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After a long period of geological tectonic action, the rock mass develops defects such as pores and ﬁssures of diﬀerent sizes and
scales. The mechanical properties of the rock are largely aﬀected by these discontinuous structures, and there will be obvious stress
concentration at the edge of the hole inside the rock. Under the action of concentrated stress, cracks initiate, expand, and penetrate
from the edge of the hole to form the ﬁnal fracture surface and cause instability and failure of the rock mass. In practical
engineering, due to the limitation of various factors, it is impossible to conduct uniaxial compressive strength test for each
geotechnical engineering. Therefore, the rock in the weak part of the project can be selected as the test specimen before the
indoor physical tests. In this paper, the static uniaxial compression test of specimens with circular holes with diﬀerent
diameters is carried out. Digital Image Correlation (DIC) monitoring system is used to observe the test process in real time;
then, the data from uniaxial compression test and DIC monitoring test are obtained. At the same time, the macroscopic failure
characteristics and crack propagation law of rock specimens are obtained, and the evolution law of strain ﬁeld during the
failure process of rock specimens is also obtained. Meanwhile, Realistic Failure Process Analysis (RFPA) is carried out to verify
the accuracy of static uniaxial compression physical tests numerically. Physical tests show that the uniaxial compressive
strength of marble specimens with circular holes and the dispersion of measured peak stress data decrease with the increase of
hole diameter. The main failure type of marble specimens with circular holes is tension shear failure; the macroscopic failure
zone of the sample, the strain ﬁeld localization zone, and the maximum shear stress ﬁeld of the numerical test are distributed
in a semi-“X” shape with the hole as the center. The localization zone of the strain ﬁeld on the specimen is usually the region
of crack initiation, propagation, and penetration on the surface of the marble specimens. It also shows that specimen breaks in
the radial direction along the y-axis of the circular hole, and cracks connecting both ends of the circular hole and the specimen
are generated on the specimen. It is of great theoretical value and practical signiﬁcance to the inﬂuence of the cavities in the
rock specimens on the stress and strain characteristics and the initiation, propagation, and penetration modes.

1. Introduction
Mining and underground construction will cause changes in
rock stress ﬁeld, which will lead to rock failure under diﬀerent stress paths. In order to study the rock failure mechanism and mechanical characteristics under diﬀerent stress
paths, a lot of indoor static test research has been conducted.
The indoor physical test based on compression test is the
basis of geotechnical engineering and rock mechanics test
research. In order to facilitate theoretical research and analysis, the stress state of rock is simpliﬁed and the inﬂuence of

protruding axial pressure on rock failure is considered;
uniaxial compression test is used to study the failure
mechanism and related mechanical characteristics of rock
specimens [1–5].
Based on the quasistatic uniaxial compression test, Yang
et al. [6], Li et al. [7], Xiong et al. [8], Roan and Vemaganti
[9] studied and analyzed the eﬀect of diﬀerent crack numbers, crack lengths, and inclination on the uniaxial compressive strength and elastic modulus of rock samples and
analyzed the crack growth order and its related stress and
strain curves. Bobet and Einstein [10] studied the whole
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Figure 1: Schematic diagram of uniaxial compression test system and DIC monitoring system: (a) construction of test equipment; (b) name
of each part of test equipment.

process of crack initiation, propagation, and penetration of
prefabricated double-ﬁssure gypsum specimens under uniaxial loading. Ko et al. [11] performed uniaxial compression
tests on prefabricated double-cracked gypsum specimens.
Wing cracks and secondary cracks were observed during
the failure process of the specimens. Six failure modes of
the specimens were summarized. Park and Bobet and Li
et al. [12–14] studied the formation and propagation of
cracks on multicracked gypsum specimens under uniaxial
compression. Three diﬀerent types of cracks, wing crack,
parallel secondary crack, and inclined secondary crack, and
seven diﬀerent crack penetration types were observed.
Rock is a nonhomogeneous medium, and its macrofracture failure under uniaxial compression is induced by the
interaction and aggregation of microcracks [15, 16]. Rock
fracture process and destabilization failure results closely
related to rock engineering disasters are mostly studied and
understood by applying simple static load tests on small rock
samples in laboratory physical tests [17–21]. The fracture
process and destabilization of rock specimens are related to
the inhomogeneity of rock material itself. The observation
of nonlinear phenomena during rock fracture is achieved
using existing techniques, such as the observation of stress,
strain ﬁeld evolution during fracture of rock specimen,
self-organized critical phenomena of rock specimens during
the microfracture evolution stage, and stress mutation
[22–25]. The application of numerical simulation methods
in rock mechanics and engineering practice is becoming
more and more common. The Rock Fracture Process Analysis (RFPA) numerical simulation software is developed
based on the basic theory of microdamage mechanics, which
can track the rock fracture process and fully consider the
inhomogeneity of engineering materials such as rock. For
the function of numerical analysis of crack propagation
and penetration, RFPA adopts the numerical calculation
and analysis method of material fracture process based on
ﬁnite element stress analysis and statistical damage theory
which can eﬀectively simulate the whole process of progressive fracture failure and destabilization of rock material
[26–30]. One of the main features of this method is to inves-

tigate the nonuniformity of rock material. RFPA software
has been applied in the aspects of rock burst mechanism,
rock movement, pillar destruction, and interaction between
cracks. It is an advanced method for numerical analysis of
the whole fracture process of rock material and specimens,
which simulates nonlinearity by means of material nonuniformity and simulates noncontinuous medium mechanics
by means of continuum mechanics. Therefore, RFPA has a
good advantage in studying rock mass cracks and can better
reﬂect the discontinuity of structural plane. Therefore, DIC
to monitor the failure process of marble specimens with different diameters under uniaxial compression, and RFPA
software to simulate and analyze the crack propagation
process [31–34].

2. Brief Description of Test Scheme
2.1. Brief Description of Test Equipment. In this paper, the
static uniaxial compression test adopts the uniaxial compression test system. The test system has the functions of timely
presenting the relationship curves between force and time,
force and displacement, displacement and time, stress and
time, and strain and time. During the test, multilevel loading
can be set in the vertical and horizontal directions. The test
system can calculate Poisson’s ratio and elastic modulus
and automatically calculate relevant mechanical parameters.
The static uniaxial compression test in this paper is monitored by DIC monitoring system at the same time. Two
CCD cameras are used to capture and generate images in
the whole process of the deformation process of the subject
so as to obtain the relevant test data such as full ﬁeld
three-dimensional displacement, contour, and strain of the
subject. The system can quickly measure, record, and analyze the deformation degree of the subject, form a detailed
test data analysis report, and complete a comprehensive
and detailed analysis of the behavior law of the test object
under static uniaxial compression. The construction of
uniaxial compression test system and monitoring system is
shown in Figure 1.
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Table 1: Information of rock specimen in static uniaxial compression physical test.

Specimen type

Number

JTDZ1-1
JTDZ1-2
JTDZ1-3

Specimen diagram

Dimensions

O4.0
.

O8.0

JTDZ2-1
JTDZ2-2
JTDZ2-3

.

H × Φ (mm)

a × b (mm)

50:32 × 50:08
49:81 × 50:12
49:78 × 49:89

4.05
4.12
3.95

49:92 × 50:05
50:16 × 50:21
49:83 × 50:11

8.16
8.13
8.03

49:88 × 50:13
49:56 × 50:04
50:15 × 49:96

12.11
12.05
11.98

49:67 × 50:23
50:12 × 49:68
50:07 × 49:72

16.23
16.08
15.87

Prefabricated round hole test piece

O12.0

JTDZ3-1
JTDZ3-2
JTDZ3-3

O16.0

JTDZ4-1
JTDZ4-2
JTDZ4-3

.
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Table 1: Continued.

Specimen type

Number

Specimen diagram

H × Φ (mm)

a × b (mm)

50:14 × 50:13
50:43 × 49:63
49:77 × 50:29

19.96
20.06
20.11

Dimensions

O20.0

JTDZ5-1
JTDZ5-2
JTDZ5-3

.

100
100

Peak intensity (MPa)

Axial stress (MPa)

90

50

80
70
60
50
40
30

0

20
0.0

0.5

1.0

1.5

Axial strain (%)

0

2

4

6

8

10

12

14

16

18

20

22

Diameter (mm)

JTDZ4
JTDZ5

JTDZ1
JTDZ2
JTDZ3
(a) JTDZ1-5

(b) Peak stress of test piece JTDZ1-1~5-3

Figure 2: Axial stress-strain relationship curve and peak stress scatter plot of circular open marble specimens: (a) JTDZ1-5; (b) peak stress
of test piece JTDZ1-1~5-3.

2.2. Preparation and Scheme of Static Uniaxial
Compression Test
2.2.1. Preparation of Test Piece. The marble used in this paper
is collected from the surrounding rock of a mining area in
Xuzhou. The specimen is white and dense in appearance and
sugar-like in cross section and has a density of 2652 kg/m3.
The main mineral components are dolomite and calcite.
Cylindrical specimens with circular holes of diﬀerent diameters were prepared from the collected marble, and uniaxial
compression tests were carried out on the stress and deformation of natural rock holes in mining engineering. The diameter
and height of the rock samples are 50.00 mm, and the unevenness and nonperpendicularity of the machined surface are less
than 0.02 mm. Five kinds of circular holes with diﬀerent diameters are prefabricated at the geometric center of the cylinder
sample. The diameters of circular holes are 4.00 mm,
6.00 mm, 12.00 mm, 16.00 mm, and 20.00 mm, respectively.
The relevant specimen materials are shown in Table 1 below.

2.2.2. Static Uniaxial Compression Test Scheme. Uniaxial
compression test system is used to test samples with round
holes. The loading mode is set to displacement loading
mode, and the loading rate is set to 0.10 mm/min. In addition, DIC monitoring platform system is built to perform
real-time monitoring.

3. Results and Analysis
3.1. Stress-Strain Curve of Specimen during Uniaxial
Compression Failure
3.1.1. Stress-Strain Curve of Marble Specimen with Round
Hole. The complete white marble specimens are prefabricated with round holes of diﬀerent sizes and then tested
under the condition of static uniaxial compression. The
stress-strain curve is shown in Figure 2 below.
With diﬀerent diameters of circular holes as variables,
each set of test includes three specimens for each selected
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(%)
4.2349
3.3603
2.4857
1.6110
0.7364
–0.1382

(a) JTDZ1-1

(b) JTDZ1-2

(c) JTDZ1-3

(I) Semi"X" type strain band
of JTDZ1-1
(%)
7.7014
6.1430
4.5845
3.0261
1.4677
–0.0908

(d) JTDZ2-1

(e) JTDZ2-2

(f) JTDZ2-3

(II) Semi "X" type strain
band of JTDZ2-1
(%)
8.8421
7.0309
5.2196
3.4084
1.5972
–0.2141

(g) JTDZ3-1

(h) JTDZ3-2

(i) JTDZ3-3

(III) Semi "X" type strain
band of JTDZ3-1
(%)
1.9714
1.5338
1.0962
0.6586
0.2211
–0.2165

(j) JTDZ4-1

(k) JTDZ4-2

(l) JTDZ4-3

(IV) Semi "X" type strain
band of JTDZ3-1
(%) 4.0233
3.1514
2.2796
1.4077
0.5359
–0.3360

(m) JTDZ5-1

(n) JTDZ5-2

(o) JTDZ5-3

(V) Semi "X" type strain
band of JTDZ3-1

Figure 3: Failure characteristic diagram and x-direction strain cloud diagram of uniaxial compression specimen with circular hole.

diameter. Static uniaxial compression tests are performed to
obtain the stress-strain curve of the specimen with circular
holes, as shown in Figure 2. The shape and change trend
of the stress-strain curve of the same group of specimens
with the same diameter holes are basically the same, but
due to the heterogeneity of the rock specimen itself, the peak
stress of the same group of specimens will be diﬀerent.
Figure 3(b) shows the relationship between the peak stress

and the diameter of the prefabricated hole in the test results
of each group of specimens. The law shows that as the prefabricated aperture increases, the dispersion of the measured
peak stress of the same group of specimens will be smaller.
The test results also show that the stress-strain curve of the
rock specimen is concave in the initial compaction stage,
and the microcracks inside the specimen are closed at this
time, and the specimen is compacted. With the gradual

6

Geoﬂuids
Table 2: Table of mesoscopic uniaxial compressive strength of marble specimens with open circular holes.
Specimen type and number

Prefabricated round hole test piece

Macroscopic uniaxial compressive
strength (MPa)

Mesouniaxial compressive
strength (MPa)

87
66
44
35
28

140
106
71
56
45

JTDZ1
JTDZ2
JTDZ3
JTDZ4
JTDZ5

(a) Maximum shear stress nephogram of JTDZ1 uniaxial compression fracture mode

(b) Maximum shear stress nephogram of JTDZ2 uniaxial compression fracture mode

(c) Maximum shear stress nephogram of JTDZ3 uniaxial compression fracture mode

(d) Maximum shear stress nephogram of JTDZ4 uniaxial compression fracture mode

(e) Maximum shear stress nephogram of JTDZ5 uniaxial compression fracture mode

Figure 4: Maximum shear stress nephogram of uniaxial compression fracture mode.

increase of the axial strain of the specimen and the gradual
increase of the axial stress, the curve enters the linear elastic
deformation stage. At this time, the stress-strain curve is

close to a straight line. As the axial strain continues to
increase, the curve enters the stage of unstable crack propagation. The specimen changes from elastic stage to plastic
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stage, microcracks develop continuously, the surface of the
specimen breaks, and the volume of the specimen changes
from compression to expansion. After the peak stress, the
interior of the specimen has been damaged. Cracks expand
in a short period of time. The cracks combine and intersect
with each other to form macroscopic cracks and extend.
Then, a cliﬀ-like dip of the stress-strain curve appears. This
could be due to the brittle physical properties of the rock
specimen itself. According to the above stress-strain curves,
it can also be seen that the peak strength of the specimen
decreases with the increase of hole diameter, indicating that
the bearing capacity of the specimen will decrease with the
increase of hole size. The average uniaxial compressive
strengths of JTDZ1-5 are 87.8 MPa, 66.4 MPa, 44.2 MPa,
35.6 MPa, and 28.7 MPa, respectively (the ﬁrst to ﬁfth groups
of specimens with circular holes).
3.1.2. Failure Characteristics and Strain Field Analysis of
Marble Specimens with Round Holes. The failure characteristics of the specimen with a hole diameter of 4 mm under
uniaxial compression are shown in Figures 3(a)–3(c). As
shown in Figure 3(a), a semi-X-shaped macroscopic failure
crack is generated in the specimen JTDZ1-1, and the ﬁnal
failure state of specimen JTDZ1-3 is shown in Figure 3(c).
The specimen itself is damaged due to the penetration of
semi-“X” type macro-failure cracks along the side of the
specimen, and the failure form is tension shear failure.
The failure characteristics of the specimens JTDZ2-1,
JTDZ2-1, and JTDZ2-3 with a circular hole diameter of
8 mm shown in Figures 3(d)–3(f) are similar to those of
the specimen with a circular hole diameter of 4 mm, with
the same tensile-shear failure patterns and similar microcrack shape. The specimens with holes of 12 mm diameter
shown in Figures 3(g)–3(i) have two obvious vertical
through cracks on the side. In the later stage of the test,
the specimen collapses along the crack direction, accompanied by a certain noise, and the fragments of the specimen
ﬂy around at the same time. The main form of specimen
failure is tensile shear failure. As shown in Figures 3(j)–
3(l), the main fracture state of the specimens JTDZ4-1JTDZ4-3 with a circular hole diameter of 16 mm is still a
semi-“X”-type macrofailure crack penetrating along the
side of the specimen, and the speciﬁc failure form is still
tension shear failure. As shown in Figures 3(m)–3(o), the
fracture state of the specimens JTDZ4-1-JTDZ4-3 with a
circular hole diameter of 20 mm is still along one side of
the specimen and exhibits a semi-"X” shape; also, the failure type is pull-shear failure. The fracture failure process
of the specimen can be divided into the following development and evolution stages: the initial compaction stage of
the specimen, the linear elastic deformation stage, the stable crack propagation stage of the specimen, the unstable
crack propagation stage, and the post peak stage. In the
initial loading stage of static uniaxial compression test,
the cracks and holes in the rock specimen are still hard
to be observed; also, it is diﬃcult to directly observe the
original structure in the rock specimen, which is continuously compacted under the inﬂuence of rising uniaxial
pressure. At this time, there will be no new cracks in the
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specimen; this stage is called the initial compaction stage.
During the continuous increase of loading pressure, the
marble specimen with round holes continues to undergo
elastic deformation, and new small cracks appear around
the round hole. This stage is the stage of linear elastic
deformation. Then, the crack extends smoothly to the
top and bottom of the specimen, and the surface of the
rock specimen also forms signs of debris spalling. This
stage is called the stable crack propagation stage. When
the uniaxial pressure of marble specimen exceeds a certain
degree, the crack on its surface begins to expand unevenly
and rapidly. At this time, the rock specimen enters the
stage of unstable crack propagation. With the penetration
of cracks in the specimen, the specimen will produce brittle failure, and the specimen will enter the stage of brittle
failure. After the brittle failure of rock specimen, the specimen may enter the postpeak stage. In Figure 3, the x
-direction strain ﬁeld of the specimen under uniaxial compression is also given. The cloud image shows that the
strain ﬁeld localization zone is located around the circular
hole of the sample and presents a semi-“X” distribution
centered on the circular hole. The localization zone of
the strain ﬁeld is usually the initiation, propagation, and
penetration zone of surface crack.
3.2. Evolution of Uniaxial Compressive Stress Field Based on
RFPA. The above analysis reveals the relevant stress-strain
curves, failure characteristics, and evolution of strain ﬁeld
of marble specimens with circular holes under uniaxial compression. In order to verify the physical test results, ﬁnite element analysis is carried out using RFPA software. After the
macrouniaxial compressive strength obtained from physical
test is transformed into the microuniaxial compressive
strength required by RFPA software, the grid is established.
Then, the numerical test model is constructed after inputting
the geometric parameters of the model and a series of basic
mechanical parameters. The set loading conditions are consistent with the physical test, and the physical test is simulated. The stress ﬁeld distribution diagram of the specimen
in the process of uniaxial compression fracture is obtained.
In this paper, the calculation input values of the mesostrength and mesoelastic modulus used in the numerical simulation test can be converted from the macroelastic modulus
and macrostrength obtained by the physical test according
to the ﬁtting formula. The formula is as follows:
f macro
= 0:2602 ln m + 0:0233ð1:2 ≤ m ≤ 50Þ,
f meso
Emacro
= 0:1412 ln m + 0:6476ð1:2 ≤ m ≤ 10Þ:
Emeso

ð1Þ

The converted numerical parameters are shown in
Table 2.
Figure 4 shows the distribution of the maximum shear
stress ﬁeld during the static uniaxial compression fracture
process of the rock specimen obtained from the numerical
test. It can be seen from Figure 4 that the crack fracture form
of the numerical sample is consistent with the semi-“X”-type

8
macrofailure crack in the physical test shown in Figure 3.
From the maximum shear stress nephogram of numerical
simulation, the fracture process of the specimen can be
revealed in more detail. In Figure 4(a), the fracture process
shows that due to the predrilled holes of the specimen, the
maximum shear stress ﬁeld is distributed in a semi-“X”
shape along the periphery of the circular hole, and the specimen ﬁrst breaks along the radial direction of the y-axis of
the circular hole, and cracks extend from both ends of the
circular hole to both ends of the specimen. When the shear
stress is released, the color of the cloud image becomes light
and blue, which means that this part of the specimen
becomes low. The upper right area of the round hole is broken, and the blue area in the cloud image extends. The crack
in the lower left area of the round hole begins to appear, and
the crack extends along the semi-“X” shape to the bottom of
the specimen. The crack fracture form of the numerical test
in Figure 4(a) corresponds to that in Figures 3(a)–3(c), with
a semi-“X”-type macrofailure crack. With the increase of the
diameter of the circular hole, there is a crack penetrating
through the specimen along the circular hole diameter of
the y-axis in Figure 4(b), and the color of the stress nephogram changes from green to blue after fracture, indicating
that the process is accompanied by the release of shear stress.
The crack continues to expand and extend to the bottom of
the specimen, and a small round hole appears at the crack
end and extend from the upper end of the round hole along
the y-axis. The crack at the upper end of the round hole on
the y-axis continues to expand and extend, the small round
hole continues to expand, and the stress in the upper left
area of the round hole is concentrated, which is a sign of
crack generation. Consistent with the physical test, the
cracks in the upper left and lower right areas of the round
hole of the test piece form a semi-“X”-type macrofailure
crack, as shown in Figures 3(d) and 3(e).The diameter of
the circular hole in the numerical model continues to
expand, and the simulation results are consistent with the
previous ones. The stress concentration ﬁrst appears on the
left and right sides of the circular hole, and there are small
cracks passing through the specimen along the direction of
the circular hole of the y-axis. The new crack ﬁrst appears
at the lower left of the round hole. With the operation of
the model, the crack develops and extends to the bottom
of the test piece and the small crack passing through the test
piece in the direction of the circular aperture of the y-axis.
Also, further propagation and extension develop until a
small round hole is formed, as shown in the middle and later
stages of Figures 4(b) and 4(c).The crack propagation direction at the bottom rotates; also, the crack extends to the
upper part of the test piece and stops growing at the left
end of the contact test piece, as shown in the middle and
later stages of Figures 4(c) and 4(d). The crack form of the
numerical specimens JTDZ3 and JTDZ4 is roughly semi“X,” which is consistent with that in the physical test, and
its failure type is still compression shear failure. The crack
form and stress ﬁeld distribution of the numerical simulation results of specimen JTDZ5 are similar to those of specimen JTDZ1 and JTDZ2, and the results are also consistent
with the physical test.
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4. Conclusion
Uniaxial compression test is carried out on specimens with
round holes, and the stress-strain curve of the specimen is
obtained. At the same time, the macroscopic failure characteristics of the marble samples under uniaxial compression
are obtained, and the uniaxial compression process of the
specimen is monitored through the DIC system. Then, combined with RFPA numerical simulation software, the uniaxial
compression physical test is veriﬁed. The following conclusions are obtained from physical and numerical experiments:
(1) The uniaxial compressive strength and the discreteness of the measured peak stress of the marble specimen with circular hole decrease with the increase of
the hole diameter
(2) The failure type of marble specimens with round
hole is mainly tension shear failure, and the macrofailure zone presents a semi-“X” distribution centered on the round hole
(3) By collecting the speckle images during the uniaxial
compression test, the evolution nephogram of the
strain ﬁeld during the uniaxial compression failure of
the specimen is obtained. The cloud image shows that
the strain ﬁeld localization band is located around the
hole of the sample and is in a semi-“X” shape. The
localization region of strain ﬁeld is usually the surface
crack initiation, propagation, and penetration region
(4) In the numerical simulation test of uniaxial compression, due to the predrilled holes of the specimen,
during the loading process, the maximum shear
stress ﬁeld is distributed in a semi-“X” shape along
the periphery of the circular hole, and the specimen
ﬁrst breaks in the radial direction along the y-axis
of the circular hole. Finally, a crack extending from
both ends of the circular hole to both ends of the
specimen is generated, which is consistent with the
semi-“X”-type macrofailure crack in the physical test
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