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Abstract: The development of fracture around pre-existing cylindrical cavities in brittle rocks was examined using physical models 
and acoustic emission technique. The experimental results indicate that when granite blocks containing one pre-existing cylindrical 
cavity are loaded in uniaxial compression condition, the profiles of cracks around the cavity can be characterized by tensile cracking 
(splitting parallel to the axial compression direction) at the roof−floor, compressive crack at two side walls, and remote or secondary 
cracks at the perimeter of the cavity. Moreover, fracture around cavity is size-dependent. In granite blocks containing pre-existing 
half-length cylindrical cavities, compressive stress concentration is found to initiate at the two sidewalls and induce shear crack 
propagation and coalescence. In granite blocks containing multiple parallel cylindrical cavities, the adjacent cylindrical cavities can 
influence each other and the eventual failure mode is determined by the interaction of tensile, compressive and shear stresses. 
Experimental results show that both tensile and compressive stresses play an important role in fracture evolution process around 
cavities in brittle rocks. 
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1 Introduction 
 

As underground excavations progress into deeper 
and more complex geological environments, the eventual 
and ultimate limitation in all mining is depth [1]. 
Excavation-induced macroscale fractures, such as roof 
fall, side wall slab and rock burst [2−5], can be often 
observed in the deep high-stressed hard-rock mines, 
occurring extensively in the side walls of underground 
working face. Understanding of the failure modes around 
cavities in brittle rocks under compressive loading 
conditions becomes more and more important in 
searching solutions to the problem that mining activity 
meets [6]. 

In laboratory loading uniaxial compressive stress 
conditions, the fracture patterns of rock specimens 
containing a circular cavity may involve three different 
failure processes: primary fracture at the tensile stress 
concentration, secondary fracture at positions inside the 

rock abutments, and side wall slabbing at the 
concentration of compressive stress [7,8]. HOEK and 
BROWN [2] used photoelastic film to demonstrate the 
presence of remote areas of tension about a circular 
opening. LAJTAI et al [9] used plaster models to 
demonstrate the combination fracture of slabbing− 
crushing and the shear fracture with the failure process in 
the compression zone causing the collapse of the cavity. 
LAJTAI et al [10] employed the physical method to 
study the development of fractures around cavities. 
MARTIN et al [11] carried out a similar test in Lac du 
Bonnet granite and found three types of fractures around 
a 60 mm diameter circular opening. The breakout 
occurred in the maximum shear stress region around the 
boundary of the circular opening, which, for plane-strain 
conditions, was given by JAEGER and COOK [12]. 
However, like other classic physical models, the fracture 
patterns in the rock samples were incapable of 
characterizing the entire fracture process, which  
involved the initiation, propagation, and coalescence of 
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micro-cracks through the formation of a full-scale 
macro-crack. 

Some numerical solutions have been developed to 
illustrate the evolution process of fractures from the 
micro-cracks existing around openings. ZHU et al [13,14] 
and TANG et al [15] applied the rock failure process 
analysis (RFPA) code to model the progressive fracturing 
around a circular opening under uniaxial compression 
and the acoustic emission (AE) distributions, where 
fracturing patterns and the maximum shear stress 
distributions were presented. FAKHIMI et al [16] used 
the particle flow code (PFC) based on the distinct 
element method, to simulate the localization behavior of 
rock samples within a circular cavity and to reproduce 
the damage zone. These numerical results could be used 
with more confidence to examine the nature of damage 
and failure in rocks. However, these codes have rarely 
been reported to simulate the fracture evolution of rock 
samples with half-length cylindrical excavations or with 
three cylindrical cavities. 

To enable good comparison between the previous 
studies, 15 granite specimens with cylindrical cavities of 
different diameters were examined to study crack 
initiation, propagation and coalescence of cylindrical 
cavities on the failure patterns of rock specimens. Two 
other groups of granite samples in the panel, containing a 
half-length cylindrical cavity or three cylindrical cavities, 
were also used to study their failure patterns. The aim of 
this study is to identify the evolution, interaction and 
development of fractures around cavities subjected to 
uniaxial compression and to interpret their failure 
patterns. 

 
2 Experimental 
 
2.1 Physical specimen model test 

Twenty five medium-grained brittle hard granite 
blocks with dimensions 100 mm×100 mm×200 mm were 
cut and ground to accurate size based on the 
recommendation of the ISRM [17]. All the specimens 
have a height-to-width ratio of 2. Parallelism between 
top and bottom faces of each specimen is within an error 
of 0.02 mm. The fracture evolution in granite samples 
with pre-existing single cylindrical cavities was 
experimentally modeled to examine the influence of 
cavity diameter on crack evolution behavior. Fifteen 
blocks of granite, divided into 3 groups of 5 blocks each, 
were prepared with cylindrical cavities with diameters of 
20, 28 and 38 mm. This was the uniform of the fifteen 
rock samples. The compressive strength averaged 
112 MPa while the tensile strength averaged 12 MPa. All 
of the specimens with cylindrical cavities were loaded 
under uniaxial compression. Each cuboid granite 
specimen was equipped with four axial and lateral strain 
gauges attached on the surface of the specimens and 
positioned directly in direction of tensile/ compressive 
stress concentration areas (Fig. 1). 
 
2.2 Testing apparatus 

The uniaxial compression tests were carried out 
with a 3000 kN capacity testing machine (Fig. 2), which 
used displacement control featuring electromechanical 
controllers with three control channels. The loading 
system recorded the values of the load and displacement 

 

  
Fig. 1 Specimen with different cylindrical cavities in diameters of 20, 28 and 38 mm, strain gauges, acoustic emission monitoring 
system and loading conditions (a), cuboid granite samples consisting of half-length cylindrical cavity with 20 mm in diameter and 
50 mm in length (b), and cuboid granite samples containing three cylindrical cavities with diameters of 28 mm (top and bottom) and 
20 mm (center) (c) 
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Fig. 2 Schematic of strain gauge, acoustic emission instrumentation and data collection systems (a) and photograph of testing 
apparatus (b) 
 
and drew the curve of load−displacement instantaneously. 
The specimens were loaded to fail at a minimum loading 
speed of 0.05 mm/min. Eight acoustic emission (AE) 
transducers were glued to different points along the outer 
surface of specimens. 
 
2.3 Acoustic emission monitoring equipment 

An 8-channel, high-speed AE signal acquisition and 
analyzing system, with a sampling rate of 10 MHz, a 
40 dB pre-amplification (1220A-AST) and a 20 dB gain, 
acquired and recorded the characteristics of AE and 
demonstrated their temporal and spatial distribution 
during the rupture-brewing process. The threshold was 
set at 100 dB to eliminate a high signal-to-noise ratio. 
The AE signals were acquired by 8 transducers with 
frequency sensitivities from 125 Hz to 750 kHz. Using a 
Geiger location algorithm [18−21], AE event location 
was tested from the first arrival time of p-waves detected 
using the AE sensors. The AE monitoring system not 
only digitized the signal waveform, but also stored 
features of each signal. 
 
3 Results and analysis 
 

Three types of models containing cylindrical 
cavities were tested to observe the development of 
fracture patterns and to collect quantitative data on the 
total crack length as a function of the increasing uniaxial 
load. The following three sections depict the crack 
initiation, propagation and coalescence of granite 
specimens containing cylindrical cavities: increasing 
compressive stress, development of primary shear, and  
remote cracking. The fracture evolution was studied for 
three groups of granite samples containing cylindrical 
cavities under the uniaxial compressive conditions. 

3.1 Crack evolution in granite specimens with 
different diameters of cylindrical cavities 
Three cases of experiments were carried out. For 

case 1, the cuboid specimen has a cylindrical cavity of 20 
mm diameter located in the middle height of the 
specimen; case 2, the cuboid specimen has a cylindrical 
cavity of 28 mm diameter located in the middle height of 
the specimen; case 3, the cuboid specimen has a 
cylindrical cavity of 38 mm diameter located in the 
middle height of the specimen. 

The AE events locations during the failure process 
are presented in Fig. 3. Only the AE events that could be 
located with an error less than 5 mm were selected for 
the source characterization. In case 1, it can be clearly 
seen that many AE events were concentrated around the 
potential tensile damage zones. Therefore, the compliant 
behavior of the rock was responsible for the initiation of 
the cracks that developed in the roof−floor of the cavity. 
The tensile fracture zones eventually reached the vertical 
upper and lower boundaries. In case 2, it can be clearly 
seen that the AE events were mainly concentrated around 
the perimeter of the cylindrical cavity when the vertical 
stress reached 35 MPa. The AE events, mainly 
concentrated at the roof−floor, gradually formed clusters, 
thereby initiating the tensile fracture and slabbing. 
Although many AE events were recorded outside the 
zone of rock mass surrounding the cavity, these AE 
events were not the active micro-cracks, which were 
significant because of their effect on the mechanical 
properties of the rock. At initial stage, it was difficult to 
predict where the macro-crack would begin in the 
loading process, because the AE events were discrete in 
the specimen. When the vertical stress reached 81 MPa, 
the AE events occurred around certain clusters, and were 
in a distinct AE active zone that developed in the roof- 
floor of the cylindrical cavity and the nucleation zone in 
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Fig. 3 Distribution of acoustic emission location in granite specimens with pre-existing cylindrical cavities 
 
the specimen. In case 3, the AE active zones were 
connected to form a large active AE zone that was 
consistent with the site of the macro-cracks. In contrast, 
very few localized AE events occurred in the region near 
the vicinity of cavity wall during the total loading 
process. With the influence of strong interaction between 
isolated micro-cracks, these isolated micro-cracks 

progressively propagated in an unstable manner, and 
eventually coalesced to form a splitting macro-crack 
failure. 

Figure 4 presents the failure patterns of the 
specimen containing the smaller pre-existing cylindrical 
cavity, which failed in a splitting mode (Fig. 4(a)),   
and its cleavage paralleled the direction of the maximum 
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Fig. 4 Fracture distribution of cuboid granite samples containing cylindrical cavities with different diameters (I: Tensile fracture; II: 
Compressive fracture; III: Slabbing; IV: Remote fracture) 
 
axial stress [22], whereas the other two specimens failed 
because of cracks initiated in a shear stress zone. When 
the diameter of the cylindrical cavity was 28 mm, the 
failure pattern (Fig. 4(b)) was the remote or secondary 
fracture at the rock abutment and the side wall slabbing 
at the compressive stress concentration due to the tensile 
fracture initiation at the roof−floor [23]. In contrast to the 
failure pattern of the specimens with a cylindrical cavity 
of 28 mm in diameter, the specimens with a cylindrical 
cavity of 38 mm in diameter had failure patterns (Fig. 
4(c)) that occurred as tensile cracking in the roof−floor 
and the V-shaped notch in the side wall. However, their 
similarity was not perfect. In general, the slabbing 
occurring in the periphery of the 38 mm diameter 
cylindrical cavity was much more serious than in the 
cavity with 28 mm in diameter, and no crack-remote 
damaged zone in a compressive area can be seen in   
Fig. 4(c). Whether the deformation induced instability 
problem in the cylindrical cavity is dependent upon the 
ratio of the diameter of the cylindrical cavity to the width 
of the cuboid granite sample, it was demonstrated in the 
previous detailed description. The fracture nucleation 
stress and fracture types for all three granite types were 
size-dependent with size sensitivity being most 
prominent in the different size ranges. 

Figure 5 shows the stress−strain curves of granite 
specimens with cylindrical cavities of different diameters. 
Tensile stress concentration and the damage initiation 
were measured by the strain gauges attached along the 
direction of the fracture with the increasing uniaxial load. 
The lateral strain was increased with the increase of the 
cavity size. For specimens with cavity diameter of 20 
mm, the tensile stress concentrated at the roof−floor and 
the compressive stress concentrated at the two sidewalls 
(Fig. 5). When the axial stress was 50 MPa (with        
a maximum axial strain of 0.17%), the tensile crack 
initiated in the roof−floor of the cylindrical cavity. With  

 
Fig. 5 Axial stress vs axial/lateral strain behavior of specimens 
with cylindrical cavities 
 
the increase of axial loading, the tensile crack gradually 
propagated, nucleated and coalesced, thus leading to 
instability of the granite samples. The failure pattern was 
slightly different from previous experimental results [6], 
which showed no compressive damage at the sidewalls 
and remote cracks (case 1 in Fig. 3). The pattern of the 
macroscopic fracture observed at the roof−floor was 
generally parallel to the direction of the uniaxial 
compressive load. 

For specimens with cavity diameter of 28 mm and 
38 mm, when the axial stresses were 40 MPa and 25 
MPa with the maximum axial strains of 0.14% and 
0.058%, respectively, the tensile cracks initiated and 
developed from the roof and floor. With the increase of 
compressive stress, cracks were initiated approximately 
adjacent to the termination of the tensile fractures and at 
some distance from the cylindrical cavity at the roof and 
floor and the propagation of cracks paralleled to the 
direction of axial stress. However, the crack did not 
fulfill the coalescence criterion in the tensile stress 
concentration. During the propagation of the tensile 
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crack, when axial stress exceeded the compressive 
strength of the granite specimens, compressive damage 
was initiated and grew; the damage was also observed at 
the sidewalls. The resulting damage zone occurring [24] 
is commonly referred to as a breakout or V-shaped notch 
(Figs. 4(b) and (c)). The failure around the cavity 
observed in the granite samples is depicted in Figs. 4(b) 
and (c), which reveals that the V-shaped notch occurred 
in a manner similar to that observed in previous studies 
[25,26]. As the distance from the cavity face increased, 
the failure zone became wider and deeper. As the axial 
stress increased, slabbing was first observed in the 
periphery near the cylindrical cavities with diameters of 
28 mm and 38 mm under high stress conditions [27] and 
then collapsed, leaving dust and small particles (see  
Figs. 4(b) and (c)) [10,23]. However, the slabbing failure 
in the case of a cavity diameter of 28 mm at these 
compressive stress concentrations was no more obvious 
than that in a 38 mm-diameter cavity. The specimens lost 
their loading capacity. The remote failure, either tensile 
or primary, and the sidewalls fractures around a 
cylindrical cavity of 28 mm in diameter are shown in Fig. 
4(b), whereas no remote failure was observed, as shown 
in Fig. 4(c). Fracture development beyond the stages of 
the primary tension and normal shear fracture was 
usually responsible for the eventual collapse of the 
cylindrical cavities in the specimens. 
 
3.2 Crack evolution in granite samples with half- 

length cylindrical cavities 
To investigate workplace failure behavior of an 

underground cavity under uniaxial compression, another 
group of five granite specimens containing pre-existing 
half-length cylindrical cavities were considered. In this 
case, the diameter and length of cavities were 20 mm and 
50 mm, respectively, as shown in Fig. 1(b). The vertical 
load was applied at a rate of 20 kN/min and showed a 

uniaxial compressive strength of 98 MPa, a P-wave 
velocity of 3850 m/s and a Poisson ratio of 0.24. The AE 
system was used to monitor the failure process during the 
total testing process. 

The AE events location distributions are presented 
in Fig. 6. It can be seen that before the vertical stress 
reached 16 MPa, the AE events were mainly distributed 
in the upper and bottom boundaries. With loading 
increasing, the tensile and compressive stress 
concentrations were located in the roof−floor and two 
sides of cylindrical cavity. After the axial stress reached 
90 MPa, a distinct AE active zone developed in the 
specimen. Although a few of AE events occurred through 
the whole specimen, most AE events were clustered near 
the nucleation zone on the left-hand side of the specimen. 
The final AE events showed that the AE active zones 
were connected to form the macro-cracks of the 
V-shaped notches in the two sidewalls and the shear 
fracture in the panel. It is likely the damage in the 
notches and, therefore, the compliant behavior of the 
rock in this region was responsible for the initiation of 
the cracks. These rupture zones eventually reached the 
vertical boundaries [16]. 

The primary crack and shear fracture of the granite 
specimens with half-length cylindrical cavities are 
illustrated in Fig. 7. The most prominent failure zone 
observed around the cylindrical cavities in the brittle 
rocks was the region of breakout. This zone formed as a 
V-shaped notch and was caused by microcracking. The 
compressive stress damage zone was larger in the area of 
the side walls than in the roof−floor area of the 
cylindrical cavities. Under tangential stress conditions, 
the breakouts occurred in the region of maximum 
tangential stress around the boundary of the cylindrical 
opening. One important characteristic of the shear 
fracture was that it was not a single fracture, but a 
fracture zone caused by shear damage. In addition to the 

 

 
Fig. 6 Distribution of acoustic emission location in cuboid granite sample containing half-length cylindrical cavity with 20 mm in 
diameter and 50 mm in length: (a) 16 MPa; (b) 60 MPa; (c) 90 MPa; (d) 98 MPa 
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Fig. 7 Fracture distribution of cuboid granite sample containing 
half-length cylindrical cavity with 20 mm in diameter and 50 
mm in length 
 
failure patterns on the surface, the shear fracture at the 
two side walls could also be observed ahead of the face 
of the half-length cylindrical cavities. 

The axial stress vs axial/lateral strain and the 
accumulative AE events curves are shown in Fig. 8. 
Before the axial stress reached 16 MPa, the stress (tensile 
in the roof−floor; compressive in the side walls) was 
concentrated on the periphery of the cylindrical cavity 
[28,29], and observed through the data provided by the 
strain gauges. The lateral strain began to increase more 
rapidly than the axial strain. Existing micro-cracks 
closed to the point where nearly all the strains could not 
be recovered upon unloading (Stage I). Tensile failure 
was first noticed in the roof−floor region, whereas 
compressive damage was first initiated in the side walls 
of the five testing granite specimens when the axial stress 
exceeded the uniaxial compressive strength of the 
specimens. Subsequently, more compressive damage was 
observed in the two side walls, which eventually led to 
the primary (compressive) failure in two sides of the 
cylindrical cavity (Stage II). The increase in axial stress 
and the high compressive stress were concentrated at the 
side walls when the axial stress reached 90 MPa. 
V-shaped (in echelon) fractures caused by micro- 
cracking (Stage III) resulted in localized failure and 
occurred extensively in the side walls. After the 
propagation of the primary compressive fracture, any 
increase in the axial stress led to continuous initiation 
and propagation of shear fractures. Shear fracture was 
observed in locations remote from the perimeter of the 
cylindrical cavity. These shear fractures were associated 
with the redistribution of tensile stress towards the side 
walls of the cavity. The axial and lateral strains caused 
unstable changes. Shear fractures propagated from the 
V-shaped notch to the macroscopic fracture and they 
propagated away from the cylindrical cavity (Stage IV). 

From Fig. 8, it can be inferred that the remote fracture 
was also caused by the tensile fracture. The granite 
specimen lost its strength, and the main crack broke. The 
eventual collapse of the circular cavities in the specimens 
was caused by the concentration, initiation, propagation 
and coalescence of the shear stress. 
 

 
Fig. 8 Axial stress vs strain, accumulative acoustic emission 
and lateral strain behaviors of cuboid granite samples 
containing half-length cylindrical cavity with 20 mm in 
diameter and 50 mm in length 
 
3.3 Crack evolution in granite specimens with 

multiple cylindrical cavities 
To study the influence of the interaction between 

cavities close to each other, the specimens containing an 
array of three circular cavities arranged in vertical lines 
were tested. Five granite specimens with three circular 
cavities (the diameters of two pre-existing cylindrical 
cavities were 28 mm at the top and bottom of the 
specimens and one pre-existing cylindrical cavity was 
20 mm in diameter in the center (Fig. 1(c)) were loaded 
under uniaxial compression. Sixteen electric strain 
gauges with serial numbers A−H were instrumented on 
the specimens to measure the axial and lateral strains 
(Fig. 9). 
 

 
Fig. 9 Axial stress vs axial/lateral strain behavior of granite 
samples with three pre-existing cylindrical cavities 
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Fig. 10 Distribution of acoustic emission location in granite specimens with pre-existing cylindrical cavities: (a) 30 MPa; (b) 38 MPa; 
(c) 47 MPa; (d) 62 MPa 
 

Figure 10 shows the AE events location distribution 
during the total loading process. From Fig. 10, it is clear 
that very few localized AE events occurred at the upper 
edge of the granite specimens during the early stage of 
loading when the vertical stress reached 30 MPa. The 
results showed that the tensile crack initiated in the roof 
of the pre-existing cylindrical cavity. With load 
increasing, more of the AE occurred, and the AE active 
zones were connected to form a larger AE active zone. It 
was found to be consistent with the occurrence of 
macro-cracks. 

Figure 9 shows the ultimate failure patterns and 
fracture distribution for the granite specimens containing 
multiple pre-existing cylindrical cavities. The 
coalescence stress was 96 MPa. At first, the cracks grew 
quickly. When the tips of the cracks were near the ends 
of the specimen, the propagation then slowed down, or 
sometimes stopped, because of the boundary effect. 
When the shear stress in the area between the cavity and 
the free boundary of the specimen was sufficiently high, 
shear failure occurred between the cavity and the free 
boundary (Fig. 9). It is interesting to note that no cracks 
nucleated from the central cylindrical cavity arranged in 
the vertical line. The tensile stress decreased around the 
central cavity, which may have been caused by the 
presence of the free specimen boundaries. The crack 
growth can be seen more clearly in the following loading 
stage in the specimens containing multiple cylindrical 
cavities. The interaction between cavities and their 
coalescence was more complicated than that discussed 
above, and the central, smaller cavity became the 
direction of the splitting failure. 

Figure 11 shows the curves of axial stress vs 
axial/lateral strain of granite specimens with pre-existing 
cylindrical cavities. As shown in Fig. 11, when the 
specimens were subjected to a uniaxial compressive 

 
Fig. 11 Axial stress vs axial/lateral strain behavior of granite 
samples with three pre-existing cylindrical cavities 
 
stress, the axial strain contracted and the lateral strain 
extended. At low stresses (less than 32 MPa), the axial 
and lateral strain steadily propagated, but the axial strain 
increased more rapidly than the lateral strain. As a result 
of the changing axial/lateral strain, the tensile stress was 
concentrated in the roof−floor and the compressive stress 
was concentrated at the side walls. With the axial stress 
increasing, the lateral strain changed more than the axial 
strain ratio. When the tensile stress exceeded the tensile 
strength of specimens, tensile cracks initiated in the roof- 
floor. These cracks were usually manifested by small 
changes in the position and orientation of fracture 
surfaces at the roof of the top cavity and the floor of the 
bottom cavity; however, no damage initiation could be 
observed surrounding the central smaller cavity. When 
specimens were subjected to a higher stress 
(σ=66.5 MPa), the lateral strain at the roof−floor of the 
pre-existing cylindrical cavity attained the maximum 
value, and the propagation of the tensile crack started to 
stabilize. Meanwhile, high compressive stresses were 
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concentrated at the sidewalls, where some small flakings 
could be observed at the sidewalls of the upper and 
central cavities. After the axial stress reached 82 MPa, 
the slight compressive stress increased the number of 
tensile fracture “breakthrough” from the upper and lower 
cavity to the top and bottom faces, and the shear 
fractures closed at the sidewalls and floor of the central 
cavity. Although the compressive failure was initiated 
purely by local fracture, the cracks still appeared to 
propagate, yet the compressive cracks could not affect 
the failure patterns of the specimens. The remote cracks 
appeared in the compressive stress zones and were 
parallel to the axial stress direction. The failure was not 
localized in the circular cavity, but was instead within 
finite regions determined by the geometry. The fracture 
evolution was influenced more and more by the presence 
of the adjacent cylindrical cavities and the orientation of 
their crack propagations relatively to another. The 
eventual failure patterns were created by the interaction 
of tensile and shear stress. 
 
4 Conclusions 
 

1) A critical axial stress is required to initiate crack 
growth, which depends on the initial pre-existing 
cylindrical diameter. Cracks nucleate more readily from 
larger cavities than from smaller cavities; the uniaxial 
maximum stress in the specimens decreases with the 
increasing cavity size. 

2) V-shaped cracks are observed to initiate from two 
sides of the specimen containing a half-length cylindrical 
cavity, and the nucleated shear cracks propagate away 
from the cavity. 

3) In a specimen that containing multiple cylindrical 
cavities with different diameters, cracks initiate, 
propagate and coalesce in more complicated patterns, 
which indicates the existing of interaction between the 
crack and the free surface of specimen. 

4) The locations of the AE events, determined in the 
test experiment, clearly show the evolution of damage 
and failure process. It is found that the acoustic emission 
is not completely in the area of the rupture zone, 
denoting the damage zone distribution near the observed 
fractures. 
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单轴压缩条件下含圆形孔洞脆性岩石的断裂演化 
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摘  要：应用物理模型和声发射技术，研究预制圆形孔洞脆性岩石的断裂演化过程。结果表明：在单轴压缩条件

下，含单圆形孔洞岩样的破坏主要表现为在孔顶底产生平行于加载方向的拉伸劈裂裂纹，在孔两侧产生压缩裂纹，

在孔的周边产生远场裂纹，而且其断裂破坏具有尺寸效应；对含有半长圆孔的开挖花岗岩样，首先在圆孔两侧壁

产生压应力集中，诱发产生剪切裂纹的初始、扩展和贯通。对含有多个平行孔洞的岩样，其破坏主要是相邻圆形

开挖产生的拉、压、剪共同作用的结果。结果表明，拉、压应力是造成含圆形孔洞试样断裂的关键因素。 

关键词：圆形孔洞；断裂演化；单轴压缩；声发射定位；剥落 
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