical solutions. In addition, 
according to the principle of similarity, the underground cav-
erns and tunnels are usually simplified as prefabricated holes 
embedded in brittle rock and rock-like materials (Jongprad-
ist et al. 2015), and new experimental phenomena can also 
provide new insights into theoretical analysis in turn. In the 
past century, a large number of experiments were carried out 
to examine the mechanical response and fracture behavior 
of pre-holed brittle materials. Under compression, the ulti-
mate failure mode around a circular hole exhibited slabbing 
fractures approximately along the direction of the maximum 
compressive stress, which were caused by the combination 
of primary and remote cracks (Carter et al. 1991, 1992). 
With the aid of digital image correlation (DIC) technique, 
Li et al. (2017) experimentally examined the fracture process 
of Carrara marble containing a circular or elliptical hole. 
Their findings revealed that the primary cracks causing 
the final failure were highly sensitive to the development 

of strain localized bands. Zeng et al. (2018) compared the 
strength and deformation characteristics of sandstone with 
a various-shaped hole, and they pointed the shape effect on 
the UCS was considerable but on the Young’s modulus was 
insignificant. Under biaxial compression, it was found that 
tensile cracks played a key role in the structural collapse 
at low confining pressure, but the compressive concentra-
tions became the dominant factor for failure at a high confin-
ing pressure (Fakhimi et al. 2002; Lajtai and Lajtai 1975). 
Tan et al. (2022) studied the effect of multiple holes on the 
mechanical response and crack evolution of marble. Their 
results indicated that high compressive stress around one 
hole was more likely to restrict the tensile crack growth from 
other two holes. Yang et al. (2019), Mahmoodzadeh et al. 
(2022), Zhang et al. (2022a), and Ai and Gao (2023) investi-
gated the interaction mechanism between joints and the hole 
through experimental and numerical approaches.

Laboratory test is an effective method to study the crack 
evolution in brittle materials, but it is usually highly expen-
sive and time-consuming. Plus, the implementation of 
experimental investigations from a mesoscopic perspective 
requires advanced precision instruments, such as the syn-
chrotron CT imaging apparatus and scanning electron micro-
scope (SEM). The advancement of numerical simulation in 
recent decades has made it a powerful tool to mimic the frac-
ture process of brittle materials, which has been successfully 
applied and attracted extensive attention in rock mechanics 

Fig. 1   a Underground cav-
erns of the Shuangjiangkou 
Hydropower Station (Xia et al. 
2023) and b Schematic of 
underground goaf (Wang and 
Li 2017)
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and fracture mechanics. Through a finite element package 
in ANSYS, the principal stress distribution were calculated 
to shed light on the stress concentration point under uniax-
ial and biaxial compression (Carter et al. 1991). Zhao et al. 
(2023) adopted PFC2D to reproduce the spalling behavior in 
the rectangular cavity, and the size effect of cavity was also 
examined. Zhang et al. (2022b) extracted the strain values 
of several feature points near a singular square opening by 
RFPA2D, which showed that tensile cracks tended to ema-
nate at the upper and lower edges of the opening. The crack 
propagation paths were also successfully conducted for a 
pre-hole with other cross-section shapes embedded in brit-
tle specimens, such as elliptical and diamond (Zeng et al. 
2018). Since the joints in rock masses cannot be neglected, 
PFC2D simulation results indicated that the failure process 
around a circular hole is progressive at a low joint angle 
but a sudden rupture at a high joint angle, and the increas-
ing angle led to the contraction of damage area around the 
hole (Sagong et al. 2011). Using PFC2D, the effects of the 
stress state and the inclination angle of an elliptical pre-
hole were also numerically studied (Zhang et al. 2023). In 
addition, anisotropy was also added to a distinct element 
model using discrete fracture network (DFN) in UDEC2D, 
whose prominent effect on the induced stress near the hole 
was verified by Karimi-Khajelangi and Noorian-Bidgoli 
(2022).Through FLAC2D and PLAXI2D, Kooi and Verruijt 
(2001) found that the displacement of the interaction area 
between double circular holes were significantly enhanced. 
Thereafter, stress and displacement vector fields were further 
numerically obtained to clarify the coalescence mechanism 
among multi cavities (Abharian et al. 2022; Huang et al. 
2017; Li et al. 2021; Liu et al. 2020; Tan et al. 2021a, 2022; 
Zhao et al. 2021).

Most of the current research were concentrated on the 
mechanical behavior under quasi-static loads. Nonetheless, 
rock engineering is always practically subjected to dynamic 
loads in the excavation process, such as blasting, machine 
vibration and seismic activities (Han et al. 2022, 2023; Li 
et al. 2022, 2023a). On account of this, after numerous 
investigations, it has been widely accepted that dynamic 
mechanical properties are remarkably enhanced owing to 
the increasing strain rate (Mahanta et al. 2017; Ramesh et al. 
2015). With regard to fracture dynamics, researchers and 
scholars paid more attention to the cracking extension from 
“crack-like” flaws (Han et al. 2022b; Li et al. 2019; Yan 
et al. 2021; Zou et al. 2021). It is found that the existence of 
pre-flaws reduced the dynamic strength, and the reduction 
was dependent on the flaw configuration, confining pres-
sure, water content, etc. (Zhou et al. 2021). Shear cracks 
were observed to be initiate firstly, and tensile cracks were 
suppressed owing to the strain rate localization (Zou et al. 
2021). Some efforts were also made to explore the crack-
ing behavior around circular and elliptical holes (Han et al. 

2022a; Li et al. 2023b; Tao et al. 2020, 2022; Weng et al. 
2017), and their results confirmed the significant influence 
of hole inclination.

Previous achievements have greatly facilitated the 
research progress on the damage mechanism of flawed rock 
and rock-like specimens. However, there are a variety of 
shapes for the cross-section of tunnels and chambers apart 
from round shapes, whose dynamic response is still unclear. 
Hence, this study is attempted to systemically examine the 
effect of hole shape on the dynamic mechanical properties, 
cracking process and failure mechanism using a discrete ele-
ment method (DEM).

2 � Numerical model

2.1 � Brief description of PFC

The discrete element method (DEM), possessing a unique 
advantage in simulating brittle crack propagation, has been 
widely recognized and applied in the field of rock frac-
ture mechanics (Abharian et al. 2022; Khazaei et al. 2015; 
Poulsen et al. 2018; Zhang et al. 2020). At present this 
method has become a mainstream approach for reproducing 
the crack initiation, growth, coalescence and final failure. 
In this study, a popular DEM code, two-dimensional parti-
cle flow code (PFC2D) is adopted to conduct the numerical 
simulation, in which the model consists of a gathering of 
rigid particles at various sizes, and the interaction among 
particles is conveyed through contacts. The iterative calcu-
lations adhere to Newton's second law for particles and a 
force–displacement law for in-built contacts.

2.2 � Model setup

2.2.1 � SHPB apparatus

The numerical model of SHPB apparatus is established 
according to Han et al. (2022b), where the length of inci-
dent bar, transmitted bar and striker is 2000 mm, 1500 mm 
and 200 mm, respectively, with a fixed diameter of 50 mm, 
as illustrated in Fig. 2, and their particles are selected to be 
a diameter of 1.25 mm with the contact bond model (CBM) 
applied. To achieve the dynamic stress balance and a con-
stant strain rate, a pulse shaper with the diameter × thickness 
of 25 mm × 3 mm is attached on the incident bar to reduce 
wave oscillation. To ensure the high stiffness and elasticity 
of the steel bars in the entire loading process, the contact 
bond strength is set at an extremely large value. Two meas-
urement circles are set in the bar centers to monitor and 
record the stress and strain waveforms. The minimum radius 
of specimen particles is set the same as that of the particles 
on the bar-specimen ends to ensure a satisfactory contact 
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condition. After a trial-and-error process, the detailed micro 
parameters of the SHPB apparatus are listed in Table 1. Dur-
ing the tests, the high-strength striker is launched to impact 
the incident bar at a high velocity. A half-sine stress wave 
is thus generated and propagate along the loading direction. 
When the stress wave arrives at the incident bar end, a por-
tion is employed to destroy the sandwiched specimen, and 
the other portion is reflected back to the incident bar and 
transmitted into the transmitted bar, acting as the useless 
energy finally.

2.2.2 � Specimen configurations

The specimen size in this simulation study was 
50 mm × 50 mm, and a single hole with various geomet-
ric shapes was created in the specimen center by delet-
ing the particles in the hole area, as illustrated in Fig. 3a, 
where the side length of the square, the diameter of the 
circle, the median of the trapezoid, the long axis of the 
ellipse, and the base line and the height of the arch was 
15 mm, and the height of the trapezoid and the short axis 
of the ellipse were 10 mm and 6 mm, respectively. The 

inclination angle between the long axis of the ellipse and 
the loading direction was denoted as α, from 0° to 90° at 
an interval of 15°.Since the parallel bond model (PBM) 
is able to transfer force and moment, it is more suitable 
to simulate rock materials, which was employed in this 
study. As shown in Fig. 2, the top and bottom edges of 
the specimen model are in a free-boundary condition. 
Parameter calibration is normally the precondition for the 
reliability of numerical results. Herein, the micro param-
eters of sandstone specimens in were employed, as listed 
in Table 2, where the numerical and experimental results 
of a specimen under uniaxial static compression agreed 
well, as shown in Fig. 4.

3 � Validity of the numerical model

3.1 � Stress wave propagation

Figure 5 illustrates the stress wave propagation within the 
specimen and steel bars under a impact velocity of 10 m/s. 
As the striker impacted the incident bar through the pulse 
shaper, a compressive stress wave is generated and then 
propagated along the impact direction. Upon reaching 
the sandwiched specimen, a portion of the stress wave is 
reflected back to the incident bar in a form of tensile stress 
wave, while the remainder continues to propagate into the 
transmitted bar via the specimen. During this process, the 
stress wave propagation adheres to the principles of one-
dimensional stress wave theory.

3.2 � Dynamic stress balance

A pulse shaper was adopted in the simulation to help generate 
a ramp incident stress wave lasting approximately 250 μs. This 
duration allows for sufficient time for the wave to reverber-
ate within the specimen and attain a state of dynamic stress 

Incident bar Transmitted barStriker

Shaper Pre-holed specimen

Measurement circle

Fig. 2   Numerical model of SHPB apparatus with a pre-holed specimen sandwiched

Table 1   Micro parameters of the SHPB apparatus in the PFC model 
(Yuan et al. 2020)

Micro parameters Values

Particle radius (mm) 1.25
Density (kg/m3) 7894.7
Contact modulus of the particle (GPa) 200
Contact bond gap (mm) 0.001
Normal contact stiffness (N/m) 6.86 × 1011

Shear contact stiffness (N/m) 2.45 × 1011

Normal strength (Pa) 1.0 × 10100

Shear strength (Pa) 1.0 × 10100
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equilibrium, which is the precondition for obtaining precise 
and dependable numerical outcomes. After reflection and 
transmission, original waveforms were recorded by measure-
ment circles and depicted in Figs. 6a and b, where all three 
waves exhibit a gradual rise in amplitude with minimal oscil-
lation. The stresses at both the incident and transmitted ends 
of the specimen were also monitored, and their relationships 

with time for an intact specimen and a representative pre-holed 
specimen are shown in Figs. 6c and d. At the loading onset, the 
stress (Inc. stress) at the incident end was obvious larger than 
the counterpart (Tra. stress) at the transmitted end. Follow-
ing multiple wave reverberations, the dynamic stresses at both 
ends were roughly equivalent to each other, particularly prior 
to reaching peak values. This signifies that dynamic stress 
equilibrium was successfully accomplished in our numerical 
study. Moreover, a stress equilibrium factor η was defined to 
evaluate the quality of stress equilibrium, expressed as follows 
(Li et al. 2014):

The closer this factor is to zero, the better the stress bal-
ance is. As can be seen in Fig. 6c and d, the stress equilibrium 
factor exhibits a plateau that approaches zero, indicating that 
dynamic stress equilibrium factor was well-achieved to ensure 
the reliability of numerical results. Then the time-varying 
dynamic uniaxial strength σ(t), axial strain rate 𝜀̇(t) and axial 

(1)� = 2
�
Inc.

+ �
Re.

− �
Tra.

�
Inc.

+ �
Re.

− �
Tra.

(a) (b) (c)

(d) (e) (f)

15 mm

15 mm

20 mm

10 mm

15 mm

15 mm

Fig. 3   a Intact specimen and b–f Specimens containing a square, circular, trapezoidal, arched and elliptical (α = 45°) hole, respectively

Table 2   Micro parameters of sandstone specimens (Zhang and Wang 
2018)

Micro parameter Value

Particle radius (mm) 1.25
Density (kg/m3) 7894.7
Contact modulus of the particle (GPa) 200
Contact bond gap (mm) 0.001
Normal contact stiffness (N/m) 6.86 × 1011

Shear contact stiffness (N/m) 2.45 × 1011

Normal strength (Pa) 1.0 × 10100

Shear strength (Pa) 1.0 × 10100
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strain ε(t) can be calculated as presented below (Han et al. 
2020):

where Ae, Ee and Ce are the cross-sectional area, P-wave 
velocity and Young’s modulus of elastic steel bars, respec-
tively. As and Ls are the cross-sectional area and height of 
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the specimen, respectively. �
I
(t) , �

R
(t) and �

T
(t) are incident, 

reflected and transmitted strain pulses, respectively.

4 � Numerical results

4.1 � Dynamic mechanical properties

Figure 7a depicts the dynamic stress histories of both intact 
and pre-holed specimens. Notably, it is apparent that the 
curve morphology remains consistent across all hole shapes, 
albeit with different degrees of strength reduction. Owing 
to the brief duration of dynamic loading, microcracks are 
unable to undergo sufficient closure, thereby resulting in 
the dynamic stress–strain curve directly entering the linear 
elastic phase. Thereafter, original cracks start to expand and 

Fig. 4   Numerical and experi-
mental a Stress–strain curves 
and b Failure modes of 
sandstone under static uniaxial 
compression (Zhang and Wang 
2018)

Fig. 5   Stress wave propagation in the specimen and steel bars
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new cracks also emanate and develop. After exceeding its 
maximum threshold, the dynamic stress triggers a decline 
in the curve, ultimately leading to irreversible damage of 
the specimen.

To further examine the dynamic mechanical proper-
ties, Figs. 7b–d illustrate the dynamic uniaxial compres-
sive strength and peak strain as a function of the hole 
shape of tested specimens. As shown in Fig. 7b and c, the 
dynamic strength of an intact specimen is 59.96 MPa, and 
the existence of a hole lead to a remarkable reduction. The 
specimen containing a 15° elliptical hole possesses the 
largest peak strength of 46.19 MPa, whereas the specimen 
with a square hole has the smallest strength at 31.37 MPa. 
Although the side length of the square hole is equal to 
the diameter of the circular hole, due to a smaller stress 
concentration at smooth edges, the dynamic strength of 
the former is smaller than that of the latter. The strength 
of specimens containing an arched hole is comparable to 
that of specimens containing a square hole. Apart from 
elliptical-holed specimens, those with a trapezoidal hole 

exhibit the highest dynamic strength due to its small area. 
The relationship between dynamic strength and hole area 
is presented in Fig. 7c, which shows that there is a linear 
decreasing trend in dynamic strength with increasing hole 
area. For specimens containing an elliptical hole, as the 
inclination angle becomes larger, the dynamic strength 
first increases and then decreases, reaching the maximum 
value at 15°.

The effect of hole shape on the peak strain at the peak 
stress is depicted in Fig. 7d. It is evident that the peak strain 
of the intact specimen is 0.0682%. Upon embedding a cir-
cular hole, the peak strain increases to 0.0780%, followed 
by the values of 0.0591% and 0.0583% for trapezoidal and 
square holed specimens, respectively. Notably, specimens 
containing an arched hole exhibit a minimum peak strain 
value of 0.0180%, which is significantly lower than that of 
other specimens, accounting for only 26.39% of that of an 
intact specimen. This is the reason why this shape is widely 
employed in tunnels and roadways. For specimens contain-
ing an elliptical hole, the peak strain displays a reversed 
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U-shaped variation trend with respect to inclination angle. 
For inclination angles between 15° and 75°, peak strain 
remains at a similar level that exceeds the failure strain of 
an intact specimen. When the long axis of the elliptical hole 
is parallel and perpendicular to the impact loading direction 
(α = 0° and 90°), peak strain is significantly reduced com-
pared to specimens containing an inclined elliptical hole, 
and possesses a similar value to those squared- and trapezoi-
dal- holed specimens.

4.2 � Dynamic fracture process and AE reaction

Figure 8a illustrates the dynamic stress evolution and cor-
responding acoustic emission (AE) characteristics of speci-
mens containing a circle, square, trapezoidal and arched 

hole, respectively, where F(τi) represents the mean fre-
quency of AE event generation within a sequence of N con-
secutive events, which can be obtained by Eq. (5):

where ti is the specific moment when the AE event occurs. 
The resultant displacement contours at five featured stresses 
(①–⑤) are plotted in Fig. 8b. Figure 8a reveals that only a 
few AE events are generated in the initial loading stage, as 
the specimen undergoes elastic deformation at this stage. 
Point ② further demonstrates that larger displacement is 
mainly distributed at the incident interface, and the value of 
F(τ) is also at a negligible level. Subsequently, an obvious 
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drop in dynamic stress is observed (③), accompanied by a 
large number of AE events that result a surge in AE counts. 
The time function F(τ) soars as well, which further indi-
cates that microcrack cumulation is sufficient to induce 
macro crack emergence. At this point, displacement is sym-
metrically distributed in a semi-triangle along the median. 
Figure 8a③ shows that the left sidewall of the circular hole 
bears the largest displacement, followed by the roof and 
floor, while the right sidewall exhibits the minimum dis-
placement. A potential X-shaped crack trajectory gradually 
forms along the diagonal of the specimen. As dynamic stress 
peaks at point ④, the number of AE events starts to decrease 
but remains relatively high. The displacement triangle at 
the incident side narrows, leading to a concentration at the 
middle part of the circular hole, whereas its counterpart at 
the transmitted side expands towards the upper and lower 
boundaries of the hole, as shown in Fig. 8a④. The growth 
rate of F(τ) nearly reaches the maximum value before exhib-
iting a decreasing trend; however, its absolute quantity still 
rises. In addition, a secondary crack is generated at the lower 
part near the incident interface. Upon the dynamic stress 
entering the post-peak stage, AE counts experience a promi-
nent decrease, dropping to less than 10 after 100 μs, indicat-
ing that the dominant cracks that split the entire structure of 
the specimen have taken shape, which is supported by the 
displacement contour in Fig. 8a⑤, at which F(τ) also shows 
a decreasing tendency. In Figs. 8b and c, both square- and 
trapezoidal-hole scenarios exhibit a similar dynamic crack-
ing process to that of circular-hole scenario. However, sharp 
corners are prone to stress concentration. The main inclined 
crack at the hole roof is close to the midpoint of the side, 
while at the hole floor, the main crack initiates at the right 
corner and experience a slight diversion prior to the final 
extension along the specimen diagonal. Figure 8d presents 
the dynamic stress history coupled with AE counts and 
fracture process of specimens containing an arched hole, 
respectively. It can be observed that the displacement con-
tours resemble those of the upper half part of circular-holed 
specimens as well as the lower half part of square- holed 
specimens. This enlightens us that, for arched shape, the 
most applied cross-section in engineering projects, both 
vault and lower right corner are vulnerable positions when 
subjected to dynamic loadings perpendicular to the central 
axis of tunnels/caverns.

Figure 9a manifests the dynamic stress, AE counts and 
F(τ) over time for specimens containing an elliptical hole 
with various inclination angles, and the corresponding fail-
ure process is shown in Fig. 9b. As the compressive wave 
reaches the specimen, the dynamic stress undergoes a lin-
ear increasing variation tendency with sporadic AE events, 
and the F(τ) also approaches 0. During the linearly elastic 
stage, a contrasting displacement gradient forms around the 

left hole tip for inclination angles between 0° and 75°, as 
displayed in Figs. 9a–f②. However, for an inclination angle 
of 90°, the gradient is along the left periphery of the ellipti-
cal hole (Fig. 9g②). As the inclination angle increases, the 
displacement gradient gradually moves up forward from 
the tip to the central hole area, and stress concentration 
at the hole tip is mitigated. With a continuous increase in 
dynamic stress, larger displacement tends to concentrate at 
the left side of the elliptical hole, while lower displacement 
is mainly distributed at its right side. The dividing inter-
faces suggest the following dominant macro crack paths 
(Fig. 9a–f③–④). During this stage, more AE activities are 
activated, giving rise to a significant increase in AE counts 
and F(τ). Based on the displacement contour in the latter 
unloading stage (Fig. 9a–f⑤), it can be found that the main 
cracks are shear cracks along the diagonal direction of the 
specimen, with the various initiation positions, from near 
the central part of the hole for the inclination angle no less 
than 45° to the hole tips for the inclination angle between 
60° and 90°. Both AE counts and F(τ) exhibit a decreasing 
tendency in this phase, indicating that the specimen cannot 
bear further external loadings due to final collapse.

4.3 � Failure mode

Ultimate failure modes of intact and pre-holed specimens 
after dynamic uniaxial compression are depicted in Fig. 10. 
For all types of specimens, tensile micro cracks play a domi-
nant role in fracture process, indicating that shear macro 
cracks are more likely to be produced through multiple con-
nection of tensile micro cracks, which is similar to the find-
ings of Einstein and Dershowitz (1990). Shear micro cracks 
are also generated, but in small quantities, and can be fur-
ther classified into two types: shear-tensile cracks, where the 
shear stress between two particles is less than cohesion; and 
shear-compressive cracks, where the shear stress exceeds 
cohesion. In addition, both micro and macro cracks are con-
centrated on the upper and lower sides of the hole, resulting 
in a quasi-X or X-shaped failure pattern. Fewer cracks are 
distributed along the left and right sides of the hole.

For specimens containing a circular hole, new macro 
shear cracks are usually generated at the roof and floor of 
the hole, and propagate along the diagonal direction of the 
specimen until they extend to specimen edges and form an 
X-shaped failure mode, as shown in Fig. 10b. For speci-
mens containing a square (Fig. 10c) or an arched (Fig. 10e) 
hole, apart from corners, cracks are nearly uniformly distrib-
uted along the upper and lower sides of the hole. However, 
regarding a trapezoidal hole, cracks at the upper side are 
similar to those of the square hole, but the cracks at the 
lower part gradually accumulate towards the left corner, as 
shown in Fig. 10d. With respect to an elliptical hole, as the 
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inclination angle less than 45°, cracks not only gather at 
the hole tips but also near the hole perimeter, as displayed 
in Figs.  10f–i. Once the inclination angle exceeds 45°, 

the cracks along the hole periphery gradually accumulate 
towards the hole tips, and they even almost disappear at an 
inclination angle of 90°.
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4.4 � Energy analysis

Figure 11 shows the effect of hole shape on the energy 
properties of rock specimens, where the cumulative height 
of bars represents the incident energy. It can be observed 

that the incident energy of an intact specimen is less than 
that of pre-holed specimens possessing a similar value. 
Reflected energy significantly increases as a hole is pro-
duced at the specimen center regardless of its shape. As 
the inclination angle of an elliptical hole rises, reflected 
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energy exhibits an increasing tendency, whereas transmit-
ted energy first increases and then decreases, though it only 
occupies less than 10% of incident energy. The transmitted 
energy of an intact specimen is 2.95 J, and the creation of a 
hole reduces this value to less than 1 J for circle, square and 
arched holed specimens. Absorbed energy always accounts 
for the largest proportion in incident energy, and energy 
absorption rate (R) is introduced to evaluate the utilization 
rate of input energy that is employed to break the specimen:

where EA and EI denote absorbed energy and incident 
energy, respectively. Figure 11 indicates that intact speci-
mens possess the largest energy absorption rate of 61.61%. 
For specimens containing a circle, square, trapezoidal 

(6)R =
E
A

E
I

Fig. 10   Failure patterns of intact and pre-holed specimens (colors blue, red and green denote shear-compressive, shear-tensile and tensile micro 
cracks, respectively)
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and arched hole, it drops to 52.88%, 48.40%, 55.79% and 
50.14%, respectively. With the increasing inclination angle, 
the rate experiences a decreasing variation trend, which 
enlightens that engineering tunnels are more likely to col-
lapse when the axial direction of the tunnel with an elliptical 
cross section is perpendicular to external loads. Hence, dur-
ing the excavation of tunnels and caverns, both cross section 
and loading direction should be considered to ensure safe 
construction with minimum energy expenditure.

5 � Discussion

5.1 � Crack initiation analysis

To uncover the crack initiation mechanism, the force chain 
distribution of specimens just prior to macro crack initiation 

is obtained and shown in Fig. 12. For an intact specimen, 
it can be seen from Fig. 12a that tensile force chains are 
approximately uniformly distributed in the specimen, indi-
cating that this type of specimen can be regarded as a homo-
geneous material. For a circular hole, two quasi-triangle ten-
sile areas are symmetrically formed at the flanks of the hole 
where following cracks are more likely to generate, and the 
remaining hole perimeter is in a compressive stress state, 
as displayed in Fig. 12b. For a square hole in Fig. 12c, ten-
sile areas are similar to that of the circular hole but become 
larger. Lateral sides are subjected to tensile stress, but the top 
and bottom sides are covered by compressive stress. Notably, 
the four sharp corners also bear a tensile stress concentra-
tion. In Figs. 12d and e, tensile stresses also assemble at 
the later sides of the trapezoidal hole, whereas top and bot-
tom zones are subjected to compressive stress. From above 
analysis, it can be concluded that side walls are prone to 
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Fig. 12   Force chain distribution of intact and pre-holed specimens (colors red and green denote tensile and compressive stress, respectively)
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dynamic failure when subjected to horizontal dynamic loads, 
at which supports should be strengthened to enhance the 
stability of excavation.

For an elliptical hole with the inclination angle of 0° in 
Fig. 12f, most of the hole periphery is under compression, 
apart from two small areas at the hole tip, where tensile 
stress plays a key role. However, with the increase of inclina-
tion angle, tensile concentrations gradually move from tips 
to the central part, but the tensile areas still include the tips 
before 45°. As the inclination angle reaches 45°, as shown in 
Fig. 12i, tensile areas are near the hole tips but do not cover 
the tips. With the continuous increase of inclination angle, 
the scope of tensile stress enlarges and nearly embraces the 
whole side walls for angles of 75° and 90°. Besides, tensile 
stress strips are also formed along the diagonal direction 

of the specimen, as can be seen in Figs. 12k and l. Above 
discussion indicates that the larger the inclination angle is, 
the larger the affected area under tension is, and the after 
the hole tips are.

5.2 � Post‑failure fragmentation

To assess the degree of fracture in intact and pre-holed spec-
imens, the number of microcracks after failure for all types 
of cracks is calculated and shown in Fig. 13. From Fig. 13a, 
it can be observed that intact specimens possess the larg-
est quantity of micro cracks due to a relatively larger bear-
ing area compared to other pre-holed specimens. Circular, 
square, trapezoidal, and arched holes significantly reduce 
the total crack number, but their quantities are similar. 
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In contrast, for an elliptical hole, as the inclination angle 
increases, the micro crack quantity initially increases to 4556 
at 15°, the largest value, before exhibiting a decreasing ten-
dency followed by a minor increase between 75° and 90°. It 
is noteworthy that specimens containing an elliptical hole at 
0°–30° have more microcracks than intact specimens, indi-
cating that these specimens experience a dramatic rupture, 
as shown in Fig. 13. The proportion of tensile micro cracks 
occupies a dominant position and remarkably exceeds the 
shear counterpart regardless of hole shape. This suggests 
that tensile stress plays a crucial role in rock breaking and 
that the essential mechanism of cracks at a micro scale is 
tension. The tensile crack number for specimens containing 
a square and trapezoidal hole is larger than that for circular- 
and arched- holed specimens due to sharp corners being sus-
ceptible to stress concentration which further induces more 
tensile micro cracks. The trend of tensile crack number ver-
sus inclination angle for specimens with an elliptical hole is 
similar to that of total micro crack number.

The numbers of shear-compressive and shear-tensile 
cracks under various hole shapes are illustrated in Fig. 13b. 
The quantify of shear cracks in intact specimens is much 
higher than other specimens, indicating that the existence of 
a pre-hole can reduce shear stress within the specimen. The 
number of shear cracks in circular- and trapezoidal- holed 
specimens is marginally smaller that in square- and arch- 
holed specimens. With respect to specimens with an ellipti-
cal hole, the quantity of shear cracks also first increases, 
peaks at 15°, and then decreases. The number of shear-ten-
sile cracks is similar for circular-, square-, trapezoidal-, and 
arched- holed specimens but lower than that of intact speci-
mens. The effect of inclination angle of the elliptical hole 
on the quantity of shear-tensile is minor, in addition to that 
for a 15° specimen, which is even slightly larger than that of 
intact specimens. However, its effect on shear-compressive 
crack quantity is more prominent, exhibiting a first-increase-
and-then-decrease trend with the largest value at 15°, but all 
quantities are significantly lower than of intact specimens. 
The number of shear-compressive cracks in circular- and 
trapezoidal- holed specimens is smaller than that in square- 
and arch- holed specimens. In summary, pre-hole greatly 
reduces the generation of shear cracks, which further pro-
motes a tensile-dominant failure at micro scale.

Figure 13c displays the effect of hole shape on cumula-
tive crack length. The cumulative shear, tensile and total 
crack length in an intact specimen is 0.15, 3.0 and 3.15 m, 
respectively. In addition to specimens containing an ellipti-
cal hole, other types of the hole lead to a distinct reduction 
in these micro crack lengths, among which the trapezoidal 
hole results in the highest maximum lengths for both total 
and tensile cracks, whereas the square hole produces the 
longest shear crack length. Regarding the inclination angle 
of the elliptical hole, all three crack length parameters show 

a conspicuous increase from 0° to 15° prior to decreasing 
overall for angles between 15° and 90°. When the angle is 
less than 30°, the cumulative lengths of both tensile and total 
cracks overweigh that of intact specimens, indicating a more 
severe fragmentation after failure.

5.3 � Crack type determination

According to the dynamic fracture process, inclined macro 
shear cracks are produced in all types of specimens. Herein 
the specimen containing an arched hole is taken as an 
example to analyze the attributes of these inclined macro 
shear cracks. Figure 14a presents the particle velocity vec-
tor field of the arch-holed specimen prior to macro fail-
ure. Similar to displacement trend lines (Zhang and Wong 
2014) (Fig. 14c), velocity trend arrows are introduced to 
identify the crack mechanism, where the color and direc-
tion of these arrows represent the magnitude and extend-
ing direction of macro cracks. It is observed that inclined 
macro cracks belong to a DF_III type due to significant 
differences in both magnitude and direction, which induces 
slipping behavior to generate shear cracks. However, a 
crack near the left corner can be identified as a DF-I type, 
where particles move in completely opposite directions 
despite possessing similar magnitudes. The corresponding 
contact force distribution is presented in Fig. 14b, which 
shows that principal stress at inclined crack areas is much 
larger than other areas. This driving stress gives rise to 
dominant macro shear crack development during dynamic 
failure process of pre-holed specimens, even though they 
are subjected to tensile stress at a micro scale.

5.4 � Comparative analysis of fracture behavior 
under static and dynamic compression

Zeng et al. (2018) conducted a numerical study on the 
effect of hole shape on the fracture behavior of rock speci-
mens under static uniaxial compression. The failure pat-
terns of these specimens are in Fig. 15a, revealing the 
presence of inclined shear cracks. However, these cracks 
are not purely along the diagonal direction of the speci-
men, unlike those under dynamic axial compression, as 
depicted in Fig. 9b. In addition, dominant cracks initiate 
from both sidewalls of the hole under static loads but from 
the roof and floor of the hole subjected to dynamic loads. 
Tensile cracks from the top and bottom areas of the hole 
are also detected in those specimens under static compres-
sion. Similarly, such cracks are generated in those under 
dynamic loads but only one at the left floor corner. Moreo-
ver, shear cracks form an X-shaped pattern around the hole 
under dynamic loading conditions, while only half of an 
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X-shape crack is observed under static loading conditions 
except for specimens with an elliptical hole (E0).

Dynamic crack growth of rock specimens containing 
an elliptical/circular hole was experimentally examined 
by Cheng (2015), and Fig. 15b displays the results of fail-
ure patterns. Its comparison with Fig. 9b indicates that 
numerical results agree well with experimental results, 
further affirming the reliability of this study, especially for 
other types of specimens. Notably, the failure mode of the 
specimen with a 45° elliptical hole is slightly distinct from 
its numerical counterpart, which may be caused by the 
heterogeneity of rock materials and unevenness of edges.

6 � Conclusions

A numerical investigation was carried out to study the 
dynamic mechanical behavior of rock specimens containing 
a hole with various shapes. AE characteristics, displacement 
contour, micro crack pattern and force chain distribution 
during the loading process were monitored and discussed 

to clarify the fracture process from crack initiation to final 
failure. The following conclusions were drawn:

(1)	 The presence of a hole significantly reduces the 
dynamic uniaxial compressive strength of rocks, with 
elliptical hole at a 15° angle having the lowest reduc-
tion by 22.97% and square hole exhibiting the highest 
reduction by 49.68%, compared with the intact speci-
men. However, the peak strain demonstrates a totally 
different variation trend, with the arched holed speci-
men experiencing a dramatic reduction from 0.0682% 
(intact specimen) to 0.0180% and the 30° elliptical 
holed specimen displaying a prominent increase to 
0.106% that exceeds intact specimens (0.0682%).

(2)	 Regardless of the shape of the aperture, the dynamic 
failure process is primarily governed by the propaga-
tion of shear cracks along the diagonal direction of the 
specimen. This phenomenon can be identified by the 
particle velocity vector field and the contact force dis-
tribution.
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Fig. 14   a Particle velocity vector field and b Contact force distribution (Fc) of the arch-holed specimen prior to macro failure, and c Crack types 
defined by displacement trend lines (thick open arrows) (Zhang and Wong 2014)
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(3)	 Energy absorption rate, positively correlated with the 
dynamic strength, is the underlying mechanism driving 
the dynamic crack development.

(4)	 The quantity of micro shear cracks is greatly reduced 
for pre-holed specimens, while the counterpart of micro 
tensile cracks is closely related to the hole shape.

(5)	 Primary crack paths are mainly along both sidewalls of 
the hole under static loads, whereas they finally form at 
the roof and floor of the hole when exposed to dynamic 
loads.
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