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Various fractures and holes in the natural rock mass affected the mechanical

properties of the rock mass and the safety construction of engineering. In this

study, we investigated the mechanical properties of a single fracture-hole rock

specimen using particle flow code 2D (PFC2D) numerical simulation software

and through laboratory tests. We analysed the failure behaviours and

mechanical properties of the rock specimen with a single fracture-hole

specimen under different fracture angles. The failure modes of single

fractured rock samples with different fracture angles were revealed. The

fracture propagation and stress evolution of the rock specimen with a single

fracture-hole under different fracture angles were investigated. The

experimental results shown that the peak strength, peak strain, elastic

modulus, initial fracture stress, and damage stress of the single fracture-hole

rock specimen with different fracture angles were significantly less than those

of the intact rock specimen. Moreover, fracture hole defects accelerated the

generation of fractures and promote the failure of the rock specimen. The

failure modes were divided into Y, inverted Y, and V types. Before the rock

specimen fractures, the stress concentration areawasmainly distributed at both

ends of the fracture. The stress concentration area at both ends of the fracture

gradually decreased, and the stress concentration area near the hole gradually

increased as the fracture angle increased. By experiments, the acoustic

emission of the model had gone through three stages: initial, steady growth,

and rapid decline. The size of the inclination angle affected the number of

acoustic emission hits and the generation of acoustic emission signals. Failure

behaviours of the rock specimenwith a single fracture-hole were systematically

investigated, which could promoted the development of fracture rock

mechanics and improved the understanding of instability failure mechanism

in rock engineering, such as nuclear wasted treatment engineering and deep

underground engineering.
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1 Introduction

Rocks were affected by a series of geological actions due to

long-term geological movement, resulted in the occurrence of

various types of defects inside and on the surface of rocks (Wang

et al., 2018; Pan et al., 2019; Zhao et al., 2019; Yin et al., 2021; Qi

XH, 2022). The mechanical properties of rocks with different

types of defects vary greatly compared with intact rocks (Zhang

and Wong, 2012; Wu et al., 2016; Yang et al., 2016; Zhang et al.,

2019; Zhou et al., 2019; Chen et al., 2021). In recent years, with

the development of various underground projects, such as water

conservancy projects, bridge and tunnel projects, and mining

projects, several fractures and holes were generated in rocks,

leading to changes in the mechanical properties of rock mass

(Brantut et al., 2013; Zhang et al., 2016; Sqy et al., 2017; Zhang

et al., 2020). Therefore, it was of great significance to study the

failure characteristics and mechanical properties of rock with a

single fracture-hole for effective operations of various

underground projects.

At present, there were increasingly the experimental studies

and numerical simulations reported on defective rock.

Specifically, the failure characteristics and mechanical

properties of rocks with different types of defects were

analysed in terms of pore morphology and fracture length.

Based on the existing literature, many researchers obtained

successful results regarding conventional holes, fractures, and

pore-fracture combinations. Lin et al. (2020a) (Zhang and Yin,

2014) used acoustic emission (AE) and digital image correlation

(DIC) techniques to analyse the results of a series of uniaxial

compression tests on defective rocks with double circular holes,

and fully realized the mechanical properties and fracture

mechanism of holes in defective rocks. Yang et al. (2016) (Lin

et al., 2020a) conducted uniaxial compression tests of brittle

sandstone samples with a single fracture using rock mechanics

servo control test system, and the influence of fracture

penetration on strength and deformation failure behaviour of

brittle sandstone samples with single fracture was analysed. Ma

et al. (2021) (Yang and Jing, 2011) studied the experimental

results of a square rock containing two parallel discontinuous

rough fractures under uniaxial compression load. The results

shown that the initiation and propagation of this type of fracture

reduced the mechanical properties of the specimen before

reaching its peak strength. The interaction of fracture

parameters had a significant indigenous effect on the

compressive strength and deformation modulus. Lin et al.

(2020b) (Asadizadeh et al., 2018) studied the mechanical

properties of a double circular fracture-hole rock under

uniaxial compression using the discrete element method. The

experimental results shown that the existence of holes and

fractures would reduce the mechanical properties of rock.

Chen et al. (2020a) (Lin et al., 2020b) performed uniaxial

compression tests of rock with 10 different types of hole

defects using PFC2D, and the failure behaviour and

mechanical properties were analysed. The results shown that

the hole shape had an influence on the stress distribution around

the hole, and the hole defects reduce the damage degree of the

rock. Ma et al. (2021) (Chen et al., 2020a) conducted uniaxial

compression tests using PFC2D to study the failure mechanism

of sandstone samples with double-hole and double-fracture

combination defects. Wu et al. (2019)) studied the effect of

the interaction between holes and fractures on the coalescence

behaviour of fractures around holes based on the uniaxial

compression test and particle flow code (PFC).

For other types of defective rocks, various relevant studies had

also been conducted. Lu et al. (2021) proposed that the dip angle

had a significant influence on the strength anisotropy of the

columnar jointed rock by analysing the failure mode and failure

mechanism of the columnar jointed rock under different load

conditions. Liu et al. (2017) (Lu et al., 2021) studied the influence

of the number of cross-fractures, fracture angle, and fracture

spacing on the defective rock by PFC3D and revealed the

damage and fracture mechanism of the fractured rock under

uniaxial compression. Asadizadeh et al. (2019) (Liu et al., 2017)

conducted experiments on artificial fractured rocks with several

discontinuous rough fractures under uniaxial compression.

Through the multivariate statistical analysis, the effects of the

four parameters, such as fracture roughness coefficient, bridge

length, bridge angle, and fracture angle, on uniaxial compressive

strength, deformation modulus, and fracture coalescence stress of

fractured rocks were studied. Bahaaddini et al. (2013) (Asadizadeh

et al., 2019) modelled SRM using the discrete element software

PFC3D and studied the influence of fracture geometry parameters

on the rock failure mechanism, unconfined compressive strength,

and deformation modulus. The results shown that the fracture

direction and step angle were the main factors that determine the

failure mode of rock, and the fracture direction relative to the

principal stress direction was the most important parameter that

affects rock properties. Huang and Yang (2016) (Bahaaddini et al.,

2013) carried out a series of PFC2D numerical simulations on

sandstone samples with three parallel fractures under uniaxial

compression. The influence of fracture dip angle on stress-strain

curve, strength and deformation parameters, and fracture

evolution characteristics in sandstone with three fractures were

analysed in detail. Dai et al. (2019) (Huang and Yang, 2016)

conducted a numerical simulation by using the parallel bond

particle model containing two intersecting fractures. The

intersection angle of the two fractures was used to perform the

numerical simulation. Moreover, they studied the effects of the

intersection and inclination angles on the peak stress, fracture

initiation stress and fracture coalescence stress. Cheng et al. (2019)

(Dai et al., 2019) numerically simulated the plate fracture model

and performed laboratory tests on specimens with various shape

echelon defects, compared the variation trend of fracture initiation

stress and peak stress in the simulation and experiment, and

explained the influence of the fracture array angle on fracture

initiation stress and peak stress.
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The research materials of the aforementioned studies were

specimens with only simple defects or those with simple

superposition of different defects. There were few studies on

the mechanical properties and failure process of some rocks with

complex defect, while the rock defects in the actual geotechnical

engineering were mostly complex combined defects. With the

above problems of pre-fabricated rock defects, in this study, we

used the single fracture-hole composite defect specimen with a

more complex defect combination as the research object. We

conducted uniaxial compression tests on a single fracture-hole

rock specimen in the laboratory.

2 Methodology

Due to the complex operation and large workload, it was

difficult to analyse the influence of different fracture angles on the

mechanical properties and failure characteristics of a single

fracture-hole rock specimen via experiments. Compared with

physical tests, numerical analysis was simple, convenient, and

cheap, had high repeatability, and could address the problem of

an insufficient number of experiments. Therefore, in this study,

we used the particle flow numerical simulation software to

analyse the mechanical properties and failure characteristics of

a single fracture-hole rock specimen.

2.1 Overview of particle flow code

The PFC was based on the discrete element method proposed

by Cundall in 1979 (Cheng et al., 2019), which simulates the

motion and interaction of circular granular media through the

discrete element method. The composite material of the PFC

model consisted of solid particles, which interacted with each

other to illustrate their behaviour. The PFC model represents the

independent motion and interaction between different particles

in internal force contact. In the PFC software, the particle shape

could be described in the form of a two-dimensional disk or

three-dimensional sphere, and the characteristics and particle

parameters of particles in a discontinuous environment could be

analysed.

In PFC2D, contact and parallel connections could be used

to simulate the connection between rock particles. A contact

connection could only transfer force between units, while a

parallel connection could transfer both force and torque.

Parallel keys in parallel links could be regarded as a set of

elastic springs with constant normal and shear stiffness,

uniformly distributed on the cross-section of the contact

plane (two-dimensional rectangular and three-dimensional

disc) and centred on the contact point. These springs act

parallel to the springs of the linear component. The relative

motion occured at the contact after the parallel bond was

formed, resulting in both force and torque in the bonding

material. This force and torque acted on two contact blocks

was related to the maximum normal and shear stresses of the

bonding material around the bonding. If any of these maximum

stresses exceed the corresponding bond strength, the bond

material, along with its associated force, moment, and

stiffness, was removed from the model. In this study, the

uniaxial compression test of rock specimen was simulated

using parallel keys (Figure 1).

2.2 Model and boundary condition

It was necessary to determine the mechanical parameters and

bond properties of microscopic particles in rock when simulating

the rock specimen with PFC2D. However, these parameters

could not be obtained directly through laboratory tests.

Therefore, it was necessary to select and validate microscopic

parameters before performing numerical simulations. Many

numerical simulations were conducted to ensure that the

simulation test conditions were consistent with the laboratory

test. Then, the numerical simulation results were compared with

the laboratory test results, and the microscopic mechanical

parameters of the particles were adjusted repeatedly through

trial and error (Holt et al., 2005) until the simulation test

requirements were met.

Figure 2 shown the comparison of the final calibration results

between the laboratory and numerical tests. Based on the figure,

the stress-strain curve was similar in shape and the failure mode

was in good agreement. Table 1 shown that the determined final

microscopic parameters.

The mechanical properties and failure characteristics of

single fracture-hole rock specimen with different fracture

angles were studied using PFC2D, and the numerical models

of a single fracture-hole rock specimen with different fracture

angles were established. The width and height of the model

specimen were 50 and 100 mm, respectively. The circular hole

had a radius of 5 mm. The lower and right boundaries of the

circular distance were 20 and 20 mm, which were located in the

centre below the model. The fracture width and length were

0.5 and 10 mm, respectively. The angles between the fracture

centre and the horizontal direction of the rock specimen were set

to 0°, 15°, 30°, 45°, 60°, 75°, and 90°. The geometric parameters and

numerical model of the specimen were shown in Figure 3. The

plane stress model was adopted, which was loaded by the

displacement loading at a rate of 0.01 mm/s.

2.3 Analysis of the numerical simulation
results

2.3.1 Stress evolution law
To increase the efficiency of the experimental data, the

subsequent data changes would had no significant effect on
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this simulation when the stress decreased to 30% of the peak

stress. Thus, we did not calculate it. Compared with the stress-

strain law of the intact rock, the fracture angle had no significant

effect on the stress-strain law of a single fracture-hole rock

specimen. In addition, they had experienced the initial

fracture compaction stage, linear elastic deformation stage,

non-linear deformation stage, and post-peak softening stage.

The strain-stress curves of the intact rock and single fracture-

hole rock specimen with different fracture angles were shown in

Figures 3, 4, and the stress-strain curve and the number of the

FIGURE 1
Parallel bond model (Cundall and Strack, 1979).

FIGURE 2
Comparison of calibration numerical and experimental
results.

TABLE 1 Micro-parameters of the model in the numerical simulation.

Parameter Value Parameter Value

Porosity 0.1 Minimum particle diameter 0.2

Parallel bond cohesive force (MPa) 47 Particle density (kg/m3) 2500

Particle size ratio 1.4 Particle contact modulus (GPa) 3.3

Parallel bond tensile strength (MPa) 20 Friction angle of parallel bond (o) 50

FIGURE 3
Stress-strain curve and fracture number-strain curve of a
single fracture-hole rock specimen.

Frontiers in Earth Science frontiersin.org04

Jiang et al. 10.3389/feart.2022.1083689

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1083689


fractures-strain curve with the same fracture angle were in the

same colour.

In Figure 3, the peak strength of the single fracture-hole rock

model and the time to reach the peak strength gradually increase as

the fracture angle increases. This was because the hole and fracture

defects weaken the brittleness of the rock and increase its ductility,

verifying the accuracy of the laboratory test. In Figure 3, the stress-

strain curve divided the deformation of the single fracture-hole

rock model into four stages: pore fracture compaction, elastic

deformation, plastic deformation, and post-fracture. The stress

decreased rapidly when the stress exceeded the peak stress.

In Figure 4, the strain-stress curve of the intact rock model

was similar to that of the single fracture-hole rock model. Before

reaching the peak, the rock model shown plastic deformation,

and the image shown linear growth at this stage. After reaching

the peak strength, the stress decreased rapidly, indicated that the

rock had a typical brittle failure, which was related to the

laboratory test material of red sandstone. The above

conclusions were consistent with the numerical simulation

results of other scholars (Chen et al., 2020b).

2.3.2 Elastic modulus and number of fractures
The relationship between elastic modulus and fracture number

of the intact rock model and single fracture-hole rock model with

different fracture angles was shown in Figure 5. Based on the figure,

with the increasing fracture angle of the single fracture-hole rock

model, the elastic modulus gradually increases, and there was no

huge fluctuation. When fracture angle changed from 0° to 90°, the

growth rate at each stage was small, and themaximumwas notmore

than 1.5 GPa. In addition, the number of fractures increased and

decreased in stages as the fracture angle of the single fracture-hole

rock model increased. When the fracture angle was 0°–45°, the

number of fractures was significantly lower than that when the

fracture angle was 60°–90°. With the increase of the fracture angle,

the number of fractures increases periodically, the elastic modulus

increases, and the bearing capacity of the single fracture-hole rock

model decreases. The number of fractures in the intact rock model

was much larger than that in the single fracture-hole rock model

with different fracture angles. In addition, the total number of

fractures in the rock model decreased as the fracture angle

decreases. In practical geotechnical engineering, pre-fabricated

horizontal fractures and holes could was considered to reduce

the number of fractures generated during rock failure to control

the degree of rock failure.

2.3.3 Peak stress and peak strain
Peak stress was the maximum stress value of rock during

uniaxial compression. It represented the maximum strength and

beared capacity of rock and was an important parameter to study

the mechanical properties of rock. In Figure 6, the peak stress

values of the intact rockmodel and single fracture-hole rockmodel

shown an increasing trend, and the growth trend of peak stress was

consistent with the growing trend of peak strain. With the increase

of fracture angle, the values of peak stress and peak strain of single

fracture-hole rock model gradually increased. Based on Figure 6,

the peak stress and peak strain values of the single fracture-hole

rock model and the complete rock model were different.

2.4 Failure analysis of the rock model

2.4.1 Initiation stress and damage stress of the
rock model

In the uniaxial compression test of the rock model, the rock

model bore the axial loading stress. Under its action, the contact

FIGURE 4
Complete rock stress-strain curve and fracture number-
strain curve.

FIGURE 5
Relationship between elastic modulus and fracture number
of single fracture-hole rock model with different fracture angles.
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force between the particles of the rock model was greater than the

cohesive force such that the stress concentration occurs in a

certain area of the rock model, and local damage occurred,

resulted in micro-fractures. The axial stress corresponding to

the first occurrence of micro-fractures was the initiation stress.

The fracture gradually extended, and the number of fractures

increased as the axial stress of the rock model increased. When

the axial stress increases to a peak value, the growth rate of the

fracture reaches the peak value, and the axial stress of the rock

model was called the damage stress.

Fracture initiation stress σci and damage stress σcb were not

only important characteristic values of the rock mass strength but

also the boundary points of different stages in the process of

fracture propagation. Table 2 shown the fracturing and damage

stresses of the complete rock and single fracture-hole rock model

and their relationship to the uniaxial compressive strength.

The fracture initiation stress and damage stress of the intact

rock model and single fracture-hole rock model with different

fracture angles were shown in Figure 7. Based on the figure, the

initiation and damage stresses of the single fracture-hole rock

model with different fracture angles were smaller than those of

the intact rock model, and their values were 26.60 and

79.09 MPa, respectively. The fracture initiation stress of the

single fracture-hole rock model shown a decreasing trend at

0°–45° and an increasing trend in 60°–90°. The damage stress of a

single fracture-hole rock model shown an increasing trend, and

the growth rate was close. The above phenomena shown that the

change of the fracture angle of a single fracture-hole rock model

intensifies the failure process of rock model.

2.4.2 Failure characteristics and stress evolution
of the rock model

The initiation, damage, peak value, and final failure time of

the rock model were used as the characteristic moments for

comparison to study the failure characteristics of the rock model

and the development process of fractures in the uniaxial

compression process of the single fracture-hole rock model

and intact rock model with different fracture angles. Figure 8

shown the macroscopic failure process of the single fracture-hole

rock model and intact rock model with different fracture angles.

It was apparent that the complete rock model and the single

fracture-hole rock model with different fracture angles were

mainly tensile fractures. The shear fractures were relatively

small (red was tensile fractures, blue was compressive shear

fractures, and green was tensile shear fractures) compared

than that in the single fracture-hole rock model.

Based on Figure 8A, when the uniaxial compressive stress of the

rock model with a fracture angle of 0° increases to 27.04MPa, it did

not fracture at the tip of the fracture but produces a tensile fracture in

the upper and lower parts of the pre-fabricated fracture along the

direction of the axial stress. Then, it broken at the upper right corner

of the rock model as the axial stress gradually increases. The

propagation path of the fracture extended from the initial to the

unilateral, and then to the bilateral. When the fracture runs from the

bottom to the upper left corner, a short slip deformation occurs,

forming many tensile-shear fractures and a V-shaped fracture

morphology. The failure mode was a tensile-main shear failure.

In Figures 8B,C, the fracture propagation of the rock model with

fracture angles of 15° and 30° was consistent with that of the model.

It could be easily obtained from Figures 8D,E that, when the

fracture angles of the single fracture-hole rock model were 45°

and 60°, a tensile fracture was generated on both sides of the

fracture in the fracturing stage, and the fracture in the failure

process was mainly concentrated in the upper left end of the rock

model. The fracture propagation path changed from a fracture at

one end to a fracture at both ends, and gradually concentrated in

the hole direction as the axial loading stress increases. Finally, the

fracture ran through the rock model, and the failure model was a

tension-dominated local shear failure.

As shown in Figure 8F, the length of the tensile fractures

generated on both sides of the fracture in the single fracture-hole

rock model at the fracturing stage was significantly shorter than

that of the rock model at other angles when the fracture angles α

of the single fracture-hole rock model were 75° and 90°. Based on

Figure 8G, no tensile fractures were generated on both ends of the

fracture, but tensile fractures were generated in the axial direction

of the hole. Fractures in the process of failure were mainly

concentrated in the left and right lower ends of the rock

model. With the increased of axial loading stress, the fracture

propagation path gradually extended along the hole direction

until it ran through the entire rock model, and finally formed an

inverted y-shaped fracture morphology. The failure model was a

shear-dominated and tensile failure.

FIGURE 6
Peak stress and peak strain model diagram of the single
fracture-hole rock model with different angles of the intact rock
and fracture.
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Based on Figure 8H, the failure of the intact rock model in the

failure process was mainly concentrated in the lower end of the

rock model. The propagation path of the fracture extended from

the initial to the unilateral, and then to the bilateral as the axial

loading stress increased. When the fracture ran from the bottom

to the upper left corner, a short slip deformation occurs, formed

many tensile-shear fractures and a V-shaped fracture

morphology. The failure mode was a tensile-main shear failure.

2.5 Fracture propagation and stress
evolution of the rock model

The contact force chain and stress evolution results of the

four stages of initiation, damage, peak, and failure of each model

were selected to investigate the stress distribution and evolution

results of the intact rock model and single fracture-hole rock

model with different fracture angles. In the contact force chain

diagram, the red and blue regions represented the compressive

stress region and tensile stress region, respectively. In the stress

evolution results, the tensile stress was positive and the

compressive stress was negative. The contact force chain and

stress evolution results of the single fracture-hole rock model

with different fracture angles were shown in Figure 8.

Based on Figure 9, the complete rock model and the single

fracture-hole rock model with different fracture angles were

dominated by compressive stress in the failure process. In

addition, the failure of the complete rock model and the

single fracture-hole rock model was due to the loss of the

bearing capacity in the middle of the rock model, which was

because the fracture was in the middle position of the upper part

of the rock model. The rock model begins to fracture when the

axial stress was 27.04 MPa and the fracture angle α = 0°. Local

stress concentration occurred at both ends of the fractures,

resulted in four tensile stress regions and six compressive

stress regions. Two tensile stress regions were generated near

the hole. The compressive stress region in the rock model reached

the maximum when the axial stress was 41.81 MPa as the axial

stress increases, as shown in Figure 9. Moreover, there was no

stress concentration at both ends of the fracture when the

fracture angle was 90°. Until the axial stress reaches the peak

value of 60.76 MPa and the rock model was damaged, there was

no stress concentration at both ends of the fracture because the

direction of the fracture was consistent with the direction of the

axial stress, and most of the stress was transferred to the vicinity

of the hole. The local stress concentration near the fracture was

gradually weakened, and the local stress concentration near the

hole was more apparent as the fracture angle increased. The peak

stress of the rock model with different fracture angles was less

than that of the intact rock model. The ratio of the peak stress of

the single fracture-hole rock model to the peak stress of the intact

rock model increased from 52.7% to 85.42%. This indicated that

the peak stress of the single fracture-hole rock model was

gradually increasing as the fracture angle increases. When the

fracture angles were 15°, 30°, 45°, 60°, and 75°, there were six

TABLE 2 Relationship between initiation stress, damage stress, fracture number, and uniaxial compressive strength of the rock model.

Category σci/MPa σcb/MPa σci/σ σcb/σ Number of fractureds

α = 0° 16.38 41.93 0.3891 0.9960 4093

α = 15° 15.33 46.27 0.3314 0.9978 4797

α = 30° 11.14 48.96 0.2265 0.9953 4689

α = 45° 10.22 54.21 0.1882 0.9983 4276

α = 60° 14.33 62.90 0.2276 0.9989 7511

α = 75° 24.20 66.22 0.3642 0.9965 7102

α = 90° 25.29 63.20 0.3988 0.9967 6397

Intact rock 26.60 79.09 0.3346 0.9948 9352

FIGURE 7
Relationship between initiation stress and damage stress of
the intact rock model and single fracture-hole rock with different
fracture angles.

Frontiers in Earth Science frontiersin.org07

Jiang et al. 10.3389/feart.2022.1083689

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1083689


FIGURE 8
Complete rock model and failure mode of single fracture-hole rock model with different fracture angles. (A–H), the damage mode images of
the fracture at 0-90° and intact are indicated.
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FIGURE 9
Contact force chain and stress evolution results of intact rockmodel and fractured rockmodel with different angles. (A) α=0°, (B) α= 15°, (C) α=
30°, (D) α = 45°, (E) α = 60°, (F) α = 75°, (G) α = 90, (H) Intact rock.

Frontiers in Earth Science frontiersin.org09

Jiang et al. 10.3389/feart.2022.1083689

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1083689


compressive stress concentration areas and six tensile stress

concentration areas during the initiation period, and the

distribution of stress concentration areas was the same.

3 Experimental study on the
mechanical properties of single
fracture-hole rock specimen

Field sampling was difficult and costly due to the uncertainty

and complexity of the natural rock internal structure. However,

artificial specimen preparation was convenient, low cost, and

could accurately determined the fracture angle and hole size of a

single fracture-hole rock specimen. Therefore, artificial

specimens were selected in this experiment, and acoustic

emission and DIC were used to study the fracture

propagation and stress evolution characteristics of a single

fracture-hole rock specimen.

3.1 Specimen preparation

The specimen material used in this test was red sandstone

from a quarry in Hubei. Red sandstone was composed of

granular clastic structure and argillaceous cementation

structure. The strength of red sandstone varied greatly

due to the difference in the cementing material and

weathering degree, made the sample preparation difficult.

Therefore, only single fracture-hole rock specimen with

fracture angles of 30° and 45° were prepared for

experiments, and the relationship between acoustic

emission characteristics, rock fracture propagation and

digital speckle and different fracture angles were studied.

Specimens were taken from the same intact rock specimen

and cut into a length of 100 mm, width of 50 mm, and

thickness of 20 mm to reduce the difference between

specimens. The high-pressure water jet cutting machine

was used to cut the sample, as shown in Figure 10.

3.2 Test scheme

The specimens were placed on the AG-X rock mechanics

electronic universal testing machine, and uniaxial compression

tests were conducted on each specimen. The axial stress was

applied on the surface of the rock specimen until it was

damaged. In the displacement control test, the uniaxial

compression test was carried out on the red sandstone

specimens prepared at a fixed displacement speed of

0.01 mm/s. During the test, AE signals and DIC digital

characteristics in the deformation process of the red

sandstone were monitored in real-time by acoustic emission

and digital speckle (Figure 11).

3.3 Test result analysis

3.3.1 Stress-strain image analysis
As shown in Figure 12A, the OA section was the internal pore

compaction stage of the rock specimen when the fracture angle

was 30°. Due to the existence of small fractures in natural rock,

the early stage of uniaxial compression was a process of

compaction of small fractures, formed early non-linear

deformation. In this stage, the lateral expansion of the

specimen was small, and the volume of the rock specimen

decreases as the load increases. The AC section was the stage

from the elastic deformation of rock specimen to the stable

development of micro-elastic fractures, and the stress-strain

curve at this stage was approximately linear. The rock

specimen in the AB and BC sections was in the elastic

deformation stage and the stable development stage of micro-

fracture, respectively. At this stage, the acoustic emission energy

value changed slightly due to the high brittleness of sandstone.

CD section was the unstable fracture development stage of rock

specimen. The rock specimen changed from elastic deformation

to plastic deformation at point C with the continuous loading of

axial stress. In this stage, the internal fracture condition of the

rock specimen had undergone a qualitative change, and the

internal fractures of rock specimen gradually increased. The

stress-strain curve reach the peak at this stage, and the

acoustic emission energy value also reached the peak. In the

stage after point D, although the bearing capacity of the rock

specimen reached its peak strength, and its internal structure was

also destroyed, the entire rock specimen remains, and the stress-

strain curve shown a rapid decline.

FIGURE 10
Geometric shape of single fracture-hole rock specimen in
laboratory test. (A) α � 30°, (B) α � 45°.
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As shown in Figure 12B, when the fracture angle α was 45°,

the peak stress of the rock specimen in the CD section was higher

than that in Figure 12A, and the time for the rock specimen to

reach the peak strength was also longer than that in Figure 12A

under the continuous loading of axial pressure.

3.3.2 Digital image correlation image analysis
When the fracture angle of single fracture-hole rock specimenwas

30°, the DIC characteristic diagram of the laboratory test was shown in

Figure 13. Combined with Figure 12, the failure characteristics of the

rock specimen with fracture angles were as follows.

FIGURE 11
Test control and monitoring system.

FIGURE 12
Relationship between axial stress-strain curve, acoustic emission times and time of a single fracture-hole rock specimen. (A) α = 30°, (B) α = 45°.

Frontiers in Earth Science frontiersin.org11

Jiang et al. 10.3389/feart.2022.1083689

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1083689


As shown in Figure 13A, the stress concentration occurred

at the fracture tip AB at the initial loading stage of the rock

specimen, and the microfracture first occurs here,

accompanied by a small amount of acoustic emission

energy. With the continuous loaded of axial stress, as

shown in Figure 13B, the fractures at both ends of the

fracture extended in the opposite direction, the fractures at

CD shown a trend of penetrating through the rock specimen,

and the stress at both ends of the fracture was significantly

increased compared with Figure 13A. With the continuous

loading of the axial stress of the rock specimen, as shown in

Figure 13C, the fractures at EF at both ends of the fracture

gradually developed, and the trend of penetrating the rock

specimen was more apparent. In addition, the fractures that

penetrate rock specimen occurred at G, and the stress

increases significantly. Based on the uniaxial compression

test, the internal microfracture expanded rapidly and

penetrated each other, and the energy value rose to about

2,500 in an instant.

When the fracture angle of a single fracture-hole rock

specimen was 45°, the DIC characteristic diagram of the

laboratory test was shown in Figure 14. As shown in

Figure 14A, the stress concentration occurred at the

fracture tip AB at the initial loading stage of the rock

specimen, and the microfracture occurred here first,

accompanied by a small amount of acoustic emission

energy. With the continuous loading of axial stress, as

shown in Figure 14B, the fractures at both ends of the

fracture extended in the opposite direction, the fractures

at CD shown a trend of the penetration through the rock

FIGURE 13
α = 30° DIC feature map. (A-C), the three stages of compression and densification, crack initiation, and damage are indicated, respectively.

FIGURE 14
α = 45° DIC feature diagram. (A-C), the three stages of compression and densification, crack initiation, and damage are indicated, respectively.
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specimen, and the stress at both ends of the fracture was

significantly increased compared to that in Figure 14A. On

the other hand, with the continuous loaded of the axial

stress of the rock specimen, as shown in Figure 14C, the

fractures at EF at both ends of the fracture gradually

developed and increased, the trend of penetrating the

rock specimen became more apparent, and the stress

increased significantly. With the uniaxial compression

test, the internal microfracture expanded rapidly and

penetrated each other, and the energy value increased to

approximately 1,300 in an instant.

3.4 Comparison between the numerical
simulation and laboratory tests

Combined with the results of the numerical simulation

analysis in Section 2 and the laboratory test analysis in

Section 3, the fracture angles of 30° and 45° in the

numerical simulation were selected for the analysis.

Figure 15 shown the comparison of the failure diagram of

the laboratory test and the numerical model when the

fracture angles were 30° and 45°. Based on Figure 15, the

fracture development in the laboratory test and numerical

simulation test started from the vicinity of the fracture. Then,

the fracture gradually extended to both sides of the rock

specimen as the axial loading pressure increases. The

macroscopic failure characteristics of the laboratory test

specimens with fracture angles of 30° and 45° were similar

to those of the numerical simulation of the single fracture-

hole rock model, as shown Figure 15.

4 Conclusion

In this study, we performed the uniaxial compression test of a

single fracture-hole rock specimen with different fracture angles.

Laboratory tests were analysed using acoustic emission and

digital speckle. Simultaneously, PFC2D was used to establish a

numerical model to analyse the mechanical properties, fracture

propagation, and stress field evolution of a single fracture-hole

rock specimen with different fracture angles. The major

conclusion were as follows:

(1) In the laboratory test, a single fracture-hole rock specimen

with fracture angles of 30° and 45° was selected for the test.

The rock specimen experienced the compaction, elastic

deformation, and plastic deformation stages after the

auxiliary analysis of the acoustic emission and DIC until

complete failure.

(2) Fractures with different angles had a great influence on the

mechanical properties of the rock specimen. The peak

strength, peak strain, elastic modulus, fracture initiation

stress, and damage stress of the single fracture-hole rock

specimen with different fracture angles were significantly

smaller compared to those of the intact rock specimen.

(3) The results of the laboratory test and numerical simulations

were good, and the macroscopic failure characteristics of the

rock specimen were similar.

(4) The research on defect combination of different fracture

angles around the hole could provided theoretical guidance

for practical geotechnical engineering, such as prefabricated

fractures in geotechnical engineering and pressure relief in

coal mine drilling.

FIGURE 15
Failure diagram of a test and numerical model with fracture angles of 30° and 45°. (A) α � 30°, (B) α � 45°.
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