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Abstract: Dynamic biaxial compression tests and Particle Flow Code numerical simulations of the
cement mortar specimens with a single joint were carried out to study the mechanical properties and
crack evolution of artificial rock samples with a single joint. The effects of lateral stress o7, loading
rate V, the dip angle B (between the vertical loading direction and the joint) on the biaxial compressive
strength o, and the evolution law of crack were investigated. Test results showed that; (1) when both the
dip angle B and the loading rate V remained unchanged, the biaxial compressive strength o, increased
with the increase in the lateral stress o, while o had no obvious effect on the crack evolution law;
(2) when both the dip angle B and the lateral stress o, were kept unchanged, the loading rate V' had
an insignificant effect on the biaxial compressive strength o, and the crack evolution law; (3) when
both the lateral stress o and the loading rate V' were constant, the biaxial compressive strength o,
decreased first and then increased with the increase in the dip angle 3; however, the dip angle 8 did not
significantly affect the crack evolution law. The conclusions obtained in this paper are presented for the
first time.
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tion law
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1. Introduction

When the tunnel is excavated and not supported yet, the surrounding rock of the
tunnel is in a biaxial compression state. The study of the mechanical properties of the
rock under biaxial compression provides significant guidance for tunnel support design.
At the same time, the surrounding rock of the tunnel usually contains joints. Therefore,
studying the mechanical properties and the crack evolution of jointed rock mass under
biaxial compression is necessary.

At present, many researchers have performed uniaxial compression tests on rock spec-
imens with joints. Kulatilake et al. [1] performed laboratory experiments to study the
behavior of jointed blocks of model material under uniaxial loading, and three modes of
failure were identified in the laboratory experiments. Lee et al. [2] carried out uniaxial
compression tests on three different specimen types containing single and double flaws.
They found that the shielding effect of the horizontal flaw played an important role in the
stresses of specimens. Chen et al. [3] conducted a series of uniaxial compression tests
on gypsum specimens with regularly arranged multiple pre-existing parallel joints, and
seven types of crack initiation were identified in this test. Cao et al. [4] investigated the
uniaxial compressive strength and failure patterns of ubiquitous-joint rock-like specimens
by combining similar material testing and numerical simulations. They found that under
uniaxial compression, the failure patterns of ubiquitous-joint specimens can be classified
into four categories. Through uniaxial compression experiments, Yang et al. [5] found that
the peak strength and elastic modulus of sandstone specimens containing two noncoplanar
fissures were lower than those of intact specimens. Zhao et al. [6] carried out a series of
uniaxial compression tests on rock-like specimens containing two flaws, and four different
types of cracks and seven crack coalescence patterns were observed in the experiments.
Zhang et al. [7] conducted uniaxial compressive tests on reinforced analog specimens with
cross flaws and with a single flaw. They found that the reinforced rock mass with cross
flaws exhibited higher uniaxial compressive strength than that of reinforced rock mass with
a single flaw. Huang et al. [8] studied the mechanical behaviors of the brittle rock-like spec-
imens with multi-nonpersistent joints under uniaxial compression. The results showed that
the inclined joint angle significantly influenced uniaxial compressive strength and Young’s
modulus.

In addition, several researchers conducted triaxial compression tests on rock specimens
with joints. Yang et al. [9] carried out conventional triaxial compression tests on sand-
stone specimens containing two pre-existing three-dimensional flaws. They found that the
strength properties of pre-flawed sandstone specimens were closely related to the flaw angle
and confining pressure. Xiang et al. [10] carried out a series of triaxial compression tests
on rock-like specimens with hidden smooth joints under triaxial compression. They found
that the presence of hidden joints led to a large strength and deformation modulus reduction
of the specimen. Yao et al. [11] conducted uniaxial and triaxial compressive experiments
on intact and single- and double-flawed granite specimens and found that under constant
confining pressure, the peak stress of flawed specimens decreased with the increase in the
prefabricated flaw number.
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Furthermore, few researchers conducted biaxial compression tests on rock specimens
with joints. Prudencio and Van Sint Jan [12] performed biaxial tests on physical models
of rock with nonpersistent joints. Therefore, the achievements of biaxial compression tests
on rock specimens with fractures are still seldom.

Many researchers used Particle Flow Code (PFC) to numerically simulate rock samples
with joints under uniaxial compression and triaxial compression. Fan et al. [13] studied
crack initiation stress and strain of jointed rock containing multi-cracks under uniaxial
compressive loading by applying numerical analysis using PFC3P . Yang et al. [14] inves-
tigated the failure behavior of brittle sandstone specimens containing three fissures under
uniaxial compression by discrete element modeling. Cao et al. [15] carried out numerical
simulations using PFC?P to model the crack coalescence and failure model of multi-fissure
specimens under uniaxial loading. Yang et al. [16] conducted a numerical simulation of
rock blocks with nonpersistent open joints under uniaxial compression using the particle
flow modeling method.

More uniaxial and triaxial compression tests and numerical simulations have been car-
ried out on rock samples with prefabricated joints, but few biaxial compression tests and
numerical simulations have been carried out. The main difficulty in the biaxial compres-
sion test is determining the test scheme. We conducted biaxial dynamic compression tests
and PFC numerical simulations on cement mortar specimens with prefabricated cracks to
investigate the mechanical properties and crack evolution law of rock with cracks under
biaxial compression. It was aimed to study the influence of lateral stress o», loading rate
V, and inclined angle B of prefabricated crack on the biaxial compressive strength and
crack evolution law of the specimen. The research results of this paper will supplement
and enrich the research results of the rock biaxial compression test and numerical sim-
ulation. In previous studies, authors mainly carried out uniaxial compression tests and
numerical simulations for rock-like rocks with cracks. In this paper, we mainly designed
biaxial compression tests and performed numerical simulations for rock-like rocks with
cracks. This is the same point and difference between this paper and our previous research
results.

2. Test principle

2.1. Sample preparation

The size of the specimen was 100 mm X 100 mm X 100 mm. The prefabricated crack
was formed by a plastic piece with a thickness of 1 mm, and the length of the plastic piece
was 120 mm. The specimen was made of cement mortar with a water/cement ratio of 0.65.
We used Portland cement #325 and quartz sand in the tests.

After 2 hours of the initial setting of the cement mortar, the plastic piece was inserted
according to the location of the crack in Figure 1; after another 12 hours, the plastic piece
was pulled out, and a prefabricated joint formed in the specimen.
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the axial loading

direction \‘ the joint plane

Iy

Fig. 1. The relationship between the loading direction and joint plane

In Figure 1 and the later part of this study, the length of the crack is defined as / and
fixed as 4 mm; the angle between the joint and vertical loading direction is defined as j3,
and B ranged from 0 to 90°; o is the vertical stress, and o is the lateral stress.

2.2. Test equipment

After 28 days of standard curing, the test specimens were placed for 7 days out of the
furnace, and then biaxial compression tests were applied to these specimens. The biaxial
compression test machine is shown in Figure 2.

Fig. 2. The biaxial compression test machine
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2.3. Test groups

During the biaxial compression test, the axial loading rate was the same as the lateral
loading rate, and both of them are defined as V. The test was mainly grouped according
to the inclined angle S of the joint, the lateral stress 0», and the loading rate V. The test
groups are shown in Table 1.

Table 1. Biaxial compression test groups

Study B o> (MPa) V (KNJs)
1 0, 30, 45, 60, 90 0,2,4,6,8 2
2 0, 30, 45, 60, 90 0,2,4,6,8 4
3 0, 30, 45, 60, 90 0,2,4,6,8 6
4 0, 30, 45, 60, 90 0,2.4,6,8 8
5 0, 30, 45, 60, 90 0,2,4,6,8 10

The lateral stress o» and the axial stress oy were added to the predetermined V value,
then the lateral stress o» was kept unchanged, and the axial stress continued to increase
until the specimen was destroyed.

3. Analysis of compressive strength

3.1. The influence of lateral stress

When both the loading rate V and the dip angle S of the joint were fixed, the compressive
strength 0, increased with lateral stress o (Figure 3).
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When both the lateral stress o» and dip angle S of the joint were fixed, the evolution
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Fig. 3. The variation law of the test value of biaxial compressive strength
with the lateral stress (the loading rate was fixed)

3.2. The influence of the loading rate

law of compressive strength o, with the loading rate Vwas not obvious (Figure 4).
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Fig. 4. The variation law of the test value of biaxial compressive strength
with the loading rate (the lateral stress was fixed)

3.3. The influence of the dip angle of the joint

When both the lateral stress o and loading rate V were fixed, the compressive strength
o first decreased, then increased and decreased again with the increase of the dip angle

B (Figure 5). When the dip angle g was 30° or 45°, the compressive strength reached the
minimum value.
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Fig. 5. The variation law of the test value of biaxial compressive strength
with the dip angle of the joint (the lateral stress was fixed)

4. Numerical calculation results

4.1. The numerical model

In this study, PFC?P was used for numerical simulations. The specimen’s height and
width were 100 and 100 mm, respectively. It was mainly through numerical simulation of
the uniaxial compression test. When the numerical simulation results of uniaxial compres-
sion were close to the test results, the group of parameters was used for further numerical
simulations. The parameters are listed in Table 2.

Table 2. PFC calculation parameters

Maximum Particle Grain Friction Particle Multiplier ratio
particle diameter ratio density factor stiffness of parallel bond
size Rmpax (mm) Rmax/Rmin (kg/m3) 7l ratio k, /kg radius A
0.4 22 2700 0.5 1.0 1.0
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The parallel bond modulus was 1.0 GPa, the average normal bond strength was 9.0 MPa,
the average tangential bond strength was 9.0 MPa, and the effective modulus was 0.8 GPa.

4.2. The influence of lateral stress

When both the loading rate V and the dip angle S of the joint were constant, the
compressive strength o, increased with the lateral stress o». The experimental law was
identical to the numerical law (Figure 6).
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Fig. 6. The variation law of the numerical value of biaxial compressive strength
with the lateral stress (the loading rate was fixed)
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When both the lateral stress o and dip angle 8 of the joint were fixed, the compressive
strength did not significantly change with the increase of the loading rate V (Fig. 7). There-
fore, the loading rate V had no significant effect on the biaxial compressive strength o7,.
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4.3. The influence of loading rate
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Fig. 7. The variation law of the numerical value of biaxial compressive strength
with the loading rate (the lateral stress was fixed)
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When both the lateral stress 0» and loading rate V were fixed, the compressive strength
o first decreased and then increased with increasing the dip angle 8 of the joint (Figure 8).
When the dip angle 8 of the joint was 0°, the compressive strength of the specimen reached
the maximum; when the dip angle g of the joint was 60°, the compressive strength of the

4.4. The influence of the dip angle of the joint

sample reached the minimum.
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Fig. 8. The variation law of the numerical value of biaxial compressive strength
with a dip angle of the joint (the lateral stress was fixed)
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S. Analysis of the evolution law of crack

5.1. The influence of lateral stress

For the case where the dip angle S of the joint was 30° and the loading rate V was
4 kN/s, the influence of lateral stress on the rupture of the specimen was obtained from
experiments and numerical simulations, as shown in Figures 9 and 10. Circled numbers
1-3 indicate the preset joint, the wing cracks developed on the side of the preset joint, and
secondary cracks generated at the tips of the preset joint, respectively.

(a) lateral stress (b) lateral stress (c) llateral stress
is 0 MPa is 2 MPa is 4 MPa

(d) lateral stress (e) lateral stress
is 6 MPa is 8 MPa

Fig. 9. The influence of lateral stress on the rupture of the specimen obtained from experiments

The crack law of the specimen obtained from the test revealed that: (1) the preset
joint was closed and a wing crack was generated at both ends of the preset joint, and the
wing crack gradually developed toward the diagonal of the specimen (the left wing crack
developed to the lower left corner of the specimen, and the right-wing crack developed to
the upper right corner of the specimen); (2) secondary cracks occurred at both ends of the
preset crack or on the preset crack; (3) the crack connection caused the free surface layer to
peel off, and the specimen was destroyed eventually. The size of the lateral stress affected
the location and propagation of the secondary cracks, but the effect on the generation of
wing cracks and the final failure mode of the specimen was not obvious.

The crack law of the specimen obtained by numerical simulations showed that: (1) when
there was no lateral stress, a wing crack was generated at both ends of the prefabricated
crack, and the wing crack developed in the loading direction of the lateral stress; (2) when



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

EXPERIMENTAL STUDY ON BIAXIAL DYNAMICAL COMPRESSIVE TEST ... 225

) e

(a) lateral stress (b) lateral stress (c) llateral stress
is 0 MPa is 2 MPa is 4 MPa

Mo e

(d) lateral stress (e) lateral stress
is 6 MPa is 8 MPa

Fig. 10. The influence of lateral stress on the rupture of the specimen obtained
from numerical simulations

there was lateral stress, wing cracks and secondary cracks occurred at both ends of the
preset joint, which developed toward the corners of the specimen or the loading direction of
the lateral stress. Finally, these cracks connected with the sides or corners of the specimen,
forming a through crack and causing the free surface layer to peel off, destroying the
specimen.

Both tests and numerical simulations showed that the development of wing cracks
and secondary cracks made the cracks penetrate, ultimately leading to the specimens’
destruction, and the wing cracks played a leading role in the specimens’ destruction. The
sample mainly presented a tensile failure.

5.2. The influence of the loading rate

The effect of loading rate V on the crack law of the specimen was investigated through
experiments and numerical simulations when the dip angle of the joint was 30° and the
lateral stress o, was 2 MPa, as shown in Table 3.

With the increase of the loading rate V, the location of the secondary cracks changed
slightly; however, the generation, propagation, and evolution laws of wing cracks did not
change, and the final failure mode of the specimen did not change significantly. The sample
mainly showed a tensile failure; therefore, the effect of the loading rate V on the crack
evolution law of the specimen was not obvious.
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Table 3. The influence of the loading rate on the fracture diagram of a specimen
Fracture process obtained by experiment
The preset .
.. Final
. joint was i
Loading destruction
closed, and .
rate When . Crack . diagram
wing cracks . Destruction .
Vv uncompressed connection obtained by
and secondary .
(KN/s) numerical
cracks were . )
simulation
generated
[ | T o
,’5’ 4 ﬂi‘ vg
Wy,
; - . . -

5.3. The influence of the dip angle of the joint

The effect of the dip angle of the joint on the crack law of the specimen was investigated
through experiments and numerical simulations when the loading rate was 4 kN/s and the
lateral stress was 2 MPa, as shown in Table 4.

When the dip angle of the joint was 0°, the preset joint did not close during the biaxial
compression process, and wing cracks were generated at both ends of the preset joint. The
wing cracks developed up and down, and finally connected the boundaries of the specimen,
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Table 4. The influence of the dip angle of the joint on the fracture diagram of the specimen

Fracture process obtained by experiment

The preset .
.. Final
jornt was destruction
. es
D 1 closed, and
'p angle When . Crack . diagram
B wing cracks . Destruction .
o uncompressed connection obtained by
©) and secondary .
numerical
cracks were . )
simulation
generated
0 . .
i . .
—
i .
N . .
i . .

and the specimen was damaged; When the dip angle of the joint was 30, 45, and 60°,
obvious wing cracks and secondary cracks were generated at both ends of the preset joint,
and there were more secondary cracks; when the dip angle of the joint was 90°, wing cracks
were also generated at both ends of the preset joint, and the number of secondary cracks
was relatively smaller. The sample mainly presented a tensile failure.
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6. Conclusions

In this paper, the biaxial dynamic compression test and PFC?P numerical simulations of

cement mortar specimens with a single preset joint were carried out to study the influence of
lateral stress 07, loading rate V, and the dip angle S of the joint on the biaxial compressive
strength of specimens and the crack evolution law.

1. When both the loading rate V and the dip angle S8 of the joint were fixed, the

compressive strength o}, gradually increased with the lateral stress o, increase. The
lateral stress magnitude affected the location and expansion of the secondary cracks,
but it had no obvious effect on the occurrence of wing cracks and the final failure

mode of the specimen.
When the lateral stress o and the dip angle S of the joint were fixed, the change of

the compressive strength o, with the loading rate V was not obvious. The change of
the loading rate V had a slight effect on the location of secondary cracks, and had no
obvious effect on the generation of wing cracks and the final failure mode.

When both the lateral stress o» and the loading rate V were fixed, the compressive
strength o, first decreased, then increased and decreased again with the dip angle
(of joint) increase. The number of secondary cracks in the specimen also showed

obvious changes.
Both tests and numerical simulations showed that the development of wing and

secondary cracks resulted in penetrating cracks, ultimately leading to the specimens’
destruction. The wing cracks played a leading role in the destruction process of the
specimens. The sample mainly presented a tensile failure.
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