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Considering the influence of confining pressure in the actual service environment of concrete in underground projects, the
damage characteristics of fiber-reinforced concrete under the action of confining pressure are evaluated according to the variation
of measured permeability values by means of a triaxial ultralow permeability damage test system. (e tests were carried out
according to the stress loading and unloading paths of 1⟶5⟶10⟶15⟶20⟶10⟶5⟶1MPa for an axial pressure when
the confining pressure value was 1MPa and kept constant. Firstly, the damage permeability of the fiber-reinforced concrete
specimens was verified to be significantly lower than that of the ordinary concrete under the same confining pressure. Secondly, by
conducting single loading and unloading tests at different loading rates (0.5, 1.0, 1.5, and 3.0MPa/s), it was confirmed that the
loading rate had a significant effect on the damage cracking of the specimens, with the faster the loading rate, the more
pronounced the damage characteristics. Finally, a triaxial cyclic dynamic load test with a confining pressure value of 1MPa and an
axial loading speed of 1.5MPa/s was carried out, revealing that the damage characteristics of the test blocks changed from elastic
deformation to obvious plastic deformation damage as the number of loading times increased.

1. Introduction

As a new type of building material, fiber-reinforced concrete
has good crack resistance and corresponding durability,
enjoying a wide application prospect in the development of
urban underground space [1]. During the actual service
period, the fiber-reinforced concrete structure of urban
underground engineering is in a complex stress environ-
ment, and the damage and cracking characteristics of the
fiber-reinforced concrete structure under multiaxial stress
conditions are different from those under uniaxial action
mode. In actual working conditions, the fiber-reinforced
concrete structure of urban underground engineering will be
affected by certain confining pressure. Confining pressure
has a certain synergistic effect on controlling plastic de-
formation of the fiber-reinforced concrete structure and
improving elastic limit [2, 3]. (e fiber-reinforced concrete
specimen is a typical strain rate-sensitive material. Under the
condition of dynamic loading, the damage stress state of the

fiber-reinforced concrete test blocks is no longer similar to
the conventional quasi-static state. For example, under the
conditions of high-speed loading and cyclic dynamic
loading, the loading speed has a great influence on the degree
of damage and cracking. (erefore, it is necessary to discuss
the dynamic mechanical damage performance of fiber-
reinforced concrete materials [4–7].

In the study of dynamic damage mechanism of quasi-
brittle materials under confining pressure, Liu [8] studied
the impact dynamic load mechanical properties of am-
phibolite under different confining pressure values
(0MPa∼2MPa) and different strain rates. (e results show
that under the same confining pressure, with the increase of
strain rate, the dynamic compressive strength of amphibolite
shows a linear increase trend, which conforms to the strain
rate correlation of strength, and the dynamic enhancement
factor is approximately linear with the logarithm of strain
rate. Within the same strain rate range, as the confining
pressure increases, the strength enhancement effect becomes
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more obvious, showing a stronger confining pressure re-
straint effect. Lu and Wang [9] studied the loading damage
test of biotite granite under the conditions of 0MPa∼3MPa
confining pressure andmedium and high strain rate.(e test
results show that when the confining pressure is constant,
the dynamic compressive strength of granite increases
logarithmically with the increase of strain rate, and the peak
strain also increases with the increase of strain rate; the
elastic modulus is poorly sensitive to confining pressure and
strain rate, and the greater the strain rate, the more severe
the rock fragmentation phenomenon under the premise of a
constant strain rate, the dynamic compressive strength of
granite rapidly increases with the increase of confining
pressure, and the failure mode of the material changes from
axial splitting under low confining pressure to compression-
shear failure under high confining pressure; under high
confining pressure, the stress-strain curve of granite has
obvious brittle-ductile transition characteristics. Li [10]
simulated the damage, deformation, strength evolution, and
other failure characteristics of the circular roadway under
the conventional triaxial constraint for three kinds of thick-
walled cylindrical sandstone samples. Zhang [11] used the
thick-walled cylindrical test block; after unloading the inner
cavity load, continued to unload the outer cavity load of the
undamaged thick-walled cylindrical limestone test block;
and conducted a preliminary research on the unloading
failure mode. Wu [10, 12] carried out loading and unloading
tests of limestone test blocks under different confining
pressures, focusing on the failure mode of the samples under
the condition of pressure relief in the hole, and revealed the
damage failure mechanism.

Jia [13], based on the triaxial test of salt rock under
multiple sets of confining pressures, used hyperbolic
equations to fit the tensile and shearMohr–Coulomb criteria
to correct the sharp angle on the yield surface. (e effects of
the damage and confining pressure were added to the im-
proved Mohr–Coulomb criterion, which can describe the
mechanical characteristics of strain hardening, softening,
and brittle-plastic transition of salt rock under different
confining pressures. Zhou [14] obtained the quantitative
relationship between elastic modulus and confining pressure
and internal variables based on the cyclic loading test of
Jinping marble. Based on the Mohr–Coulomb criterion, the
law of internal friction angle and cohesion with internal
variables is obtained. (e internal friction angle in the yield
function is replaced by the dilatancy angle to establish a
plastic potential function. According to the noncorrelated
flow rule, an elastoplastic coupled constitutive model of
marble considering the confining pressure effect is given.
(e model can reflect the expansion characteristics of the
rock with the change of confining pressure, but it uses many
undetermined parameters, and because the research object is
Jinping marble, the model is based on test results, and
whether it is applicable to other rocks needs further veri-
fication. Wu and Li [15] produced a number of cylindrical
concrete specimens and wrapped FRP cloth around the
concrete specimens to limit the radial deformation during
concrete loading. (e deformation of concrete under
multiaxial action was studied, and the reciprocating loading

effect was obtained. Under the stress-strain curve, the
confining pressure of the FRP sheet on concrete was studied.

In order to study the influence of confining pressure
constraint and loading speed on the damage and cracking
law of fiber-reinforced concrete, we carried out dynamic
loading and unloading damage penetration tests of fiber-
reinforced concrete under confining pressure [16–21].
Under the condition of constant confining pressure of 1MPa
and loading speed (0.5, 1.0, 1.5, and 2.0MPa/s), a triaxial
loading mechanical damage test of test blocks was carried
out to study the influence of loading speed change on the
damage degree of test blocks. Furthermore, triaxial multiple
cyclic loading tests with confining pressure of 1MPa and
axial loading speed of 1.5MPa/s were carried out to reveal
the evolution law of damage penetration of test blocks with
the increase of loading and unloading times.

2. Principle of Ultralow Permeability Damage
Test under Confining Pressure

(e appearance of internal cracks of fiber-reinforced con-
crete structures after loading damage will reduce imper-
meability. (e permeability change rule obtained from
triaxial loading stress measurement can more truly reflect
the actual situation of internal loading damage and cracking
of fiber-reinforced concrete [22–25]. Due to the quality of
raw materials, construction operations, curing conditions,
and other factors, it is difficult to avoid microcracks after
pouring andmolding. Except for surface cracks, microcracks
in the concrete matrix are difficult to find and identify.
(erefore, with the help of ultralow permeability damage
testing system, the research on dynamic loading damage
mechanism of fiber-reinforced concrete test blocks under
confining pressure is conducted. (e absolute permeability
of that fiber-reinforced concrete specimen is obtained from
the experiment, and the permeability measurement of the
specimen is carried out based on Darcy’s law, and the gas
used is high purity nitrogen. (e dynamic loading damage
mechanism of test blocks under confining pressure is
revealed through the laboratory nitrogen steady-state test
evaluation.

For the calculation equation of nitrogen permeability in
a stable state, it is to necessary take into account the in-
fluence of gas slip and inertial resistance, which is beneficial
for the calculation equation to coincide with the actual
situation of a gas stable state. In terms of the means of gas
permeability measurement, nitrogen is used as the perme-
able medium of test block loading damage, and the following
factors need to be considered: nitrogen is characterized by
high compression. In a normal test environment, the relative
density of a gas is relatively low. (e influence of gravity
factors can be ignored in the measured calculation of
damage permeability. Nitrogen, under the pressure, enjoys
fast flow speed at the crack position of the test block, and
thus the slip speed of nitrogen needs to be considered.

Generally, the principle of nitrogen permeability cal-
culation formula is based on the characteristics of homo-
geneity, isotropy, and temperature commonness of the
internal medium of the test block. In actual working
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conditions, the material characteristics of the test block are
difficult to meet the ideal requirements, and the test block is
usually calculated as a cylinder. According to the corre-
sponding relationship between the calculation direction of
damage permeability and axial space, the actual calculation
is mainly divided into two types: axial damage permeability
is parallel to the axial direction of the test block based on the
measured direction; Radial damage permeability can be
defined as transverse damage permeability based on the
measured direction, which is consistent with the cross-
section of the test block.

(e mathematical model for calculating the damage and
permeability of steady-state test blocks loaded with nitrogen
can be described as follows:

kg �
2μprqr

Gf p1 − p2(  p1 + p2( 
, (1)

where kg is the measured value of permeability of the test
block, e− 16m2; pr is the pressure under the measured
environment, pa; qr is the measured nitrogen flow velocity
per unit volume; p1 is the pressure upstream of the test block
inlet, pa; p2 is the downstream pressure of the test block
outlet, pa; and Gf is a geometric revision factor.

Gf �
πr

2

L
, (2)

where r is the radius of the test block, m and L is the
length of the test block, m.

Brief description of nitrogen slip effect: In the actual
measurement and calculation of low permeability materials,
the slip effect of nitrogen is obvious, and Klinkenberg re-
lation is usually used to correct the calculation of damage
permeability as follows:

kg � ks 1 +
b

pm

 , (3)

where ks is the inherent permeability of the medium
inside the test block, pm is the average pressure of the test
block, and b is the uniform unit constant.

In the test, the upstream gas pressure is controlled by the
pressure-reducing valve, and the downstream end is directly
connected with the atmosphere. At the same time, the
loading stress state of the test block is changed; the state
information and flow rate information of the test block are
collected and recorded; and the damage permeability of the
fiber-reinforced concrete test block is calculated.

3. Test Preparation

3.1. Experimental Equipment. (e experiment adopts a
constant temperature ultralow permeability damage test
system, and the accuracy can reach 1e− 23m2. (e whole set
of equipment is accurate in control and collection with a
high degree of automation and thus can realize accurate
measurement of permeability of low permeability medium.
(e partition arrangement of the test system is shown in
Figure 1. (e whole system consists of a pressure control
system, pipeline and clamper system, data acquisition,

recording system, and so on. (e pressure control system is
composed of axial pressure, confining pressure control system,
and air pressure control system. (e axial and confining
pressure are controlled by two ISCO pressure pumps, while the
gas pressure is controlled by a gas pressure reducing valve
connected with the gas cylinder. (e pipeline system is also
composed of two parts: one is a confining and axial pressure
control pipeline (transmit confining pressure and axial pres-
sure) and the other is a gas migration pipeline (transport high
purity gas used for infiltration).(e clamper system consists of
a rubber sleeve, a containing cavity, a cushion block, and the
like, wherein the cylindrical sample is placed in the rubber
sleeve, the cushion block is placed into the clamping sample
from the upper and lower ends, and then the rubber jacket is
placed in the containing cavity; (e data acquisition and re-
cording system consists of an electronic balance that auto-
matically records reading books and a control system of a
computer terminal.(is system records various data in the test.

(e steady-state method was adopted for the test block
loading gas permeability test, and the permeability gas was
high purity nitrogen. (e gas permeability test not only
studied the influence of fiber addition on the permeability of
fiber-reinforced concrete but also studied the influence law
of axial stress on the permeability of fiber-reinforced con-
crete test block. Considering the actual working conditions,
infrastructure projects with shallow burial depth and low
confining pressure are adopted for the development of urban
underground space. (e actual confining pressure of
1∼2MPa is reasonable for the site selection environment.
During the test, the test block was put into the clamping
system first, and the pipeline connection was normal, so as to
maintain the tightness of the clamping chamber and prevent
the leakage of pressure liquid. (e pressure load was slowly
applied to the test block in the form of step loading; the
confining pressure pump kept the set pressure unchanged;
and the axial pressure is set to step loading and unloading
mode. According to the influence law of triaxial loading on
the damage permeability of the test block, the loading stress
path shall be 1⟶5⟶10⟶15⟶20⟶10⟶5⟶1MPa.
(e gas pressure at the upstream of the test block was
0.5MPa, and we recorded the volume of permeated gas at
the downstream by drainagemethod and converted themass
of discharged boiled water into the gas volume by electronic
balance. (e computer terminal automatically collected the
data of the electronic balance and processed it into flow data
for storage.

3.2. Preparation of Test Block. We cured the fiber-reinforced
concrete standard cube test block that has been poured and
cured to 28 days old. (en, the test block was made into a
cylindrical test block with a diameter of 50mmand a height of
40mm (error control within ±1mm) through drilling core
and surface polishing.(e test block parameters are shown in
Table 1. Parallel control tests are required for fiber-reinforced
concrete test blocks with the same content. (e physical
picture of the test blocks used in the damage penetration test
is shown in Figure 2(a), and the schematic diagram of the
loading direction of the test block is shown in Figure 2(b).
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In order to improve the measurement accuracy of dy-
namic loading damage permeability of fiber-reinforced
concrete test blocks under confining pressure, it is necessary
to place the prepared concrete test blocks in an oven at 60°C
for 12 h, remove free moisture in the test blocks, let them
cool down naturally, and store them in plastic sealed bags for
subsequent tests.

4. Study of Loading and Unloading Damage
Penetration of Test Blocks under
Confining Pressure

4.1. Study of Damage and Penetration of Test Blocks under
Static Loading and Unloading. According to the GB50081-
2002 TestMethod forMechanical Properties of Concrete, when

the strength grade of concrete is between C30 and C60, the
static loading speed should be controlled at 0.5∼0.8MPa/s.(is
section focuses on the evaluation of damage characteristics of
test blocks under static confining pressure, and the loading
speed is controlled at 0.5MPa/s. We carried out the load
damage permeability test of the test block when the confining
pressure value is 1MPa with C50S1.2 fiber-reinforced concrete
test block and C50S0 ordinary concrete test block (the mea-
sured number of test blocks in each group is 2), and the loading
speed was 0.5MPa/s. (e measured data are shown in Table 2.
(e measured data curve of the damage permeability test of
fiber-reinforced concrete test block under the condition of
single loading and unloading is shown in Figure 3.

As can be seen from Figure 3, both the fiber-reinforced
concrete test block and the ordinary concrete test block show
that the permeability increases with the increase of axial

Drainage method
to measure flow

Triaxial chamber and
specimen holder

Temperate boxValve

Computer

Cylinder

Pressure tube

Axial pump

Confining
pressure pump

(a)

(b)

Figure 1: Ultralow permeability damage test system: (a) schematic diagram and (b) physical picture.

Table 1: Test block parameters of damage penetration loading test under confining pressure.

Number Strength level Test blocks number (n) Fiber content (kg/m3)
Test block size

Diameter (mm) Height (mm)
C50S1.2-1 C50 16 1.2 50 40
C50S1.2-2 C50 16 1.2 50 40
C50S0-1 C50 16 0 50 30
C50S0-2 C50 16 0 50 30
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loading pressure. When the axial loading is 1∼5MPa, the
permeability of the test block increases slowly, and when the
axial loading is 5∼15MPa, the permeability increases rapidly.

When the loading peak value of the fiber-reinforced concrete
test block reaches 20MPa, the permeability peak value is
7.95e− 16m2, and the permeability peak value of the

(a) (b)

Figure 2: (a) Physical picture of the test blocks in the damage permeation loading test and (b) schematic diagram of confining pressure and
axial loading of the test block.

Table 2: Measured permeability of single loading and unloading test (the confining pressure value is 1MPa).

Axial Load (MPa) C50S1.2-1 C50S1.2-2 C50S0-1 C50S0-2
Measured value of permeability (e− 16m2)

1 2.65 2.37 2.66 2.54
5 3.12 2.60 3.05 2.86
10 3.41 5.54 6.76 7.39
15 5.68 6.97 11.20 12.45
20 7.95 7.77 13.35 14.67
10 4.92 4.64 8.96 6.82
5 3.86 3.38 4.32 4.40
1 3.62 3.52 4.08 4.15
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Figure 3: Change of loading and unloading damage permeability law of confining pressure 1MPa test block: (a) load phase and (b) unload
phase.
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ordinary concrete test block is 14.67e− 16m2, which indi-
cates that the cracking damage degree of the ordinary
concrete test block under loading is greater than that of the
fiber-reinforced concrete test block. (e unloading speed is
still kept at 0.5MPa/s. From the data curve, it can be seen
that when the permeability of the test block is unloaded from
the peak value to the initial loading value, the permeability
basically decreases to that of the initial state, and the loading
damage of the test block is mainly manifested as elastic
deformation. However, the test block still causes slight
cracking damage after single loading and unloading, which
leads to the inability to completely restore the permeability
to the initial level. (e permeability of the fiber-reinforced
concrete test block after unloading is 3.62e− 16m2, which is
slightly lower than the permeability of the ordinary concrete
after unloading 4.08e− 16m2, indicating that the damage
and cracking degree of the fiber-reinforced concrete is lower
than that of the ordinary concrete under the same loading
and unloading conditions.

4.2. Damage and Permeability Evaluation of Test Block under
Single Loading and Unloading under Different Loading
Velocity. Considering the constant confining pressure value
of 1MPa and the change of loading speed (0.5, 1.0, 1.5, and
3.0MPa/s), we carried out single loading and unloading
damage permeability test of fiber-reinforced concrete test
blocks with a strength grade of C50. (e measured values of
loading permeability of test blocks are shown in Table 3. (e
loading and unloading damage penetration of the test block
is shown in Figure 4.

According to the damage permeability curve of fiber-
reinforced concrete test blocks under different loading
speeds, the following conclusions are obtained:

(1) (e loading speed has a great influence on the
damage permeability of the test block. When the
loading speed is 0.5MPa/s, the confining pressure is
1MPa, and the axial loading is 20MPa, the peak
damage permeability of the test block is
5.45e− 16m2, and when the loading speed is in-
creased to 1.0MPa/s, the peak damage permeability
of the test block is 7.77e− 16m2. (e degree of
damage and cracking is further increased. When the
loading speed is increased to 1.5MPa/s, the peak
damage permeability of the test block is
28.35e− 16m2. When the loading speed is increased
to 3MPa/s, the peak damage permeability of the test
block is sharply increased to 122.37e− 16m2, and the
test block has an obvious cracking failure.

(2) (rough the comparison and analysis of the mea-
sured values of the damage permeability of the test
block, it can be seen that when the loading rate is
0.5∼1.0MPa/s, the permeability of the test block
basically recovers to the initial value after a single
loading and unloading test, which indicates that the
damage deformation of the test block is mainly
manifested as elastic damage at this stage. When the
loading speed is increased to 1.5MPa/s, the

permeability of the test block after unloading is
8.17e− 16m2, which is obviously higher than the
initial value of 2.66e− 16m2, indicating that the test
block has plastic damage. When the loading rate is
increased to 3MPa/s, the permeability of the test
block after unloading is 39.37e− 16m2, which is
much higher than the initial value of 2.74e− 16m2,
indicating that the test block has obvious plastic
damage.

4.3. Evaluation of Damage and Permeability of Test Blocks
under Rapid Cyclic Loading and Unloading. Under con-
ventional test conditions, the loading speed of fiber-rein-
forced concrete test block is generally controlled at
0.5∼0.8MPa/s. (is section mainly studies the damage
characteristics of fiber-reinforced concrete test block under
dynamic load and cyclic loading and unloading. It can be
seen from the research results of the previous section that the
loading speed has a great influence on the damage of the test
block. (erefore, this section focuses on the damage pen-
etration test of C50S0 ordinary concrete and C50S1.2 fiber-
reinforced concrete under fast cyclic loading and unloading.
(e confining pressure is kept constant at 1MPa, and the
loading speed is increased to 1.5MPa/s. Four cyclic loading
and unloading tests were carried out in turn through the
same stress loading and unloading path. When the fourth
cyclic axial pressure is unloaded to 1MPa, the data are
recorded and analyzed at the end of the test. (e loading and
unloading path of the test stress is shown in Figure 5. Under
cyclic dynamic load conditions, the measured values of
loading permeability of fiber-reinforced concrete test blocks
are shown in Tables 4 and 5, and the loading and unloading
damage permeability of test blocks are shown in Figures 6
and 7.

(e research shows that the permeability of the test block
increases with the increase of axial compression loading in
the loading stage, mainly showing that with the increase of
axial compression, the crack expansion of the test block leads
to the increase of the measured permeability value. At the
beginning of the loading stage, the slope of the curve of
permeability changing with axial pressure is relatively
moderate, and with the increase of axial pressure, the slope
of the curve of permeability changing with axial pressure
gradually becomes steeper. In the unloading stage, the
permeability decreases with the decrease of axial pressure,
which is mainly manifested as the fracture tends to close due
to axial pressure unloading. In the initial stage of unloading,
the slope of the curve of permeability with axial pressure is
larger and continues to decrease with axial pressure, while
the slope of the curve of permeability with axial pressure
gradually slows down. (e research shows that the loading
stage (10∼15MPa) is the critical stage of damage infiltration
of test blocks, which can be defined as the transition stage of
elastoplastic damage infiltration.

At the peak loading stages of four cycles, the permeability
of fiber-reinforced concrete test block is 28, 31, 35, and
39e− 16m2, respectively, and when the axial load is
unloaded to 1MPa, the permeability of fiber-reinforced
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Table 3: Measured permeability of C50S1.2 test block in dynamic loading and unloading test (the confining pressure value is 1MPa).

Axial Load (MPa) Loading speed, 0.5MPa/s Loading speed, 1.0MPa/s Loading speed, 1.5MPa/s Loading speed, 3.0MPa/s
Measured value of permeability (e− 16m2)

1 2.55 2.68 2.66 2.74
5 3.46 3.60 7.15 13.55
10 3.55 4.54 11.34 29.39
15 3.68 5.87 21.48 76.34
20 5.45 7.77 28.35 122.37
10 4.34 5.24 17.68 56.54
5 3.77 4.28 10.24 43.56
1 3.34 3.77 8.17 39.75
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Figure 4: Change of damage penetration law of C50S1.2 test block in dynamic loading and unloading test: (a) load phase and (b) unload
phase.
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concrete test block corresponding to the four cycles is 8, 10,
13, and 16e− 16m2, respectively. It can be seen that the
damage permeability of the test block increases with the
increase of loading and unloading times. Under the action of
cyclic loading and unloading, the damage degree of the test
block increases, and the permeability of each stage is higher

than that of the previous stage. (e test block has obvious
plastic deformation damage, which is mainly manifested in
the fact that the crack permeability after unloading is sig-
nificantly higher than the initial permeability after loading.

5. Conclusions

Considering the presence of confining pressure in engi-
neering practice, a study on the dynamic loading damage
mechanism of fiber-reinforced concrete specimens under
confining pressure was carried out with the aid of an ul-
tralow permeability damage test system, and the following
conclusions were mainly obtained:

(1) (e damage characteristics of fiber-reinforced con-
crete and ordinary concrete specimens in a single
loading and unloading under the same confining
pressure were studied, which shows that under the
same confining pressure and loading and unloading
conditions, the damage permeability of the fiber-
reinforced concrete specimens is significantly lower
than that of the ordinary concrete. (e penetration
rate in the unloading phase of the test basically
overlaps with that in the loading phase, which is
mainly characterized by elastic damage.

(2) Considering that the loading speed is an important
factor affecting the damage cracking of fiber-rein-
forced concrete, damage penetration tests were
carried out on the triaxial single loading and
unloading of fiber-reinforced concrete specimens
under the conditions of varying loading speeds (0.5,
1.0, 1.5, and 3.0MPa/s) with a constant confining
pressure of 1MPa. (e study shows that the loading
speed has a great influence on the degree of damage
and cracking of the specimen. When the loading
speed is increased from 0.5MPa/s to 1.5MPa/s, the

Table 4: Measured permeability of C50S1.2-1 test block in cyclic
loading and unloading test.

Axial load (MPa) Cycle 1 Cycle 2 Cycle 3 Cycle 4
Measured value of permeability (e− 16m2)

1 2.66 8.17 10 13
5 7.15 9 13 15
10 11.34 13 16 18
15 21.48 24 26 28
20 28.35 31 35 39
15 22 25 28 31
10 17.68 19 22 25
5 10.24 13 15 17
1 8.17 10 13 16

Table 5: Measured permeability of C50S1.2-2 test block in cyclic
loading and unloading test.

Axial load (MPa) Cycle 1 Cycle 2 Cycle 3 Cycle 4
Measured value of permeability (e− 16m2)

1 2.39 7.14 11 12
5 6.15 10 12 15
10 12.37 14 17 19
15 20.45 23 26 27
20 27.37 30 34 38
15 21 23 29 30
10 16.66 17 21 24
5 9.25 14 15 18
1 7.14 11 12 17
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Figure 6: Change of damage penetration law of C50S1.2-1 test
block in cyclic loading and unloading test.
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Figure 7: Change of damage penetration law of C50S1.2-2 test
block in cyclic loading and unloading test.
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maximum permeability at the peak of loading in-
creases from 5.45e− 16m2 to 28.35e− 16m2, and the
rapid increase of permeability indicates that the
degree of damage and cracking of the specimen
becomes larger. When the loading speed reached
3MPa/s, the permeability of the unloading phase
could not coincide with that of the loading phase,
and the permeability of the specimen at the end of
unloading was 39.37e− 16m2 that was significantly
higher than the initial measured value of
2.74e− 16m2.

(3) A triaxial cyclic loading and unloading test was
carried out at a circumferential pressure of 1MPa
and a loading rate of 1.5MPa/s. A total of four cycles
of loading and unloading tests were carried out using
the same loading path. (e study shows that the
damage penetration of the test blocks increases with
the number of loading and unloading cycles.
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