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It is very important to determine the seepage behaviour of fractured rock mass infilling to evaluate the stability of the surrounding
rock. The joint transfixion rate is the ratio of the unpenetrated length to the penetration length of a joint in a sample. Samples of the
fractured rock mass infilling using different transfixion rates were prepared, and a TCQT-III low-permeability coal-rock triaxial
seepage device was used to conduct three cycles of confining pressure-seepage coupling tests. Results show that the permeability
is a power function in the confining pressure of the sample, and the permeability changes most significantly with the confining
pressures. The permeability of the sample increases exponentially with the joint transfixion rate. The permeability loss is
positively correlated with the plastic deformation of the sample; the permeability changes most significantly during the first
cycle loading. There is over 60% recovery of the permeability of the sample under cyclic loading for loads that do not exceed the
strength of the infilling. The stress sensitivity coefficient decreases as the confining pressure increases and is higher during the
unloading stage than that during the loading stage for samples with an incomplete transfixion rate. The conclusions obtained in
this study can serve as a reference for grouting applications.

1. Introduction

The permeability of a jointed rock mass is closely related to
the degree of joint filling and penetration [1–5]. The filling
of joints in surrounding rock for underground engineering
is characterized by random gap widths, occurrence complex-
ity, and uncertainty in the transfixion rate, all of which signif-
icantly affect the permeability, shear strength, and stability of
a rock mass [6–11]. The filling in a jointed and fractured rock
mass is affected by the stress environment and usually
undergoes an opening-closing-opening cycle which has a
well-defined self-regulation ability. The fractured rock mass
infilling is a unique and complex subject that is being actively
researched.

Levasseur et al. proposed an evolution model for the per-
meability tensor based on the tensile strain of a joint fracture,
which was assumed to occur along the principal strain direc-
tion [12]. Li et al. investigated the variation law of permeabil-
ity of the shear rock under normal stiffness conditions, and

they found that the increase of permeability was basically
consistent with the increment of the hydraulic pressure
[13]. Takemura et al. developed a semiempirical formula to
correlate the permeability of a fractured rock mass with the
particle size and porosity of the filling [14]. Ye et al. con-
structed a seepage model for filling a fractured rock mass
and obtained an expression for the spatial seepage velocity
[15]. Wang et al. tested the permeability for coal samples of
different heights under cyclic loading and found that the per-
meability loss rate increased with the height-to-diameter
ratio of the coal samples [16]. Mamot et al. used ice as a frac-
ture filler and developed an improvedMohr-Coulomb failure
criterion for specimens based on temperature and stress
effects [17].

The results of a direct shear test conducted by Salimian
et al. showed that the shear strength of a fractured rock mass
decreased as the filling thickness increased [18]. Indraratna
et al. proposed a normalized shear strength model for the
fractured rock mass infilling, which showed that the physical
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properties of the rock mass and filling affect the shear
strength [19]. Jahanian and Sadaghiani found that using
soft materials to fill fractures weakens the shear strength
of a rock mass: the shear strength of a rock mass was
found to decrease gradually as the filling ratio increased
[20]. Lu et al. reported that the shear strength and stiffness
of a rock mass were affected above a critical filling thick-
ness and used the results of numerical simulations and
indoor tests to develop an empirical formula for the peak
shear strength of a rock mass [21]. She and Sun defined
three new parameters that were independent of the mea-
suring scale to characterize the three-dimensional shape
of a fractured surface and studied the mechanical proper-
ties of a filled fractured rock mass [22].

The difficulty of treating the complexity and randomness
of fillings has hindered the development of rock mechanics
[23, 24]. Recently, 3D printing technology has been gradually
applied to this problem [25]. Zhao et al. used 3D printing
technology to produced five types of filled fractured rock
samples and reported a W-shaped stress sensitivity coeffi-
cient for the permeability during the unloading of the confin-
ing pressure [26]. Wang et al. used the standard JRC profile
curve to construct rock samples with different levels of
roughness and gap widths: the higher the roughness was,
the higher the permeability under low confining pressures
was, and this phenomenon gradually disappeared with
increasing confining pressure [27]. Head and Vanorio used
3D printing to construct a filled/fractured rock mass and
measured the porosity, pore structure, permeability, fracture
deformation, and fluid migration changes of the rock mass
[28].

The joint transfixion rate is the ratio of the unpenetrated
length to the penetration length of a joint in a sample. No
studies have been published on seepage behaviour under
cyclic loading for a fractured rock mass infilling with differ-
ent transfixion rates. The fractured rock sample infilling with
different transfixion rates were prepared considering the
complex structural stress and joint fracture development in
the surrounding rock of the Gaoligongshan railway tunnel,
and the permeability and stress sensitivity coefficient of the
samples were measured under cyclic variations in the confin-
ing pressure. The results serve as a reference for grouting
construction in tunnel engineering.

2. Materials and Method

2.1. Engineering Background. The Gaoligongshan railway
tunnel is located in Baoshan City, Yunnan province,
China, and has a total length of 34.5 km, a maximum bur-
ied depth of 1155m, and an average depth of 800m. The
railway line is located in the collision zone between the
Indian and Eurasian plates, which is affected by tectonic
compression, resulting in a rock mass with poor integrity.
Fractures and fold structures have developed, and there is
severe differential weathering. Tunnel excavation has
exposed many filled joint fractures with irregular transfix-
ion rates.

Different transfixion rates frequently produce perme-
ability variations in a fractured rock mass, which typically

affects the grouting support mode and waterproof mea-
sures during different stages of construction. Research
and engineering case studies show that the failure of a
rock mass is mainly related to the evolution, expansion,
and transfixion rate of original fractures [29–32]. Studying
the seepage behaviour of a fractured rock mass with differ-
ent transfixion rates under an engineering disturbance load
has the considerable practical significance for grouting
construction in tunnel engineering.

2.2. Sample Preparation. Fabricating a precision fracture
insert was critical for the experimental study. A detachable
cylindrical mould with an internal diameter of 50mm and a
height of 100mm was used in conjunction with 3D printing
technology to produce four 100mm × 50mm × 2mm frac-
ture inserts.

The insert was placed at different depths in the mould to
produce four sample types with transfixion rates of 25%,
50%, 75%, and 100%; the detailed procedure is described
below.

(1) To ensure smooth demoulding of the sample, indus-
trial vaseline was evenly smeared inside the mould
and over the insert, and the insert was then placed
at the geometric centre of the mould

(2) The sample blocks were constructed by filtering
ordinary Portland cement 42.5R through a
0.5mm diameter sieve mesh to ensure complete
cement hydration. The mass ratio of cement,
water, an antipermeable admixture, a water-
reducing admixture, and an antifoamer was
1 : 0.3 : 0.015 : 0.015: 0.003. The solid material was
evenly mixed, water was added under continuous
stirring, and the mould was placed on a shaker
while the slurry was poured into the mould to
ensure the mould was completely filled. The aver-
age uniaxial compressive strength of three samples
without the filling material under standard curing
was measured to be 82.94MPa

(3) After the sample block was poured and subjected to
standard curing for 72 h, the joint insert was slowly
removed, and a filler slurry was poured into the fis-
sure. The filling materials were simulated using a
mixed slurry containing gypsum, river sand, water,
a water-reducing admixture, and an antifoamer in a
mass ratio of 1 : 0.8 : 0.38 : 0.015 : 0.003, following the
pouring and vibrating process described in step (2).
The slurry contained river sand with a diameter
below 0.3mm as the aggregate and gypsum as the
adhesive and exhibited strong water permeability,
high porosity, and a well-defined strength and com-
pressibility. Three samples composed of only gypsum
and the sand slurry were poured at the same time,
and the average uniaxial compressive strength was
measured after standard curing to be 14.13MPa,
which was 0.17 times the strength of the rock block
and used to distinguish between the performances
of the sample block and the filler
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(4) The mould was removed 24 h after completing the
abovementioned steps, and standard curing was con-
tinued for 28 d to complete sample production. The
samples were cut and polished until the unevenness
at both ends was less than 0.05mm and the precision
requirements were met

A total of twelve samples were fabricated following the
steps outlined above, with three samples for each transfixion
rate; the production process and a portion of the complete
sample set are shown in Figure 1. Some samples were selected

for test analysis, and the samples with 100%, 75%, 50%, and
25% transfixion rates were labelled D1, D2, D3; E1, E2, E3;
F1, F2, F3; and G1, G2, G3, respectively.

2.3. Instrument and Test Procedure. A permeability test was
carried out using a TCQT-III low-permeability coal-rock
triaxial seepage device at Henan Polytechnic University,
Jiaozuo City, China. The device is shown in Figure 2:
the main components were a gas pressurized injection sys-
tem, a system for automatically tracking the confining and
axial pressures, a sample clamping device, a system for
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Figure 1: Sample production.
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metering the inlet and outlet flows, a pressure measure-
ment system, a system for performing a gas component
analysis, and a data collection and processing system. N2
was used as the test gas in the study. The sample gripper
had a diameter of 50mm and a length of 50-100mm; the
range of axial and confining pressures during loading was
0-80MPa.

The confining pressure was considered to be low when
the applied confining pressure was below the strength of
the filling material. Experiments were performed to
determine the seepage behaviour of the filled samples with
different transfixion rates under low confining pressures. A
sample in a triaxial stress state was loaded into the sample
clamping device. To prevent water leakage between the
sample and the rubber sleeve, the loading confining
pressure was set to 1.5MPa, and both the axial pressure
and the inlet air pressure were set to 1.0MPa. The outlet
air pressure was atmospheric pressure, and only the
confining pressure was changed during the entire test
process.

The N2 was injected into the sample clamping device,
and after the gas flow stabilized, the data acquisition sys-
tem was turned on to record data every 30 s. The confin-
ing pressure was loaded to 2.5MPa after the permeability
remained stable for approximately 15min. The abovemen-
tioned operations were repeated until the confining pres-
sure increased to 5.5MPa, thus completing the loading
process. During the unloading process, the axial pressure
was maintained constant, and only the confining pressure
was unloaded every 1.0MPa down to 1.5MPa, thus com-
pleting the first loading and unloading cycle of the test.
The second and third cycles of the permeability test were
performed following the abovementioned method. The test
was completed when the third cycle was unloaded to
1.5MPa. The loading and unloading paths of the test are
shown in Figure 3.

2.4. Theoretical Approach. A rock mass has a complex and
changing internal structure; the seepage fluid must satisfy
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Figure 3: Cyclic confining pressure loading and unloading paths.

Table 1: Selected sample parameters.

No. Height (mm) Diameter (mm) Weight (g) Density (g/cm3)

G1 97.23 49.83 390.89 2.06

G2 97.22 49.67 385.39 2.04

G3 97.15 49.51 383.53 2.05

F1 98.26 49.81 394.62 2.06

F2 97.12 49.75 390.90 2.07

F3 96.70 49.75 383.68 2.04

E1 96.25 49.60 385.09 2.07

E2 96.56 49.62 386.30 2.06

E3 93.51 49.90 373.64 2.04

D1 96.98 49.75 385.24 2.04

D2 98.16 49.76 390.41 2.04

D3 98.13 49.75 388.73 2.03

0.0
25

0.5

1.0

50 75
Transfixion rate (%)

Pe
rm

ea
bi

lit
y 

(m
d)

100

1.5

2.0

2.5

Figure 4: Permeability uniformity curve for different transfixion
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the following continuity equation, irrespective of the pres-
ence of joints in the rock mass or the degree of joint filling:

∇ ⋅ v = 0, ð1Þ

where v is the seepage velocity.
The seepage fluid in a rock mass with joint fractures

should satisfy the Navier-Stokes equation:

−∇P + η∇2v = ρ v ⋅ ∇ð Þ ⋅ v, ð2Þ

where P, η, and ρ are the pressure, the dynamic viscosity, and
the density of the fluid, respectively.

When joint fractures contain fillings, the difference
between the permeabilities of the rock matrix and the fillings
is incorporated into the rock seepage model using the
Brinkman-extended Darcy equation [33]:

−n∇P + η∇2v −
nη
kv

= ρ

n
v ⋅ ∇ð Þ ⋅ v, ð3Þ

where n and k are the porosity and the permeability of the
rock mass, respectively.

A steady-state method was used to determine the per-
meability in this study. An inlet air pressure was applied
at the top of the sample, and the bottom of the sample
was maintained at atmospheric pressure. Thus, a difference
in the permeability pressure was created between the ends
of the sample. The inlet air pressure p and the outlet seep-
age quantity Q were recorded by the pressure sensor and
electronic flow meter, respectively. The gas flow in the
rock mass was assumed to obey Darcy’s law, and the per-
meability of the sample was calculated using p and Q col-

lected using the abovementioned test. The calculation
formula is as follows [26]:

k = 2QpμL
p2 − p20
� �

S
, ð4Þ

where k is the permeability of the sample. Q, p, and μ are
the seepage quantity, the import air pressure, and the
dynamic viscosity of N2, respectively. p0 denotes the atmo-
spheric pressure. L and S represent the length and the
cross-sectional area of the specimen, respectively.

3. Results and Discussion

3.1. Determination of Uniformity of Samples. The uniformity
of the samples was assessed from the standard deviations in
the density and permeability. The density differences were
0.015 g/cm3, 0.009 g/cm3, 0.001 g/cm3, and 0.001 g/cm3 for
fractured samples with transfixion rates of 25%, 50%, 75%,
and 100%, respectively. The permeabilities of the samples
with different transfixion rates at a confining pressure of
1.5MPa are compared below.

The average permeability of samples with 25%, 50%,
75%, and 100% transfixion rates were 0.160md, 0.265md,
1.026md, and 2.402md, respectively, and the corresponding
standard deviations were 0.013md, 0.014md, 0.062md, and
0.083md. Table 1 and Figure 4 show that the fabricated sam-
ples meet the error requirements for the density and the ini-
tial permeability, ensuring the reliability of the subsequent
analysis.

3.2. Effect of Transfixion Rate on Permeability. The perme-
abilities of the filled samples depend on the filling degree, fill-
ing angle, and transfixion rate. However, few studies have
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been conducted to correlate the permeability of the fractured
rock mass with the transfixion rate. The Mohr-Coulomb and
Hoek-Brown strength criteria are generally used to describe
the relationship among the principal stresses of a rock mass
with incomplete transfixion. A test was carried out to deter-
mine the main permeability direction and thereby establish

how the permeability of the samples depended on the trans-
fixion rate.

Figure 5 shows that the permeability is an approximately
exponential function in the transfixion rate, which can be
fitted by the least squares method as follows:

k = 0:079e3:448η − 0:081, ð5Þ

where k is the permeability of the rock mass and η is the
transfixion rate.

As seen from Figure 5, for transfixion rates below 1/2, the
slope of the permeability versus the transfixion rate curve is
almost zero. However, the permeability increases linearly
for transfixion rates above 1/2. Thus, the transfixion rate of
1/2 corresponds to an inflection point and can be regarded
as a critical value.
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Figure 7: Relationship between permeability loss and confining pressure.

Table 2: Ratio of permeability loss during different cycle stages.

No. First cycle (%) Second cycle (%) Third cycle (%)

D1 71.15 15.62 13.23

E1 65.43 17.94 16.63

G1 64.16 18.88 16.96

Average 65.97 17.94 16.09
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3.3. Variation in Permeability with Confining Pressure. As
similar permeability curves were obtained for different sam-
ples with the same transfixion rate, only curves for samples
D1, E1, F1, and G1 are presented in Figure 6, the permeabil-
ities of the samples decrease as the confining pressure
increases during the loading stage, reflecting the effect of pore
closure in the bedrock and fillings on the permeability. The
slope of the permeability is steep during the early loading
stage and decreases gradually as the confining pressure
increases. The permeability increases as the confining pres-
sure decreases during the unloading stage, reflecting the
influence of pore opening in the bedrock and fillings on the
permeability. The slope of the permeability is less steep dur-
ing the initial unloading stage and increases gradually as the
confining pressure decreases.

The permeability decreases nonlinearly as the transfixion
rate decreases, and the confining pressure clearly affects the
permeability. During the loading stage (1.5-3.5MPa) and
the unloading stage (3.5-1.5MPa), the permeability is highly
sensitive to the confining pressure, and the other confine-
ment parameters have less of an effect on the permeability.
This result is obtained because the pore structure of the filling
provides the main seepage path during the initial stage of
loading. As the confining pressure increases, the pores are
gradually compressed, and the porosity of the filling
decreases, closing the main seepage path and resulting in a
lower rate of decrease in the permeability as the confining
pressure increases.

At a later stage of loading, the samples undergo irrevers-
ible plastic deformation, and the seepage area extends over
the cross-section of the entire sample. At this time, increasing
the confining pressure has a relatively small effect on the
seepage path, and the permeability decreases at an extremely
low rate.

3.4. Analysis of Permeability Loss. The sample permeability
differs during a single loading and unloading cycle at the
same confining pressure. This difference is defined as the per-
meability loss, which directly characterizes the plastic defor-
mation of the sample during the loading and unloading cycle.
The permeability loss can be calculated as follows:

Δkn = kjn − kxn, ð6Þ

where Δkn is the permeability loss at the n-th confining pres-
sure during the same loading and unloading cycle. kjn is the
permeability at the n-th confining pressure during the load-
ing phase. kxn is the permeability at the n-th confining pres-
sure during the unloading phase.

The variation in the permeability loss with the cyclic con-
fining pressure is only illustrated for samples D1, E1, F1, and
G1, because almost identical results are obtained for samples
with the same transfixion rate. Figure 7 shows that the per-
meability loss decreases as the confining pressure increases
for samples with different transfixion rates, where the perme-
ability loss changes most noticeably during the first cycle, and
the same change trend is observed for subsequent cycles.

For a brittle sample, the permeability loss during the first
loading cycle should be carefully considered. Taking the first
cycle as an example, the permeability loss depends mainly on
the intermittent time during which the load is exerted. Mac-
roscopic changes occur from 1.5MPa during the loading
stage to 1.5MPa during the unloading stage. The longest
intermittent time during which the load is exerted and the
highest permeability loss from plastic deformation occur
over this period. The shortest load interval occurs from the
loading stage at 4.5MPa to the unloading stage at 4.5MPa;
the lowest permeability loss is the lowest over this period
and is intermediate for other confining pressures. Thus, there
is a high/low permeability loss at low/high confining pres-
sures. Most of the permeability loss mainly occurs during
the first cycle and is proportional to the load interval time.

Table 2 shows the proportion of the permeability loss for
the samples during different cycle stages. The permeability
loss decreases gradually as the number of load cycles
increases. Specifically, the average permeability loss during
the first, second, and third cycles is 65.97%, 17.94%, and
16.09%, respectively. That is, the permeability loss during
the first cycle is 3.68 and 4.10 times that during the second
and third cycles, respectively. When a sample with different
transfixion rates is subjected to a multicycle load under a
low confining pressure, most of the permeability loss occurs
during the first cycle, and similar and small permeability
losses occur during subsequent cycles.

An analysis of the dependence of the permeability on the
confining pressure shows that the variation in the permeabil-
ity is considerably higher during the first cycle stage than
during subsequent cycles. The recovery degree of the perme-
ability after unloading the confining pressure is quantified by
the ratio of the permeability during the unloading stage of the
first cycle to that during the loading stage at a confining pres-
sure of 1.5MPa:

Δkr =
kx1
kj1

, ð7Þ

where Δkr is the recovery degree of the permeability. kx1 and
kj1 are the permeabilities of the sample during the unloading
and loading stages of the first cycle at a confining pressure of
1.5MPa, respectively.

Table 3 shows that when the maximum confining pres-
sure does not exceed the filling strength, there is over 65%
recovery of the permeability of samples with different trans-
fixion rates. As the filling remains in the elastic-plastic state
under a low confining pressure, there is high recovery of
the internal pore structure of the sample after unloading
the cyclic confining pressure.

Table 3: Permeability recovery of different samples.

No. Recovery degree (%) No. Recovery degree (%)

D1 68.55 D2 68.68

E1 51.31 E2 65.29

F1 76.10 F2 77.21

G1 69.55 G2 75.34
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3.5. Functional Relationship between Permeability and
Confining Pressure. Various functions were used to fit scatter
plots of the permeability versus the confining pressure for
samples with different transfixion rates. A high fitting degree
was obtained using the following power law for the constitu-
tive relation:

k = aP−b, ð8Þ

where P is the confining pressure. a and b are regression
coefficients.

Most of the fitting degrees obtained using Equation (8) to
fit the permeability as a function of the confining pressure at
different loading and unloading stages for the three cycles are
above 90%.

The initial permeability ko for each stage is defined as
permeability of the sample at a 1.5MPa confining pressure.
The least squares method is used to fit the coefficients a
and b with functions of ko, resulting in the following consti-
tutive relations:

a =mko + n,
b = λk2o + βko + γ,

ð9Þ

where ko is the initial permeability. m, n, λ, β, and γ are
regression coefficients. The coefficients a and b are related
to the initial permeability of the sample, as shown in Figure 8.

The coefficient a increases linearly with the initial perme-
ability, that is, the higher the initial permeability is, the larger
a is. The coefficient b measures how sensitive the initial per-
meability of the sample is to the confining pressure: the value
of b for the loading stage shows that the sample pores gradu-
ally closed as the confining pressure increased, and the value
of b for the unloading stage shows that the internal pore
structure of the sample was partially restored as the confining
pressure was reduced.

The sensitivity of the permeability to the confining pres-
sure for samples with different transfixion rates during the
loading and unloading stages is relative. The macroscopic
results show that the sensitivity of pore closure and opening
to the confining pressure decreases gradually as the number
of loading cycles increases.

3.6. Relationship between Permeability and Stress Sensitivity
Coefficient. It is challenging to individually assess the numer-
ous factors affecting the permeability of filled samples. The
sensitivity of the permeability to the confining pressure is
quantitatively analyzed by normalizing the permeability to
obtain the following expression for the stress sensitivity coef-
ficient [34].

Ck = −f ′ kð Þk−1o , ð10Þ

where Ck is the sensitivity coefficient of the permeability to
the confining pressure. Using Equation (8), f ðkÞ can be
expressed as follows:

f ′ kð Þ = abP b−1ð Þ: ð11Þ

An analytical expression for Ck is obtained by substitut-
ing Equation (11) into Equation (10).

Ck = −k−1o
∂k
∂p

= −k−1o abP b−1ð Þ, ð12Þ

where a and b are the regression coefficients. P is the corre-
sponding confining pressure. ko is the initial permeability of
the sample at the considered stage.

The sensitivity coefficient is a quantitative measure of the
sensitivity of the permeability to the confining pressure. The
permeabilities at different confining pressures are used to for-
mulate an expression for the permeability sensitivity coefficient
as a function of the confining pressure, and the resulting curve
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Figure 8: Coefficients a and b with variation of initial permeability.
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Figure 9: Continued.

10 Geofluids



is shown in Figure 9. As seen from Figure 9, after several loading
cycles of the confining pressure, the stress sensitivity coefficient
decreases as the confining pressure increases for samples with
different transfixion rates. The stress sensitivity coefficient
changes at a smaller rate than the confining pressure for large
confining pressures (above 3.5MPa). In the fully penetrated
samples, the filling is subjected to all the applied stresses: thus,
the first confining pressure loading cycle causes significant clo-
sure of the internal pores, such that the stress sensitivity coeffi-
cient cannot be fully recovered after the first unloading cycle.
The recovery degree of the stress sensitivity coefficient in the
subsequent two cycles is larger than for the first cycle, where
the stress sensitivity coefficient is lower during the unloading
stage than during the loading stage.

As the transfixion rate decreases, the sample matrix
protects the filling during the application of the confining
pressure, such that the stress sensitivity coefficient can be
completely recovered after unloading the confining pres-
sure, and the stress sensitivity coefficient is higher during
the unloading stage than during the loading stage. This
result shows that the stress sensitivity coefficient of the
sample is affected by the presence of the filling fracture.
The recovery degree of the stress sensitivity coefficient is
affected by the transfixion rate. The lowest recovery degree
for the stress sensitivity coefficient is obtained for the sam-
ple with complete transfixion; the maximum stress sensi-
tivity coefficient of samples with different transfixion
rates does not necessarily occur during the loading stage,
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Figure 9: Variation curves of stress sensitivity coefficients and confining pressure.
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Figure 10: Continued.
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and the stress sensitivity coefficient may be higher during
the unloading stage than during the loading stage.

3.7. Analysis of Changes in Permeability. Figure 10 shows
that the permeabilities of different samples decrease as
the confining pressure increases for all stages. The perme-
ability of the sample with complete transfixion is clearly
higher than that of other samples, where the sample with
a 75% transfixion rate has an intermediate permeability,
and there is no discernable permeability difference
between samples with transfixion rates less than half the
sample height. These results show that the degree of trans-
fixion of the filling affects the sample permeability, where
the larger the transfixion rate is, the higher the permeabil-
ity is. The permeability changes most noticeably for trans-
fixion rates above one-half. Quantitatively, the initial
permeability of samples D1, D2, E1, E2, F1, F2, G1, and
G2 during the first cycle loading stage is 2.37md,
2.49md, 0.97md, 1.02md, 0.26md, 0.27md, 0.14md, and
0.16md, respectively.

The order of magnitude of the permeability does not
change between samples with transfixion rates of 100% and
75%, and there is a very small difference between the perme-
ability of samples with transfixion rates of 50% and 25%. For
a filled fracture, the permeability of the sample is affected by
the transfixion rate, and a critical transfixion rate is observed.
The permeability of samples with transfixion rates above
one-half is approximately 8.25 times that of samples with
transfixion rates below one-half.

4. Conclusions

A low-permeability coal-rock triaxial seepage device was
used to carry out tests to study the seepage behaviour of the

filled samples using different transfixion rates under cyclic
loading and unloading of the confining pressure. The main
conclusions are given below.

(1) Under cyclic loading and unloading of low confining
pressures, the permeability of the filled sample
increases approximately exponentially with the trans-
fixion rate. The permeability decreases as the confin-
ing pressure increases during the loading stage but
increases as the confining pressure decreases during
the unloading stage

(2) The stress sensitivity coefficient of the sample per-
meability decreases as the confining pressure
increases: For samples with complete transfixion,
the stress sensitivity coefficient cannot be
completely restored after unloading the confining
pressure. For samples with incomplete transfixion,
the stress sensitivity coefficient during the unload-
ing stage is higher than that during the loading
stage

(3) For samples with different transfixion rates, the per-
meability is a power function and mainly changes at
low confining pressures. Both the permeability and
the permeability loss increase with the transfixion
rate and change more noticeably when the transfix-
ion rate is above one-half the sample height

Fractures occur irregularly in natural rock masses, result-
ing in diverse types of filling. The further study is to construct
the fractured model infilling with different occurrences by
using novel technological schemes, considering the seepage
behaviour under thermo-hydraulic-mechanical coupling
conditions.
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Figure 10: Permeability differences of samples under different confining pressures.
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