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An innovative method is proposed to prepare artificial columnar jointed rock masses (CJRM) with different columnar dip angles,
and laboratory physical model tests are conducted to investigate anisotropic permeability and porosity characteristics of the
prepared artificial CJRM. In the physical model experiment, permeability and porosity of artificial CJRM with different columnar
dip angles is measured during three times cyclic loading and unloading of confinement pressure. Based on the results of the
laboratory model tests, the Equivalent Continuum Media Model was applied to analyse anisotropic permeability of CJRM. ,e
main conclusions are summarized as follows. In the first loading phase of confinement pressure, the impacts of confinement
pressure on the anisotropic permeability of artificial CJRM, porosity, and the major and minor principle permeability coefficients
(PPCs) are significant, while in the following stages of confinement pressure loading and unloading, the change of them is small,
with stable value. Permeability of artificial CJRM gradually increases with rise of columnar dip angle, and the permeability
anisotropy of artificial CJRM under low confinement pressure is higher than that under low confinement pressure.

1. Introduction

Columnar jointed rock masses (CJRM) as a type of jointed
rock masses with distinct fractural structure that are de-
veloped due to the cooling shrinkage in the process of the
overflow and eruption of volcanic lava are frequently en-
countered in civil and hydraulic engineering projects [1]. For
instance, CJRM are identified in dam foundation and
abutment of Baihetan hydropower station in southwest
China, which has significant impacts on the stability of the
dam.

Due to the presence of columnar joint structure, per-
meability properties of CJRM have significant anisotropy,
which means that the permeability of CJRM is different
along the direction of columnar dip angle [2]. Under certain
extreme conditions, such as flooding and rainstorm, fluid is
permeated into CJRM mainly through the major seepage
channels of columnar joints, while the permeability of intact
rock is extremely low, diminishing the strength of CJRM and

causing potential geohazards, which decreases significantly
their stability [3]. Owing to the anisotropic permeability of
CJRM, along the different directions of columnar dip angle,
the seepage volume of fluid into CJRM is diverse, which
causes the stability difference of CJRM along the direction of
column dip angle [4]. Hence, in order to correctly assess the
stability of CJRM and take proper protection measures to
avoid the occurrence of engineering disasters related to
CJRM, the research about anisotropic permeability of CJRM
is nonnegligible.

In practical engineering projects, CJRM often bear cyclic
loading and unloading of confinement pressure [5]. Taking
Baihetan hydropower station as an example, as a hydro-
power plant with high impounding water level, in the
impounding process, columnar joints are closed under the
effect of high hydraulic pressure, while in the process of
discharging water, the columnar joints are open due to the
decrease of hydraulic pressure [6].,e repeated impounding
and discharging water causes the cyclic loading and
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unloading of confinement pressure on CJRM, which has
nonnegligible influence on the anisotropic permeability
properties of CJRM [7]. However, currently, the investiga-
tion about anisotropic permeability characteristics of CJRM
during cyclic loading and unloading of confinement pres-
sure has not been reported. It is worthy to explore the change
of anisotropic permeability of CJRM during cyclic loading
and unloading of confinement pressure.

Anisotropic permeability of CJRM is difficult to be in-
vestigated by adopting regular methods due to the special
geostructure of CJRM. More importantly, most of the
existing approaches cannot consider the impacts of cyclic
loading and unloading of confinement pressure on of CJRM
[8, 9]. Laboratory tests on natural CJRM do not sufficiently
reflect the anisotropic permeability properties of CJRM.,is
is because CJRM have multisets of joints with large volume,
but the natural rock core sample that is taken from the site
seldom contains joints or only has one set of joints [10].
Another problem which is the large discrepancy between
hidden joints in natural CJRM causes the large discreteness
of laboratory experimental results [11]. Site experiments
such as pumping tests and packer tests are often conducted
by some researchers to investigate the permeability tensor of
rock masses [12–14]. Due to the high heterogeneity and
anisotropy of CJRM, if pumping tests or packer tests are
applied to measure the anisotropic permeability of CJRM,
the test wells need to be placed in different directions and
different locations, which is extreme costly and time-con-
suming [15]. ,e analytical solution is another popular
method to research the permeability of rock masses [16–18].
,e analytical solution approach assumes that the perme-
ability tensor of rock masses is obtained by conducting
simply permeability superposition of individual joints and
intact rock matrix [19]. ,e interconnection of joints and
fluid flow transportation between joints and rock matrix are
ignored. However, for CJRM, the geometrical morphology
of columnar joints is complex and the quantity of fluid
exchanges between joints is large, which impacts greatly the
value of permeability tensor for CJRM, which cannot be
ignored. In recent years, the numerical simulation methods
such as Finite Element Method (FEM) and Discrete Element
Method (DEM) are often adopted by some scholars to ex-
plore permeability properties of rock masses [20–22].
However, CJRM are highly jointed, which is hardly dealt by
using FEM due to the limitation of mesh generation. For the
application of DEM in analysing the permeability properties
of CJRM, it requires a large number of mechanical pa-
rameters of CJRM but now the research about the me-
chanical properties of CJRM is rare [23]. It is difficult to
obtain the large number of mechanical parameters of CJRM
for DEM modelling. Moreover, due to the interconnectivity
between joints and the geological complexity of disconti-
nuities for CJRM, both of FEM and DEM face the com-
putational complicacy for conducting numerical simulation
on the permeability characteristics analysis of CJRM, es-
pecially for the numerical operation that is conducted under
different stress conditions [24, 25].

Physical model tests on rock-like analogue model ma-
terials provide an alternative approach to investigate

anisotropic permeability properties of CJRM [26]. To
physical model test, the joint parameters are easy to control,
and the reproducibility is also a big advantage. ,e speci-
mens are more homogeneous and easier to reproduce. Also,
specimens with different dip angles can be obtained easily,
and the anisotropic permeability of CJRM can be obtained
effortlessly by measuring the permeability of CJRM with
different columnar dip angles [6]. Additionally, the rock-like
analogue model materials of CJRM have been adopted by
some scholars to research the mechanical properties of
CJRM [27]. It has been proved that rock-like analoguemodel
materials can simulate CJRM, and physical model tests are
an effective way to explore the characteristics of CJRM.

In order to understand comprehensively anisotropic
permeability behavior of CJRM, a sound comprehension of
the changing rules of CJRM porosity during cyclic loading of
confinement pressure is indispensable because internal pore
structure of CJRM is a key factor to influence permeability of
CJRM [28, 29]. Hence, the investigation about the changing
law of CJRM porosity during cyclic loading and unloading of
confinement pressure is also necessary to be conducted to
explore the internal mechanism of anisotropic permeability
variation of CJRM.

To cover the deficiency, in this paper, firstly, an inno-
vative method is proposed to prepare artificial CJRM with
different columnar dip angles, and laboratory physical
model tests are conducted to investigate the anisotropic
permeability and porosity characteristics of the prepared
artificial CJRM. In the physical model experiment, the an-
isotropic permeability and porosity of artificial CJRM is
measured during cyclic loading and unloading of confine-
ment pressure. ,en, based on the results of the physical
model experiment, the anisotropic permeability and po-
rosity change law of artificial CJRM during cyclic loading
and unloading of confinement pressure is researched. After
that the internal mechanism analysis of the relationship
between anisotropic permeability of CJRM and cyclic
loading and unloading of confinement pressure is conducted
based on the measured porosity. Finally, based on results of
the physical model tests, Equivalent Continuum Media
Model is utilised to analyse the permeability properties of
CJRM.

2. Geological Structure of the Natural CJRM

,e formation mechanism of CJRM in volcanic lava flow is
that, during the cooling process of rock flow, the flat lava
condensation surface forms numerous regular and irregu-
larly spaced shrinkage centers, resulting in tension cracks
that are perpendicular to the shrinkage direction [30]. ,en,
volume shrinkage towards the shrinkage centers causes rock
masses to split, forming hexahedral, quadrilateral, and
septilateral cylinders [31]. CJRM are detected in Baihetan
hydropower station that is located between Ningnan
Country of Sichuan Province and Qiaojia County of Yunnan
Province downstream of Jinsha River, China, as shown in
Figure 1. ,e power supply capacity of the hydropower
station is 16,000MW, which is the core power source for the
west-to-east power transmission project in China, which will
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be the third largest hydropower plant in the world. CJRM in
Baihetan hydropower station are mainly distributed in
riverbed, dam foundation, and dam abutment in right bank.
Columnar joints in the CJRM are slender, exhibiting ob-
viously isotropic characteristics, as shown in Figure 1.

3. Experimental Methods

3.1. "e Preparation of Sample. In this work, the regular
hexagon with 6mm length of side and 180mm length of
column height is adopted to simulate actual columns by
adopting the material moulding mould and the material
adding mould, and cement mortar is adopted to prepare
the hexagon columns. ,e adopted cement mortar is
mixed by ordinary Portland cement, natural river sand,
and water based on the weight proportion of 1 : 0.5 : 0.4. In
order to improve antiseepage properties and fluidity of
cement mortar, permeability-reducing agent and water-
reducing agent that account for 0.2% of total mass are
added into cement mortar. Additionally, little defoamer is
used to reduce bubble that is produced during the hy-
dration process of cement. ,e detailed preparing process
is as follows.

Firstly, the two parts of mould are hold up corre-
spondingly. ,en, every groove in the material forming
mould is filled with the prepared cement mortar by adopting
the material adding device. After that, the material forming
mould is moved to the constant temperature 28°C and
humility 95% environment, and the mould is disassembled
next day, as shown in Figure 2. ,e process is repeated until
enough regular hexagon columns are attained. ,e attained
normal hexagon columns are put into the constant

temperature 28°C and humility 95% environment to
maintain for 30 days. After that, the normal hexagon col-
umns are bonded to columnar jointing rock mass models by
the mixture of white cement and water with the mass ratio 1 :
0.4, as shown in Figure 3. ,en, the columnar jointing rock
mass blocks are packed and sealed by plastic membrane and
put into the constant temperature 28°C and humility 95%
environment to maintain for 30 days. In the end, the co-
lumnar jointing blocks are cut and polished to diameter
50mm× height 50mm of artificial CJRM with columnar dip
angles 0°, 20°, 40°, 50°, 70°, 80°, and 90°; the parameters of the
artificial CJRM are shown in Table 1.

3.2. Experimental Apparatus. Due to the extremely low
permeability of artificial CJRM, it needs a really long time for
liquid to penetrate through artificial CJRM, when liquid is
adopted as seepage media to measure permeability of arti-
ficial CJRM. During the long measurement time, experi-
mental precision is unavoidable to be impacted by the
variation of external factors such as temperature and hu-
mility, which causes significant errors on experimental re-
sults. Hence, in this experiment, gas is adopted as seepage
media to measure permeability of artificial CJRM, which can
penetrate through artificial CJRM in short time, obtaining
permeability of artificial CJRM. ,e gas permeability test
system, as shown in Figure 4, was utilised to measure the
permeability of artificial CJRM. Meanwhile, porosity of
artificial CJRM is measured by the experimental device. ,e
experiment device is composed of rock core pressure
chamber, confining pressure regulating device, seepage
pressure regulating device, upstream and downstream gas
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Figure 1: ,e location map and geological cross section of CJRM.

Advances in Civil Engineering 3



Pipe

Gas
feed

reservoir

Gas
tank

Gas tank

Gas
pressure
sensor

Confining
pressure

pump

Gas
pressure
sensor

Valve 2

Volume VC

Volume VB

Volume VA

Valve 1

Valve 3

Valve 4

Rock
specimen

Figure 2: Diagram of measuring sample porosity.
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Figure 3: Continued.
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pressure controlling panels, pressure monitor, and gas
pressure gauge with high accuracy. ,e core holder is hy-
drostatic, and the way that it applies the confining pressure is
equal radial and axial directions. ,e maximum

confinement pressure of the experimental device is 60MPa,
and the maximum seepage pressure of the experimental
device is 2MPa. ,e accuracy of measuring gas permeability
of sample is 10−24m2.
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Figure 3:,e evolution law of the permeability of artificial CJRMwith different columnar dip angles during cyclic loading and unloading of
confinement pressure. (a) 0° columnar dip angle. (b) 20° columnar dip angle. (c) 40° columnar dip angle. (d) 50° columnar dip angle. (e) 70°
columnar dip angle. (f ) 80° columnar dip angle. (g) 90° columnar dip angle. (h) Intact rock sample.

Table 1: Parameters of artificial CJRM table.

Number Inclination angle (°) Mass (g) Diameter (mm) Height (mm) Volume (cm3) Density (g/cm3)
v-1 0 200.52 50.64 50.63 99.34 2.08
v-2 20 201.32 50.36 50.24 101.91 2.01
v-3 40 204.06 50.06 50.26 102.36 2.03
v-4 50 206.46 50.09 50.27 104.51 2.03
v-5 70 202.57 50.39 50.14 102.83 2.01
v-6 80 200.46 50.19 51.83 102.36 2.00
v-7 90 206.89 50.24 50.36 99.69 2.06

Advances in Civil Engineering 5



3.3. Permeability Measurement Method and Principle. Gas
Flow Method is adopted in this experiment to measure
permeability of artificial CJRM. Argon is adopted as the
seepage media; the principle diagram of Gas Flow Method is
shown in Figure 5. In Figure 5, the outlet end is open to
atmospheric. Permeability of sample is calculated based on
(1). ,e steady state flow time is 5 minutes under each
loading condition. ,e reasons for utilising Argon are as
follows. Firstly, Argon is inert gas, which can avoid the
chemical reaction between Argon and specimens during the
measurement process. Secondly, Argon is nontoxic gas,
which can guarantee the safety of operators. ,irdly,
compared with N2 and He, Argon is low-cost, and it is fund-
saving for applying Argon in experiments.

k �
2QμLP0

A P2 − P2
0( 

, (1)

where k is gas permeability of sample; μ is viscosity of Argon;
P is gas pressure of the air inlet of pressure chamber; P0 is
atmospheric pressure, and its value is 0.1MPa; A is cross-
sectional area of specimen; L is length of specimen; and Q is
gas flow of air outlet of pressure chamber.

Q is calculated based on

Q �
vΔP

t P0 +(ΔP/2)( 
, (2)

where v is the internal volume of gas pressure gauge and its
value is 0.8CL and △P is the reading of gas pressure gauge
during the time period of t.

3.4. Porosity Measurement Method and Principle. In this
experiment, Gas Expansion Method is adopted to measure
porosity of artificial CJRM by using the permeability
measurement system [32]. ,e detailed process and prin-
ciple of Gas Expansion Method are as follows.

Based on Figure 2, V1 is the volume of the external tube
(blue), V2 is the volume of the bottom air inlet tube
(green), and V3 is the volume of the upper air outlet tube
(black). V1 and V2 +V3 are known. Firstly, test sample is
installed into the pressure chamber. ,en, Valve 5 and
Valve 4 are closed, and Valve 1, Valve 2, and Valve 3 are
open. After Argon flows into the pressure chamber, Valve
3 is closed. When reading of gas pressure gauge is stabi-
lized, reading of gas pressure gauge is recorded as P1. After
that, Valve 4 and Valve 5 are open. When reading of gas
pressure gauge is stabilized again, reading of gas pressure
gauge is recorded as P2. Afterwards, based on Boer ,e-
orem, pore volume of test sample is obtained by adopting
(3). Finally, according to (4), porosity of test sample is got.
One has
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Figure 4: ,e schematic diagram of the permeability and porosity test system.
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P1V1 � P2 V1 + V2 + V3 + Vv( , (3)

where Vv is the volume of pore in sample.

φ �
Vv

V
× 100%, (4)

where V is the volume of sample and φ is porosity.

3.5. Test Scheme. By employing the permeability test system,
the permeability of CJRM sample with 7 different column
dip angles, 0°, 20°, 40°, 50°, 70°, 80°, and 90°, during three-
time cyclic loading and unloading of confinement pressure is
measured by adopting Gas Flow Method. Meanwhile, po-
rosity of artificial CJRM is measured by adopting Gas Ex-
pansion Method; the specific experimental scheme is shown
in Table 2. In order to avoid experimental errors that are
caused by the discreteness of sample, three repetitive tests
are conducted on artificial CJRM, and the average value of
the three repetitive tests is taken as the final experimental
results.

4. The Analysis of Experiment Results

4.1. "e Evolution Law of Permeability of CJRM during Cyclic
Loading and Unloading of Confinement Pressure.
According to the results of the physical model experiments, the
evolution law of the permeability of artificial CJRM with dif-
ferent columnar dip angles during cyclic loading and unloading
of confinement pressure is drawn, as shown in Figure 3.

According to Figure 3, in the first loading phase of
confinement pressure, permeability of artificial CJRM with
different columnar dip angles decreases significantly with
the increase of confinement pressure. After the unloading of
confinement pressure, permeability of artificial CJRM in-
creases slightly. In the following phases of loading and
unloading of confinement pressure, the relationship curves
between permeability of artificial CJRM with different co-
lumnar dip angles and confinement pressure are near-
identical, and the impact of confinement pressure loading
and unloading on permeability of artificial CJRM is tiny.

For the intact artificial rock, in the loading process,
permeability of intact artificial rock is much smaller than
that of artificial CJRM. Additionally, the decreasing mag-
nitude of intact rock sample permeability during loading of
confinement pressure is much lesser than that of artificial
CJRM. Besides, unlike artificial CJRM, the relationship
curves between permeability of artificial intact rock sample
and confinement pressure in the following stages of con-
finement pressure loading and unloading are not over-
lapped, which gradually moves downwards with loading and
unloading of confinement pressure. It demonstrates that
artificial intact rock sample is not fully compacted during the
first loading of confinement pressure, and it becomes
gradually dense in the following loading and unloading of
confinement pressure.

In order to quantitatively analyse the recovery degree of
permeability of artificial CJRM after confinement pressure
unloading, the ratio between the permeability under 3MPa

confinement pressure in the first-time confinement pressure
loading and the permeability under 3MPa confinement
pressure in the first-time confinement pressure unloading is
taken as the indicator for reflecting the recovery degree of
artificial CJRM permeability after confinement pressure
unloading, as shown in Table 3.

Based on Table 3, the recovery degree of permeability of
artificial CJRM with different columnar dip angle is all
below 40%. More specifically, with growth of columnar dip
angle, the recovery degree of permeability rises. It dem-
onstrates that, due to the existence of columnar joint
structure, permeability of artificial CJRM is become diffi-
cult to recover to original value after confinement pressure
unloading.

4.2."eRelationship betweenPermeability andColumnarDip
Angle. According to the results of the physical model ex-
periments, the relationship between permeability of artificial
CJRM and columnar dip angle under different stages of
cyclic loading and unloading of confinement pressure is
drawn, as shown in Figure 6.

In the different phases of three times loading and unloading
of confinement pressure, permeability of artificial CJRM all
gradually increases with rise of columnar dip angle. More
specifically, in the stage of the first confinement pressure
loading, during confinement pressure loading, the decreasing
magnitude of artificial CJRM material permeability with in-
crease of columnar dip angle falls; during confinement pressure
unloading, the decreasing magnitude of artificial CJRM ma-
terial permeability with increase of columnar dip angle rises. In
the following stages of loading and unloading of confinement
pressure, the relationship curves between permeability of ar-
tificial CJRM and columnar dip angle are nearly identical. ,e
changing magnitude of permeability with increase of columnar
dip angle is small compared with that in the stage of the first
confinement pressure loading. ,e permeability of artificial
CJRM material under the loading stage is almost the same as
that under the same confinement pressure in the unloading
stage. ,e permeability hysteresis is much smaller than that in
the first-time confinement pressure loading and unloading. It
demonstrates that, with loading of confinement pressure, the
permeability anisotropy of artificial CJRM becomes less ob-
vious. In the following phases of loading and unloading of
confinement pressure, the permeability anisotropy of artificial

Table 2: Experimental scheme.

Sample
number

Loading and
unloading of
confinement
pressure
(MPa)

Seepage
pressure
(MPa)

Permeability
measurement

method

Porosity
measurement

method

T-1

5, 10, 20, 30,
40, 45, 40, 30,
20, 10, 5

1.5 Gas Flow
Method

Gas
Expansion
Method

T-2
T-3
T-4
T-5
T-6
T-7
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CJRM is nonsignificant. Additionally, in the stage of the first-
time loading and unloading of confinement pressure, the
permeability hysteresis is large, while in the following stages of
loading and unloading of confinement pressure, the perme-
ability hysteresis is marginal.

4.3. "e Relationship between Porosity and Confinement
Pressure. Based on experimental results, the values of po-
rosity of artificial CJRM with different columnar dip angles
are close, and the changing rules of porosity of artificial
CJRM with different columnar dip angles and confinement

Table 3: Recovery degree of the permeability of artificial CJRM with different columnar dip angles.

Columnar dip angle (°) 0 20 40 50 70 80 90 Artificial intact rock masses
Recovery degree (%) 16 19 20 27 34 39 40 46
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Figure 6:,e relationship curves between permeability of artificial CJRM and columnar dip angle. (a),e first-time loading and unloading.
(b) ,e second time loading and unloading. (c) ,e third time loading and unloading.
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pressure are identical. Hence, the average value of porosity of
artificial CJRM with different dip angles is adopted to re-
search the changing rules between artificial CJRM porosity
and confinement pressure. ,e relationship curves between
average porosity of artificial CJRM and confinement pres-
sure are drawn, as shown in Figure 7, and the relationship
curves between porosity of intact rock sample and con-
finement pressure are also drawn as reference, as shown in
Figure 7.

Based on Figures 7 and 8, in the stage of the first-time
confinement pressure loading and unloading, porosity of
artificial CJRM materials reduces significantly during con-
finement pressure loading, and with unloading of con-
finement pressure, porosity has slight increases. In the
following stages of confinement pressure loading and
unloading, porosity of artificial CJRM has marginal fluc-
tuation during loading and unloading of confinement
pressure, but in general, the porosity of artificial CJRM
material keeps stable, with low values. It demonstrates that
artificial CJRM is compacted after the first-time confinement
pressure loading, and the compacted state keeps after
unloading of confinement pressure. ,e following con-
finement pressure loading and unloading have small impacts
on porosity of artificial material, and artificial CJRM ma-
terial is kept in compacted status.

In contrary, decreasing magnitude of porosity of intact
artificial rock sample is lesser than that of artificial CJRM,
but with unloading of confinement pressure, increasing
magnitude of porosity of intact artificial rock sample is
larger than that of artificial CJRM. Additionally, unlike
the relationship curves between porosity of artificial
CJRM and confinement pressure, the relationship curves
between porosity of intact artificial rock sample and
confinement pressure gradually move downwards during
the following loading and unloading of confinement
pressure, which means that, in the stages of the following
loading and unloading of confinement pressure, intact
rock sample is further compacted continually. It dem-
onstrates that, due to the existence of columnar joint
structure, rock becomes easy to be compacted during the
first-time loading of confinement pressure, and with
unloading of confinement pressure, artificial CJRM keeps
compacted status. In the following stages of confinement
pressure loading and unloading, the artificial CJRM is not
further compacted.

5. Discussion

In this section, Equivalent Continuum Media Model is
adopted to analyse the anisotropic permeability properties of
CJRM. In Equivalent Continuum Media Model, the an-
isotropic permeability characteristics of sample are de-
scribed by the permeability tensor [9]. In this study, CJRM
is taken as transversally isotropic material, which indi-
cates that the permeability anisotropy along the plane of
rock strata is ignored and only the permeability anisot-
ropy along the dip direction of joints is considered. More
specifically, the transversal isotropy means that there is an
axial line through CJRM and the permeability properties

of points in plane that is vertical to the axial line are the
same. Hence, the three-dimensional permeability tensor
of CJRM is converted to two-dimensional permeability
tensor. According to the transformation rule of the tensor
coordinate system and the invariance of tensor, the major
and minor principle permeability coefficients (PPCs) of
CJRM during three-time cyclic loading and unloading of
confinement pressure are calculated, and the curves of the
major and minor PPCs during three-time cyclic loading
and unloading of confinement pressure are drawn in
Figure 9 and 10.

According to Figures 9 and 10, in the first loading phase
of confinement pressure, the major and minor PPCs of
CJRM decrease significantly with the increase of confine-
ment pressure, and with the unloading of confinement
pressure, the values of the major and minor PPCs grow
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Figure 7: ,e relationship curves between porosity of artificial
CJRM and confining pressure.
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Figure 8: ,e relationship curves between porosity of artificial
intact rock masses and confining pressure.
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slightly. In the following stages of loading and unloading of
confinement pressure, the relationship curves between the
major and minor PPCs and confinement pressure are nearly
identical, and the major and minor PPCs keep stable, with
low value.

6. Conclusions

In this work, an innovative method is proposed to prepare
artificial CJRM with different columnar dip angles, and
laboratory physical model tests are conducted to investigate
the anisotropic permeability and porosity characteristics of
the prepared artificial CJRM. In the physical model exper-
iment, the permeability and porosity of artificial CJRM with
different columnar dip angles is measured during three
times cyclic loading and unloading of confinement pressure.

Based on the results of the physical model experiment, the
anisotropic permeability and porosity change law of artificial
CJRM during cyclic loading and unloading of confinement
pressure is researched. ,en, the internal mechanism
analysis of the relationship between anisotropic permeability
of CJRM and cyclic loading and unloading of confinement
pressure is conducted based on the measured porosity. After
that, based on laboratory model tests, mathematical models
for calculating the permeability tensor of CJRM during
cyclic loading and unloading of confinement pressure are
developed based on theory of Equivalent Continuum Media
Model. ,emain research findings of the research are drawn
as follows:

(1) In the first loading phase of confinement pressure, the
impacts of confinement pressure on anisotropic per-
meability of artificial CJRM, porosity, and the major
and minor PPCs are significant, while in the following
stages of confinement pressure loading and unloading,
the change of them is small, with stable value.

(2) Due to the existence of columnar joint structure, the
decreasing magnitude of artificial CJRM permeability
with loading of confinement pressure is larger than that
of intact artificial rock masses, while, during confine-
ment pressure unloading, permeability of artificial
CJRM is more difficult to recover to original value than
that of intact artificial rock masses.

(3) Permeability of artificial CJRM with large columnar
dip angle is higher than that of artificial CJRM with
small columnar dip angle. During the first-time
loading of confinement pressure, the permeability
anisotropy of artificial CJRM decreases. In the fol-
lowing stages of loading and unloading of confine-
ment pressure, the permeability anisotropy of
artificial CJRM is nonsignificant.

(4) Due to the existence of columnar joint structure,
artificial CJRM is easier to be compacted than that of
intact artificial rock masses with loading of con-
finement pressure, and the compacted status of ar-
tificial CJRM keeps during unloading of confinement
pressure.
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H. B. Mattsson, “Scales of columnar jointing in igneous rocks:
field measurements and controlling factors,” Bulletin of
Volcanology, vol. 74, no. 2, pp. 457–482, 2012.

[31] J. Browning, P. Meredith, and A. Gudmundsson, “Cooling-
dominated cracking in thermally stressed volcanic rocks,”
Geophysical Research Letters, vol. 43, no. 16, pp. 8417–8425,
2016.

[32] H. Wang, W. Xu, and J. Zuo, “Compact rock material gas
permeability properties,” Physica B: Condensed Matter,
vol. 449, pp. 10–18, 2014a.

12 Advances in Civil Engineering


