
Mechanical properties and
instability analysis of concrete
specimens with horizontal holes
of different diameters

Juejing Fang1,2, Ke Yang3*, Xin Lyu1,2, Jinzhou Tang1,2,4 and
Jiqiang Zhang1,2

1State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep Coal Mines,
Anhui University of Science and Technology, Huainan, China, 2Coal Mine Safety Mining Equipment
Innovation Center of Anhui Province, Anhui University of Science and Technology, Huainan, China,
3Institute of Energy, Hefei Comprehensive National Science Center, Hefei, China, 4Guizhou Provincial
Key Laboratory of Rock and Soil Mechanics and Engineering Safety, Guizhou University, Guiyang,
China

Uniaxial compression tests were carried on 12 concrete specimens with six

different diameter holes using a rigid test machine, and the stress–strain

relationship was analyzed in different hole diameter specimens. The effects

of different hole diameters on specimen compression strength, elastic

modulus, and Poisson’s ratio were studied, and the failure form and

instability mode of concrete specimens with holes of different diameters

were evaluated. The results show that the larger the compression strength

of the specimen, the larger the axial and horizontal strains. As the hole diameter

increased from 0 to 50mm, the compression strength and elastic modulus

reduced. The decreasing trend slowed down, and the relationships between the

hole diameter and compression strength, and elastic modulus could be

represented by negative liner functions. The Poisson ratio of the specimen

increased in waves with the increase in hole diameter from 0 to 50mm. A crack

in the concrete specimenwith 0–20mmdiameter hole started at the upper and

lower diagonal angles of the hole wall; a crack in the concrete specimen with

30–50 mm diameter hole started at the left and right parts of the hole wall. The

instability mode of concrete specimens with horizontal holes of different

diameters was divided into shear dislocation instability and planar splitting

instability.
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Introduction

The surrounding rock is transformed from brittle to plastic

with increasing mining depth due to high stress (Li et al., 2019;

Xie et al., 2021). The main methods used to control the gateway

surrounding rock include a combination of releasing

surrounding rock stress and using a low-cost support instead

of improving the support strength involving increasing costs (He

et al., 2021; Kang 2021; Wu et al., 2021; Wang et al., 2022b).

Pressure-relief drill parameters affect the release of surrounding

rock stress and the continuous deformation; selecting proper

pressure-relief drill diameters is an important step to control

deep gateway surrounding rocks (Gao et al., 2020; Zhang et al.,

2022).

Recently, studies on the drilling pressure-relief of high-stress

weak gateway surrounding rocks have improved (Pu et al., 2020;

Zuo et al., 2021). Based on the analysis of the mechanism of drill

pressure-relief in deep gateway surrounding rocks, a method

determining drill parameters was developed, and the precrack

failure of gateway sides’ surrounding rock could be realized by

the rational distribution of pressure-relief drills. The unloading effect

within a surrounding rock was studied under cyclic excavation; the

mechanism of pressure relief and structural stability of hard roof

along the roadway was elucidated; and elastic stress analysis and

plastic zone estimation in pressure-relief gateway were carried out

using the complex variablemethod (Xu et al., 2019; Zhao et al., 2020;

Kan et al., 2022). Based on the impact of energy dissipation by pre-

excavation pressure release, technologies combining the reinforcing

of surrounding rock and pressure relief, anchoring grouting, and

floor pressure relief were proposed to prevent the rock burst in deep

gateway (Zhai et al., 2018; Wang et al., 2022a). The failure

characteristics of rocks with different holes and fractures have

been studied in the laboratory (Gou et al., 2007; You et al.,

2020). The strength and fracturing of rocks with inclining cracks

and holes in different locations and shapes were also studied (Wu

et al., 2017;Wang et al., 2020). The failure processes of intact, single-

hole, double-hole, single-hole double-crack, double-hole single-

crack, and defect specimens were analyzed (Zhao et al., 2017;

Fan et al., 2018; Chen et al., 2020; Wu et al., 2020), and the

mechanism of crack coalescence in surrounding rocks with

different holes was elucidated. With the improvement of

monitoring and experimental level, the relationship between

creep failure stress and horizontal hole was studied (Xin et al.,

2018; Wang et al., 2019); acoustic emission monitoring and digital

imaging systems were used to conduct uniaxial compression tests of

sandstone specimens with cracks and elliptical holes (Liu et al., 2019;

Du et al., 2020; Fan et al., 2022); and the surface potential change

characteristics of the concrete wall with holes under uniaxial

compression were tested (Liu et al., 2014). With studies on the

characteristics of concrete and application of concrete technology in

coalmines (Gao et al., 2015; Lyu et al., 2021), attention has been paid

to the characteristics of concrete holes, which undoubtedly provides

a good research basis for this test.

In the study, uniaxial compression tests were carried out on

12 concrete specimens with six different diameter holes using a

rigid test machine, and the stress–strain relationship of different

hole diameter specimens was analyzed. The effects of different

hole diameters on specimen compression strength, elastic

modulus, and Poisson’s ratio, were studied, and the failure

form and instability mode of concrete specimens with holes of

different diameters were evaluated. The results provide

references for selecting the hole diameter and sealing-hole

design of deep gateway surrounding rocks.

Test design

Specimen preparation

The concrete specimens were prepared from C32.5 cement and

water with a ratio of 1:0.3 in a square standard mold of 100 mm ×

100 mm × 100 mm (Figure 1A). The holes in the specimens were

reserved using PVC tubes (Figure 1B) with diameters of 10, 20, 30,

40, and 50 mm, which were immobilized in the center of the square

mold (Figure 2). Before preparing concrete specimens, the inside of

the molds and the surface of the tubes were greased to release the

specimens easily.

Eighteen specimens were tested. According to the hole

diameter, these specimens were divided into six groups,

namely, group A, group B, group C, group D, group E, and

group F; each group had three specimens. The prefabricated

concrete specimens were demolded after 24 h, and water was

sprayed for 28 days (Figure 3). The loading roughness end of the

specimens was grinded well to a nonparallelism of less than

0.02 mm. The prefabrication influenced the hole height and

inclination; for accuracy, two specimens with less dissimilarity

were selected from each group for the uniaxial compression test.

FIGURE 1
Molds for concrete specimens. (A) Fillingmold. (B) Perforated
tubes.
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Test mothed

The displace loading test was conducted using a full-servo test

system controlled using a computer, and the loading rate was

0.03 mm/s. The axial and lateral deformations of the specimens

were acquired using digital micrometers. The load was controlled

and collected using a software, and all the test data were recorded

and saved automatically using a computer. The whole stress–strain

curve of uniaxial compression concrete specimens with holes of

different diameters could be obtained.

Test result analysis

The specimen B2 was not analyzed because of more data

difference, which was reloaded after being damaged. The other

specimens were subjected to the whole uniaxial compression

(Figure 4); the uniaxial compression data are shown in Table 1.

Analysis of test results

Characteristics of stress–strain curves

Figure 5 shows that the whole stress–strain curve of uniaxial

compression concrete specimen with holes of different diameters has

five stages: origin void compaction, linear elasticity, elastic–plastic

transition, plastic, and failure. The linear elasticity stage was longer,

and the elastic–plastic transition and plastic stage were not obvious. It

was found that concrete specimens had good elastic deformation.

FIGURE 2
Hole design in concrete specimens.

FIGURE 3
Prefabricated concrete specimens. (A) 0 mm, (B) 10 mm, (C) 20 mm, (D) 30 mm, (E) 40 mm, and (F) 50 mm.

FIGURE 4
Test process.
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The higher the compression strength, the larger the axial

strain and horizontal strain on the concrete specimen with holes

of different diameters. The axial strain was more than the

horizontal strain in the same-hole specimen, while the axial

strain growth was less than the horizontal strain growth. The

average axial strain decreased with increasing hole diameter.

When the hole diameter increased from 0 to 30 mm, the axial

strain was less, and the horizontal strain first increased and then

decreased. When the hole diameter was 30 mm, the horizontal

strain reached the maximum and then decreased.

Relationship between horizontal-hole
diameter and compression strength

Figure 6 shows the relationship between the hole diameter

and compression strength of concrete specimens. When the hole

diameter increased from 0 to 50 mm, the average compression

strength of the concrete specimen with different hole diameters

decreased from 68.6571 to 57.6887, 54.9098, 45.9766, 36.5669,

and 32.4476 MPa, and the average compression damping range

was 52.74%. This shows that the larger the hole diameter, the

lower the strength of concrete specimen.

TABLE 1 Uniaxial compression data.

Group
number

Hole
diameter/
mm

Number Compression
strength/MPa

Axial
strain/
%

Horizontal
strain/%

Poisson
ratio

Elasticity
modulus/
GPa

Remarks

Group A 0 A1 64.7155 0.8864 0.0402 0.0454 10.7429

A2 72.5987 0.8372 0.0426 0.0509 10.9584

Group B 10 B1 57.6887 0.9212 0.2606 0.2829 9.6182

B2 — — — — — Secondary
loading

Group C 20 C1 47.3769 0.8176 0.2347 0.2870 8.0156

C2 62.4426 0.9399 0.2426 0.2581 12.8199

Group D 30 D1 46.9829 0.6711 0.1244 0.1853 10.0846

D2 44.9703 1.0191 0.4230 0.4151 10.3112

Group E 40 E1 40.0070 0.8010 0.2734 0.3413 8.1103

E2 33.1267 0.5980 0.2517 0.4209 7.7638

Group F 40 F1 32.6251 0.5839 0.1538 0.2635 6.9240

F2 32.2700 0.7565 0.2034 0.2688 7.2626

FIGURE 5
Stress–strain curves of uniaxial compression on specimens.

FIGURE 6
Relationship between the hole diameter and compression
strength.
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Figure 7 shows the relationship between the hole diameter and

compression damping of concrete specimens. The hole diameter

increased from 0 to 50 mm, and the compression damping range of

hole specimens increased more linearly than that of intact

specimens. The average decrease rate of the compression strength

of concrete specimens with holes of different diameters to the

specimen with previous hole diameter was, in turn, 15.9756%,

4.8171%, 16.2689%, 20.4663%, and 11.2651%, i.e., the average

increasing rate of compression strength compared to the previous

hole diameter specimen is 13.7586%. When the hole diameter was

20 mm, the decrease in compression strength was the least, which

could explain why the hole slightly affected the compression

strength of concrete specimens when the hole diameter was less

than 20 mm.When the hole diameter increased from20 to 30 mm, a

large decrease in the compression strength of concrete specimens

was observed, and the failure form was obviously different.

The fitting relationship between the hole diameter and

compression strength of concrete specimens can be expressed

as follows:

σc � −0.7238d + 67.4710, (1)

where σc is the compression strength of concrete specimens in

MPa and d is the hole diameter in mm.

The correlation coefficient wasR2 = 0.9820. Therefore, the linear

function could characterize the relationship between the pore size

and the peak strength of the concrete specimen, that is, as the pore

size increased, the strength of the concrete specimen decreased.

Relationship between horizontal-hole
diameter and elasticity modulus

The elasticity modulus of the concrete specimen with holes of

different diameters was obtained by fitting and calculating the

approximate linear data of the whole stress–strain curve, which

occurred before specimen failure.

Figure 8 shows the relationship between the hole diameter

and elasticity modulus of concrete specimens. The elasticity

modulus of the concrete specimen with the same hole

diameter was similar except that with a 20 mm diameter hole,

which was larger than that with a 10 mm diameter hole. The

elasticity modulus of the concrete specimen with a 0–30 mm

diameter hole was little difference, indicating that the 0–30 mm

diameter hole slightly affected the elastic modulus of concrete

specimens. When the hole diameter was more than 30 mm, the

elasticity modulus damping increased, and the most damping

rate was 22.1693% of the previous hole diameter specimen. The

elasticity modulus damping rate of concrete specimens decreased

when the hole diameter was 50 mm. In the whole, the average

FIGURE 7
Relationship between the hole diameter and compression
strength damping range.

FIGURE 8
Relationship between the hole diameter and elasticity
modulus.

FIGURE 9
Relationship between the hole diameter and elasticity
modulus damping.
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elasticity modulus of concrete specimens with holes of different

diameters decreased with the increase in hole diameter from 0 to

50 mm.

Figure 9 shows the relationship between the hole diameter

and elasticity modulus damping of concrete specimens. The

elasticity modulus damping range of hole specimens to the

intact specimen first decreased and then increased with the

increase in hole diameter from 0 to 50 mm. The elasticity

modulus of the concrete specimen slightly changed when the

hole diameter was 0–30 mm, and the damping rate was 6.0162%,

indicating that the hole diameter slightly affected the elasticity

modulus of the concrete specimen. When hole diameter

increased from 30 to 50 mm, the elasticity modulus damping

range was 30.4435%, indicating that 30–50 mm hole diameter

affected the elasticity modulus of concrete specimens.

On the whole, 20–30 mm hole diameter was the key range

affecting the mechanics parameters. When the hole diameter

increased from 0 to 50 mm, the elasticity modulus damping was

34.6282%, indicating that the larger the hole diameter of concrete

specimen, the lower the elasticity modulus.

The fitting relationship between the hole diameter and

elasticity modulus can be expressed as follows:

Ec � −0.0687d + 11.07, (2)

where Ec is the compression strength of concrete specimens

in MPa.

The correlation coefficient R2 is 0.7331. The negative-leaner

functional equation could still express the relationship between

the hole diameter and elasticity modulus of concrete specimens,

while the correlation between the hole diameter and elastic

modulus is less than that between the hole diameter and

compression strength.

Relationship between horizontal-hole
diameter and Poisson’s ratio

Figure 10 shows the relationship between the hole diameter and

Poisson ratio of concrete specimens. When the hole diameter

increased from 0 to 50 mm, the Poisson ratio first increased and

then decreased, and the whole increasing range was 452.2822%. The

Poisson ratio of no-hole concrete specimens was the least, and that

of 50 mm hole diameter specimens was the second. When the hole

diameter increased from 10 to 50 mm except no-hole concrete

specimens, the Poisson ratio slightly changed, so the hole

diameter slightly affected the Poisson ratio of concrete specimens.

Figure 11 shows the relationship between the hole diameter

and Poisson ratio of concrete specimens. Poisson’s ratio of hole

concrete specimens increased with the increase in hole diameter

from 0 to 50 mm, and the increasing range of 40 mm diameter

concrete specimens was larger. The increasing ranges of the other

specimens (10 mm, 20 mm, 30 mm, and 50 mm) were

486.9295%, 465.5620%, 522.8216%, and 452.2822%,

respectively. The largest change rate was 15.60%, indicating

that the hole diameter slightly affected Poisson’s ratio of

concrete specimens.

The fitting relationship between the hole diameter and

Poisson ratio of concrete specimens can be expressed using

the following equation:

μc � 0.3276 − 0.2796

1 + ( d
1.5972)

0.8282, (3)

where μc is the Poisson ratio of concrete specimens.

The correlation coefficient R2 is 0.8666. The results mentioned

above showed that the relationship between the pore diameter and

Poisson’s ratio of concrete specimens could be expressed by Logistic.

FIGURE 10
Relationship between the hole diameter and Poisson ratio.

FIGURE 11
Relationship between the hole diameter and Poisson ratio
increasing range.
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With the increase of the aperture, Poisson’s ratio increased slowly, and

the presence of pore size had a great influence on the specimen.

Relationship between horizontal-
hole diameter and failure mode

Failure mode of concrete specimen with
holes of different diameters

Figure 12 shows the failure mode of concrete specimens with

holes of different diameters. Figure 13 shows the failure mode.

Figures 12, 13 show some common and different characteristics of

failure mode. The common characteristics are that themain fracture

surface occurred in all failure concrete specimens and controlled

failure mode; all concrete specimens were damaged along the hole

diameter, which controlled the specimen failure mode. The different

characteristics are as follows: The main fracture surface angle of

concrete specimens with holes of different diameters was different;

the failure mode of concrete specimens with holes of different

diameters failed differently along the hole diameter.

In summary, as the hole diameter increased from 0 to 50 mm,

the concrete specimens failed from near-friction-angle

compression shear to vertical compression splitting.

FIGURE 12
Failure forms of concrete specimens with holes of different diameters. (A) 0 mm, (B) 10 mm, (C) 20 mm, (D) 30 mm, (E) 40 mm, and (F) 50 mm.

FIGURE 13
Failure-mode sketch of concrete specimens with holes of different diameters. (A) 0 mm, (B) 10 mm, (C) 20 mm, (D) 30 mm, (E) 40 mm,
and (F) 50 mm.
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The concrete specimen with 0–30 mm diameter hole

showed shear failure along the diagonal of hole diameter.

The larger the hole diameter, the smaller the fracture block,

the less surface fell off, the more obvious the main control

surface, the second control surface initiated, the number of

reverse crack increased, the hole displaced along the

transverse direction, and the failure mode of concrete

specimens became complex.

The concrete specimen with 40–50 mm diameter hole

showed flake splitting failure from multiple cracks in the left

and right sides of hole, indicating that the cracks easily initiated

in the stress-concentrated points during uniaxial compression on

large-hole concrete specimens. In the concrete specimens with

holes of 40 and 50 mm diameters, the boundary of the main and

second failure surface was vague, the number of reverse tensile

cracks gradually decreased, and the hole collapsed. The larger the

hole diameter of concrete specimens, the smaller the fracture

blocks, the more severe the hole collapsed.

Figure 14 shows the failure mode of holes of the wall of

different diameters. In the small hole (the hole diameter was less

than 20–30 mm), the hole wall displaced to fail along one

direction, the upper and the lower parts of the failure hole

dislocated, and the rupture surface run through the whole

hole. In the large hole (the hole diameter was more than

20–30 mm), the hole wall was compressed to fail along the

loaded direction, the upper and lower parts of hole did not

dislocate, mainly compression failure occurred, the upper

compression wall was larger than the lower compression wall,

and the compression offshoring instability was observed in the

upper part of the hole.

Instability mode of concrete specimens
with holes of different diameters

According to the hole diameter, the instability modes of

concrete specimens were divided into two types (Figure 15):

small-diameter-hole shear displaced instability and large-

diameter-hole flake splitting stability.

Small-diameter-hole shear displaced instability. When

the hole diameter of concrete specimens was small, the

concrete specimens were transformed into plastic stage,

and cracks occurred with the increase in stress. In the

concrete specimens with holes of 0 or 20 mm diameters,

the cracks initiated at the upper and lower inclined angles

of the hole wall, the upper and lower cracks extended to the

upper and lower angles of concrete specimens with the

increase in axial stress, and partial microcracks initiated to

break through the upper and lower parts of hole wall angles to

fail, i.e., small-diameter-hole shear displaced instability.

Group C belonged to small-diameter-hole shear displaced

instability.

Large-hole-diameter flake splitting instability: When the

hole diameter of concrete specimens was large, the concrete

specimens were transformed into the plastic stage, and cracks

occurred with the increase in stress. In concrete specimens

with holes of 30 or 50 mm diameter, the crack initiated in the

left and right sides of the hole, and extended vertically to the

upper and lower surfaces of concrete specimens, and then

FIGURE 14
Hole-wall failure modes of concrete specimens with holes of
different diameters. (A) 20 mm and (B) 50 mm.

FIGURE 15
Failure modes of concrete specimens with holes of different diameters. (A) Small-diameter-hole shear displaced instability. (B) Large-hole-
diameter flake splitting instability.
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collapsed to fail vertically along the left and right wall of hole,

indicating large-diameter-hole flake splitting instability.

Group E belonged to the large-diameter-hole flake splitting

instability.

Conclusion

In this study, the mechanical properties of concrete

specimens with different pore sizes were studied from the

aspects of stress–strain relationship, compressive strength,

elastic modulus, Poisson’s ratio, failure mode, and instability

mode. The following conclusions can be drawn based on the

experimental analysis and discussion.

1) The whole uniaxial compression stress–strain curve of

concrete specimens with horizontal holes of different

diameters had five stages similar to intact specimens. The

larger the compression strength of the hole of concrete

specimens, the higher the axial and horizontal strains.

2) With the increase in hole diameter from 0 to 50 mm, the

compression strength and elasticity modulus of concrete

specimens decreased, and the trend slowed down. The

damping rates were 52.7396% and 34.6282%, and the

relationships between hole diameter and compression

strength, and elasticity modulus could be expressed using a

negative linear formula.

3) With the hole diameter increasing from 0 to 50 mm, Poisson’s

ratio of concrete specimens increased wholly wave. Poisson’s

ratio increased slowly with increasing hole diameter. Holes

with different diameters had little effect on Poisson’s ratio of

concrete specimens, but the existence of pore diameters had a

great influence on the specimens.

4) In the concrete specimens with 0–30 mm diameter holes, the

crack passed through the hole along the diagonal; the larger

the diameter, the smaller the fracture block, the less the

surface shedding, and the more obvious the main control

surface, showing the shear displacement instability of the

small-diameter-hole. In the concrete specimens with holes of

40–50 mm diameter, the crack occurred around the hole and

flake splitting occurred in the hole; the larger the diameter, the

smaller the fracture block, and the more severe hole failed,

which is manifested as large-diameter-hole flaky splitting

instability.
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