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Abstract
The fracture patterns of brittle materials in different stress loading modes are different. In order to study the fracture char-
acteristics of brittle materials under confining pressure, in this study, both uniaxial compression tests and loading confining
pressure tests were conducted on three concrete samples of different strengths, respectively. Meanwhile, the failure process
of the samples during the loading of confining pressure was monitored using an acoustic wave tester; finally, the failure
characteristics of the concrete samples were further investigated on a mesoscopic level by carrying out numerical simulations.
The test results show that different failure modes were revealed in the concrete samples subjected to uniaxial compression:
The failure initially started at both ends and then gradually extended to the middle part along the longitudinal direction;
eventually, splitting failure, single inclined plane shear failure and conjugated inclined plane shear failure occurred. However,
as the confining pressure was loaded, the samples failed merely in a simple mode, that is, the fractures occurred around the
middle parts of the samples, perpendicular to the specimens axis. According to the acoustic measurements, the local failure
processes before fracturing under confining pressure were consistent with those under uniaxial compression. The simulation
results suggest that the failure initially started inside the samples due to the effects of longitudinal tensile stress under confining
pressure, and then, it gradually extended to both sides along the lateral direction.

Keywords Tensile stress · Damage · Dynamic disaster · FLAC · Ultrasonic wave

1 Introduction

Prior to being mined, most of both the underground coal and
rock masses are stable under a three-dimensional compres-
sion stress state.However, affectedbyexcavation andmining,
this state of stress equilibrium is disturbed, after which a new
equilibrium state is developed under the new stress distribu-
tion subsequently. As the stress re-equilibrates, the coal and
rockmay fail due to the effect of yield stress, generally result-
ing in a variety of failure behavior, including roof falling and
rib spalling. In addition, dynamic disasters such as rockbursts
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and coal and gas outbursts may also occur [1–6]. Therefore,
studying the failure characteristics of coal and rock under
different stress conditions is conducive to the maintenance
of underground roadways and the interpretation of the mech-
anisms for dynamic disasters such as rock bursts and coal and
gas outbursts.

To date, various research groups have carried out numer-
ous experimental research on the failure characteristics of
coal and rock under uniaxial, biaxial and triaxial compres-
sion, as well as direct tension. When coal and rock are
subjected to these compression and tension, failure may
occur in a variety of forms, including splitting failure, single
inclined plane shear failure, conjugated inclined plane shear
failure and tension failure [7,8]. Coal and rock masses are
heterogeneous bodies comprised of pores and a variety of
mineral components. As such, they have complex structures
and possess characteristics such as anisotropy and discon-
tinuity [9,10]. Since concrete is similar to coal and rock in
terms of internal structure, the concrete samples showed the
same failure modes as the coal and rock when the uniax-
ial and triaxial compression tests were performed [11–13].
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Many theoretical researches have been carried out to further
investigate the failure processes of concrete and coal and rock
subjected to different stress conditions. Cusatis et al. [14] and
Caballero et al. [15] established a mechanical model based
on a three-dimensional lattice which was proved to be highly
suitable for describing the failure processes in concrete sam-
ples under uniaxial, biaxial and triaxial compression, as well
as tension. Cicekli et al. [16] constructed a plastic-damage
constitutive model to analyze the failure behavior under ten-
sion and compression. Yu et al. [17] studied the acoustic
emission from rocks in a state of failure due to the effect
of direct tension, splitting and uniaxial compression. Yang
et al. [18] established a creep failure model for coal masses
under triaxial compression.Using a discrete elementmethod,
Jiang et al. [19] proposed a bonding model between particles
and simulated the characteristics of crackpropagation in sam-
ples under uniaxial and biaxial compression, direct tension
and the conditions used in Brazilian splitting tests. Zhou et
al. [20] studied the influence of microfractures on the veloc-
ity of ultrasonic waves that passed through coal and rock
before the failure of coal and rock under confining pressure
loading. Xu et al. [21] carried out experiments on coal failure
under shear loads and analyzed the evolution of the failure
process onmacroscopic andmesoscopic scales. Rodríguez et
al. [22] investigated the failure characteristics of marble and
granite under radial compression using an acoustic emission
technique.

However, when coal and rock roadways are mined under-
ground, the coal and rock surrounding the tunneling faces
become exposed. The coal and rock adjacent to the exposed
faces are generally subjected to bidirectional compression
which is similar in magnitude to mere confining pressure
[2]. However, the failure characteristics of coal and rock
under this stress state (i.e., only under confining pressure)
are rarely studied. Investigating the fracturing of coal and
rock under confining pressure is helpful to excavation and the
improvement of stability of coal and rock roadways. More-
over, it provides certain guiding principles that are useful
for studying the mechanisms for dynamic disasters (such
as coal and gas outbursts), which can help prevent such
disasters from occurring. In this study, failure tests were
conducted first on concrete samples under uniaxial compres-
sion. Then, the characteristics of the damage and fracturing
occurring in concrete samples under different confining
pressures were studied by using a homemade device and
combining confining pressure variation with acoustic mea-
surements. Finally, numerical simulations were performed
using FLAC3D software, the results of which were compared
with the experimental results. In this way, the macrofracture
behavior of the samples under a confining pressure was ana-
lyzed on a mesoscopic level.

2 Experiments

2.1 Preparation of Concrete Samples

The concrete samples were prepared by mixing Portland
cement with fine sand. The chemical composition of Port-
land cement is shown in Table 1. The components of the
fine sand are mainly composed of quartz and feldspar, and
their content ratios are 47.7, 33%, respectively. In addition,
there are also a small amount of calcite and mica included
in the sand. The particle size distribution of fine sand is
shown in Table 2. Three cement-to-sand ratios were adopted:
1:1 (labeled ‘A’), 1:3.5 (labeled ‘B’) and 1:6 (labeled ‘C’).
According to the standards for testingmechanical parameters
determined by the International Society for Rock Mechan-
ics [23] and other previous researches [7,12], the concrete
samples were divided into two groups with different sizes,
namely the samples measured 50 mm × 100 mm (diameter
× height) and the ones measured 110 mm × 150 mm. There
were three samples in each group. The smaller samples were
used for the failure tests under uniaxial compression, and
the larger ones were used in the confining pressure tests. In
order to accurately meet the chosen requirements, cubic con-
crete blocks were first prepared, and then cores drilled from
these blocks were polished to produce the final samples (see
Fig. 1).

2.2 Uniaxial Compression Tests

The uniaxial compression tests were conducted on the con-
crete samples using a commercially available rockmechanics
testing system (MTS Model 815, USA). Axial loads were
applied using the axial displacement control, and the loading
rate was 0.5 mm/min.

2.3 Confining Pressure Experiments

Figure 2 illustrates the device created to perform the confin-
ing pressure loading tests. The device consists of a pressure
cylinder, a pressure gauge, a manual hydraulic pump and an
acoustic wave tester. A sample sealed by the rubber cylin-
der was fixed in a sealed cabin. Then, both ends of the
samplewere subjected to tiny axial pressure to keep the ultra-
sonic probe and the sample in close contact. The sample was
subjected to circumferential pressure from the hydraulic oil
between the rubber cylinder and the sealed cabin. As acous-
tic waves pass through microfractures, they are reflected,
refracted, scattered and vibrated. As a result, the energy of
the acoustic waves is attenuated. Moreover, the velocity of
the waves gradually falls as the fracturing degree increases.

Up to the present, the use of ultrasound to detect coal
and rock failure has produced very good results [20,22]. In
our experiments, the acoustic wave tester was used in a mode
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Table 1 Chemical composition of Portland cement

Composition SiO2 Al2O3 CaO MgO SO3 Fe2O3 Loss of ignition

Content ratio (%) 22.7 5.02 63.12 1.45 2.24 4.37 1.19

Table 2 The particle size distribution of sand

Sieve pore diameter (mm) 4.75 2.36 1.18 0.6 0.3 0.15

Residue on sieve (%) 5 17.8 32.5 51.3 73.7 93.5

Fig. 1 The prepared concrete samples

involving continuous acoustic triggering and singlemeasure-
ments. The pulses transmitted corresponded to a voltage of
160V and awidth of 0.2µs. The pressure-bearing transducer
used for ultrasonic testingwas equippedwith a probe thatwas
40mm in diameter. The sample to be testedwas placed inside
the pressure cylinder, and Vaseline was uniformly smeared
onto its two ends. Then, longitudinal wave transducers were
attached to both ends of the sample. Pressure was applied
with the hydraulic pump, and the pressure values were deter-
mined through the pressure gauge.Measurements were taken
at each pressure rise of 0.5 MPa until the sample fractured.
Acoustic signals were sent by the transmitter, and the data
were recorded after stabilization of signals. The position
where the longitudinal waves passed through the interior of
the sample at the fastest speed was found, and the P-wave
velocity was calculated according to data recorded at that
position. After measuring a set of samples, the pressure was
relieved, and new samples were tested. Then, the above steps
were repeated for the new specimens.

3 Experimental Results and Analysis

3.1 Uniaxial Compression Test Results

Figure 3 displays the complete set of stress–strain curves
obtained in the uniaxial compression tests. The mechani-

cal parameters of the samples subsequently derived from the
stress–strain curves are shown in Table 3.

As shown in Fig. 3, in the early stage of loading, the stress
in the concrete samples changedonly slightly,while the strain
changed greatly. With the further increase in stress, the strain
increased approximately linearly as well. Then, the stress
changed slightly again,while the strain changed significantly.
Overall, the lower the compressive strength of the concrete
samples, the more obvious the trends described above. Even-
tually, the stress reached a peak value, after which the stress
decreased sharply with strain. The variation observed in
the stress–strain curves corresponds to the following stages:
compaction (microfractures and large pores in the sample
become closed up), elastic deformation (the skeleton of the
sample deforms elastically), yield (the original internal pores
extend and new cracks develop) and failure (cracks pene-
trate and tear the sample apart) [8]. As can be seen from
Table 3, concrete sampleswith the same cement-to-sand ratio
had different compressive strengths, elastic moduli and Pois-
son’s ratios, and the results were discrete. As the sand content
increased (A→B→C), the compressive strength and elastic
modulus of the concrete decreased significantly. At the same
time, the Poisson’s ratio only changed slightly (generally in
the range 0.17-0.2). A rise in sand content led to the reduced
strength of a concrete sample. In addition, the stress declined
gradually after reaching its peak, showing an obvious strain
softening property.
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Fig. 2 Schematic diagram of the device used in the confining pressure tests
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Fig. 3 The stress–strain curves obtained from three concrete samples of different strengths in the uniaxial compression tests. a Concrete sample
A(1:1), b Concrete sample B(1:3.5) and c Concrete sample C(1:6)
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Table 3 Mechanical parameters of the nine concrete samples of type A, B and C (with cement-to-sand ratios of 1:1, 1:3.5 and 1:6, respectively)

Group Sample Compressive strength, σc (MPa) Elastic modulus,
E (GPa)

Poisson ratio (µ)

6pt Sample Average Sample Average

A A1 22.58 25.95 1.76 0.163 0.193

A2 25.46 1.67 0.219

A3 29.83 1.66 0.198

B B1 11.36 11.7 0.98 0.175 0.178

B2 13.50 1.05 0.186

B3 10.23 0.74 0.174

C C1 4.32 4.75 0.34 0.184 0.198

C2 5.39 0.53 0.196

C3 4.55 0.49 0.215

Photographs and sketches of the cracks that appeared in
the concrete samples after failure are shown in Fig. 4. The
photographs (Fig. 4a) suggest that even though the concrete
samples had different compressive strengths, they all showed
almost the same failure modes under uniaxial compression,
including splitting failure, single inclined plane shear failure
and conjugated inclined plane shear failure. Moreover, the
failure modes of samples with the same composition ratio
were not always the same, and discrete fracture faces were
formed. The sketch maps (Fig. 4b) show that the cracks pro-
duced after the failure consisted of macrocracks that were
parallel to the loading direction or inclined at a certain angle
to the loading direction. The rupture angles were generally
larger than 45◦. Besides, no obvious fracturewas inspected in
the crack sketched of samples, indicating that the new cracks
were produced at both ends and in themiddle parts during the
damaging process. Generally, the cracks were generated at
the ends before extending to the middle parts of the samples.

3.2 Confining Pressure Results

Unfortunately,when the confining pressure applied to sample
A(1:1) reached 11 MPa, the rubber cylinder inside the pres-
sure loading apparatus became fractured, and hydraulic oil
leaked out. The samples were not cracked. Under such con-
ditions, the loading process was forced to stop. For samples
B(1:3.5) and C(1:6), however, clear sounds were heard, and
the samples had been cracked when the confining pressure
reached 4 and 3 MPa, respectively. Thus, these experiments
could be ended at these stages. The failure modes observed
in the B/C concrete samples after loading are shown in Fig. 5.
Fracture faces parallel to the loading direction were formed
in the concrete samples due to the loading of confining pres-
sure. From the forms of the fractures, their failures were
similar to tension fracture, and macrocracks could hardly
be found on the concrete samples surfaces. The fracture in

sample B(1:3.5) was approximately located in the middle of
the sample (1/2 of the height), while that in sample C(1:6)
was at around 1/3 of the height (toward the upper end).

Figure 6 shows how the average velocity of P-wave var-
ied in the concrete sampleswith different strengths during the
loading process. As shown in Fig. 6, at each confining pres-
sure, the velocity of P-wave was higher in concrete samples
of higher compressive strength. The initial average velocities
in samples A–Cwere 3574, 2567 and 2436m/s, respectively.
For samples B and C (which fractured), the changes in veloc-
ity reflected the whole loading process. Thus, their graphs
could be divided into three stages (I–III) from initial loading
to fracturing of the sample (see the inset in Fig. 6). In Stage I,
the velocity of P-wave increased linearly with the increase in
loading stress (the rising trend slowed down toward the end).
In Stage II, the velocity decreased as the stress increased
further due to the confining pressure. Further loading even-
tually led to a sharp fall in the velocity of P-wave, which
was Stage III. The results of sample A can also be divided
into three stages. Stage I—the velocity increased approxi-
mately linearly with loading stress (low confining pressure).
Stage II—the velocity changed slightly andwas basically sta-
ble as confining pressure increased. Stage III—the velocity
dropped gradually as confining pressure increased.

4 Numerical Simulation of Concrete Samples
Subjected to a Confining Pressure

For the simulation of the yield characteristics of materials,
the mixed discrete element method adopted by the FLAC3D

software package is much more reasonable than the finite
element method. Using FLAC3D (v5.0) software, this study
simulated the stress states and damage characteristics of sam-
ples of ratios B and C under different confining pressures.
The size of the model constructed is 110 × 150 mm (diame-
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Fig. 4 Failure modes and sketches of the cracks of concrete samples in the uniaxial compression tests
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Fig. 5 The fracture modes in the concrete samples caused during the loading of confining pressure

ter × height). In order to eliminate the end effects from both
ends of the samples, the confining pressure was applied in a
trapezoidal form. As the simulated objects were axisymmet-
ric, only a quarter of each cylinder was needed to observe
the damage characteristics. Distributed asymptotically, the
meshes were refined on the edges (a cylinder was divided
into 22,500 meshes in total). The mesh division of the simu-
lated sample is shown in Fig. 7.

The tensile strength of brittle materials such as rock is far
smaller than their compressive strength (the latter is gener-
ally 8–12 times that of the former) [17]. Since the damage
criteria for brittle materials accord with the Mohr stress cri-
teria, the cohesive force and tensile strength values used in
the simulations were calculated according to the compres-

sive strength of concrete samples given in Table 3. In order
to make our simulations as close to the experimental results
as possible, each sample was modeled three times in accor-
dance with their tensile–compressive strength relationship.
The specific parameters are collated in Table 4.

4.1 Tensile Stress Distribution

In the simulations, the confining pressurewas loaded onto the
models of samplesB andC at 0.1MPa per step, and 10 groups
of results were obtained from each simulation. The results
show that the simulation results are the most consistent with
the experimental results when the compressive strength is 10
times that of the tensile strength. When confining pressure is
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Table 4 Some of the parameters used in the simulations

Stress ratio (σt/σca) Sample B model Sample C model
Cohesive force (MPa) Tensile strength (MPa) Cohesive force (MPa) Tensile strength (MPa)

8 6.84 1.46 3.08 0.596

10 4.75 1.17 2.05 0.475

12 3.05 0.98 1.24 0.396

a σc and σt represent the compressive strength and tensile strength of the rock pillars, respectively
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Fig. 6 Change in velocity of the P-wave in the concrete samples high-
lighting the failure process

applied to a sample, the tensile stress in the sample should be
parallel to the sample’s axis. Therefore, three typical groups
of numerical simulation results were selected to compare the
change of axial stress in the center of the cylinder with the
confining pressure (Fig. 8).

As can be seen from Fig. 8, the maximum axial stress
increases with the confining pressure. When the confin-
ing pressure reaches 2.7 MPa, the maximum axial stress
in the center of the sample reaches the tensile strength
(1.17 MPa) of sample B. Similarly, when the confining pres-
sure is 1.9MPa, the maximum axial stress in the center of the
sample C reaches the tensile strength (0.475 MPa) of sample
C. In addition, when the tensile stress in the sample is equal
to the tensile strength under the confining pressure, further
increase in the confining pressure causes the area under the
axial stress curve to increase, but the maximum axial stress
remains unchanged.

4.2 Damage Characteristics

Figure 9 displays the simulated cross sections of two samples
of different strengths highlighting the changes occurring in
the damaged area caused by the confining pressure. It can
be seen from Fig. 9 that when the confining pressure reaches
2.7 and 1.9 MPa (samples B and C, respectively), the sam-

ples become damaged at their centers due to the effect of
tensile stress. As the confining pressure increases, the dam-
aged areas increase in size. From the cross section (b), the
new areas suffering tensile damage mainly develop along
the same direction as the loading direction of confining pres-
sure. It can also be observed that that an area of shear failure
appears in sample C when the confining pressure reaches
3 MPa.

5 Discussion

5.1 Failure Characteristics of the Samples under
Uniaxial Compression and Confining Pressure

Previous results demonstrate that the concrete undergoes
compaction, elastic deformation, yield and failure under
uniaxial compression, which also are referred to as the
linear elastic, expansion, emergence ofmacrocracks and fric-
tion stages of cracking zones [11]. According to Fig. 3,
the stress–strain curves and the physical and mechanical
parameters show discreteness because of the presence and
non-uniform distribution of micropores and fractures in the
concrete samples. Moreover, the observed crack propaga-
tion and penetration paths were significantly different in the
failure process, thus forming discrete fracture faces. As frac-
turing finally occurred, there weremany different crack types
including splitting failure, single inclined plane shear failure
and conjugated inclined plane shear failure. The experiments
by Sfer et al. [12] showed that concrete samples mainly
undergo splitting failure during uniaxial compression and
shear failure during triaxial compression. By utilizing a dis-
crete element method, Camborde et al. [11] simulated the
failure behavior of concrete under uniaxial compression, the
results of which indicated that the concrete should mainly
suffer conjugated inclined plane shear failure. This is because
radial stress appears in the ends of the sample due to internal
friction, which causes the ends to be subjected to tridirec-
tional stress. Thus, shear stress appears at the ends of the
sample and shear failure occurs. According to the crack
sketches in Fig. 4, when damage occurred in the concrete
samples, new cracks were formed at the ends and extended
to the center of the sample. However, as shown in Fig. 5,
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Fig. 7 Mesh generation and stress distribution in the sample model
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Fig. 8 The distribution of axial stress in samples subjected to various confining pressures. a Axial stress distribution of the rock pillars B(1:3.5)
and b Axial stress distribution of the rock pillars C(1:6)

when a confining pressure was applied to the concrete sam-
ples, fractures occurred at locations 1/2 and 1/3 along the
lengths of the samples. At the same time, no residual macro-
cracks were found on the outer surfaces of the samples.

5.2 Instability Failure under Confining Pressure

Acoustic waves propagate at different velocities in different
media.Whenpassing throughmicrofractures, acousticwaves
are likely to be reflected, refracted, scattered and vibrated,
resulting in the energy loss of acoustic waves. Waves also
move slowerwhen they pass through rocks containing greater
numbers of fractures [24]. The more compacted the rock
structure is, the faster the acoustic waves pass through the
rock. According to Fig. 6, there are three distinct stages that
can be found in the P-wave velocity vs. confining pressure

graphs. In Stage I, fractures and micropores in the concrete
samples are compacted and closed up under the low confin-
ing pressure applied. This increases the compactness of the
concrete samples, and thus, the velocity of P-wave gradually
increases. As the confining pressure is further increased to a
certain extent, a point is reachedwhere the fractures andpores
in the samples have almost reached their maximum degree of
closure (corresponding to the largest deformation strength).
In other words, nearly all the fractures and micropores verti-
cal to the loading direction are closed, and meanwhile, those
parallel to the loading direction have reached their maximum
elastic deformation capacity at this time. At this point, the
P-wave velocity has its largest value. In Stage II, when the
confining pressure reaches around 2.5 and 1.5MPa (for sam-
ples B and C, respectively), the tensile stress produced under
the confiningpressure extends themicrofractures that are par-
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Fig. 9 The evolution of the damage in the samples as the confining pressure increases
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Fig. 10 Sketches illustrating the fracturing of a concrete sample under confining pressure

allel to the loading direction of the confining pressure. With
further loading, new cracks are generated and connected to
the original ones (so the P-wave velocity drops). In Stage III,
as the confining pressure increases further still, the new and
original cracks become connected to form macrofractures
which cause the sample to tear and fracture, thus forming
fracture faces that are approximately parallel to the loading
direction of the confining pressure. Therefore, in the confin-

ing pressure experiments, the damage and failure processes
occurring are roughly consistent with the behavior under uni-
axial compression (compaction, elastic deformation, yield
and failure).

The numerical simulations suggest that when the com-
pressive strength is 10 times that of the tensile strength (see
Fig. 9), localized damage occurs in the center of the sam-
ple under the confining pressures of 2.7 and 1.9 MPa (for
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concrete samples B and C, respectively). This coincides well
with the P-wave velocity changes when the experimental
pressures were 2.5 and 1.5 MPa (which we suggest are due
to local damage appearing in concrete samples B and C).
The main difference between the simulated and experimen-
tal results is that tensile fracture had occurred experimentally
when the confining pressure reached 4 and 3 MPa, whereas
the samples were fractured continuously but incompletely
along the horizontal direction at these pressures according
to the simulations. This is because the simulation software
is able to simulate the damage processes in brittle materi-
als, but it is unable to describe instantaneous tensile fracture
using the constitutive stress–strain equations of the brittle
materials.

Figure 9 shows that the samples become damaged at their
centers due to the effects of tensile stress at sufficiently high
confining pressures (2.7 and 1.9 MPa in the samples shown).
As the confining pressure increases further, the damaged
areas increase in size. New tensile failure areas are developed
mainly along the direction of loading (see the cross sections
in Fig. 9), thus generating fractures parallel to the load-
ing direction. When the tensile stress in the sample (due to
the confining pressure) reaches the sample’s tensile strength
(Fig. 8), the maximum axial stress in the sample becomes
fixed, while the initially damaged area becomes larger grad-
ually as the confining pressure increases. This means that
once the tensile stress on the concrete is larger than the tensile
strength, new cracks will be produced which quickly become
extended and interconnected with the original ones. This also
explains why instantaneous fractures generally occur in brit-
tle materials under tensile stress. This is different to what
happens under compressive stress where concrete samples
are fractured after the extension and enrichment of cracks
along a certain direction.

According to the simulation results shown in Fig. 9, under
confining pressure, the concrete suffers tensile failure gen-
erally under tensile stress. Under tensile stress, the stress is
concentrated at the ends of the cracks regardless of the angle
between the long axis of crack and stress direction (except
when the long axis is parallel to the stress). As long as the
tensile stress satisfies Eq. (1), the crack will extend along
the direction perpendicular to the stress, which will rapidly
result in the occurrence of concrete sample fracturing failure
[25].

σ = KI√
2πr

(1)

where σ is the tensile stress at the end of the crack; KI is the
stress intensity factor of concrete; and r is the distance of any
point surrounding cracks from the end of cracks. A sketch
illustrating the fracture process of concrete samples during
loading confining pressure is shown in Fig. 10 where the

fractal nature of the crack has been ignored and its surfaces
have been assumed to be smooth [26].

6 Conclusions

The main failure modes of concrete (brittle materials) sub-
jected to compressive stress are splitting and shear failure.
In order to understand the failure characteristics of brittle
materials under confining pressure, the failure testswere con-
ducted on three concrete samples of different strengths under
confining pressure and uniaxial compression, respectively,
in this paper. Additionally, in order to monitor the samples
during the loading of a confining pressure, a device incorpo-
rating an acoustic wave tester was developed. The following
conclusions can be drawn:

(1) Under uniaxial compression, cracks were initiated at the
top, in the middle or at the bottom of the samples and the
main cracks became extended along the loading direc-
tion until they were connected. The main failure modes
included splitting failure, single inclined plane shear fail-
ure and conjugated inclined plane shear failure. During
the loading of a confining pressure, however, fractures
only occurred near the middle parts of the samples. The
data obtained via P-wave monitoring provide evidence
that the process of fracturing failure in the samples con-
sists of several steps: compaction, elastic deformation,
yield and final failure.

(2) The numerical simulations show that when the compres-
sive strength of a sample is 10 times that of its tensile
strength, the confining pressure values required for the
occurrence of localized damage are in good agreement
with the experimental values. In addition, the concrete
is subjected to tensile stress perpendicular to the load-
ing direction under the confining pressure. Furthermore,
affected by the tensile stress, cracks first appear in the
middle part, then extend along the loading direction and
become connected, and finally tensile fracturing failure
occurs in the sample.
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