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'e coupling effect between the stress field formed by rock mass and the seepage field formed by groundwater has an important
impact on the stability of underground engineering. In order to conduct the fluid-solid coupling physical model test in the
laboratory, it is necessary to develop suitable analogous materials. In this study, a new type of analogous material reflecting the
fluid-solid coupling effect is developed with iron powder, barite powder, and quartz sand as aggregates, white cement as a
cementing agent, and silicone oil as a regulator.'rough a large number of orthogonal experiments, the influence laws of different
material contents on themechanical properties and permeability characteristics of analogous materials are obtained. In addition, a
method for quickly determining the proportion of components in fluid-solid coupling analogous materials is also proposed. 'e
developed analogous material is employed in the fluid-solid coupling physical model test of a deep tunnel. 'e variation laws of
rock stress, displacement, and seepage pressure around the tunnel during construction are obtained, which verifies the feasibility
of the developed analogous material.

1. Introduction

With the rapid development of the global economy and the
gradual expansion of human living space, many under-
ground projects under construction and planning continue
to march into the deep rock mass. In the fields of mining,
transportation, water conservancy and hydropower, energy,
and nuclear waste disposal, the buried depth of underground
tunnels or caverns has reached more than 1000 kilometers.
With the increase in buried depth, the stability of under-
ground engineering is greatly threatened, especially the
coupling effect of high ground stress and high external water
pressure [1–5]. 'erefore, it is of great significance for the
safety and economy of underground engineering to study
the distribution and evolution of stress, seepage pressure,
and displacement in deep rock mass under fluid-solid
coupling conditions.

For the complex coupling between the stress field and
seepage field of rock mass, theoretical analysis, numerical
simulation, and geomechanical model testing are the three

main research methods. Moreover, the geomechanical
model test can truly reflect the spatial relationship between
geological structure and engineering structure and accu-
rately simulate the construction process. Especially, for large
and complex engineering problems, it plays an irreplaceable
role than theoretical analysis and numerical simulation
[6, 7]. 'e success of the fluid-solid coupling model test of
deep rockmass mainly depends on the reliability of the fluid-
solid coupling similarity criterion and fluid-solid coupling
analogous materials. At present, scholars have studied the
fluid-solid coupling similarity theory and analogous mate-
rials around these two aspects. Based on the fluid-solid
coupling similarity criterion of continuum mechanics the-
ory, Li et al. [8–10] developed a fluid-solid coupling anal-
ogous material composed of sand, barite powder, talc
powder, cement, petrolatum, silicone oil, and an appropriate
amount of mixing water, which can simulate different rock
masses with different permeabilities. Hu et al. [11] sys-
tematically discussed the three-dimensional solid-fluid
coupling similarity theory, which provided theoretical
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guidance for the development of model test technology.
From the perspective of fluid-solid coupling theory, Chen
et al. [12] developed a kind of fluid-solid coupling analogous
material for deep water barriers with paraffin and Vaseline as
cementing agents, river sand and calcium carbonate as
aggregates, and hydraulic oil as a regulator. Yu et al. [13]
employed low-melting, high-quality paraffin as a binder,
sand and talc powder as aggregate, and high-quality wear-
resistant hydraulic oil as the regulator and developed a
nonhydrophilic fluid-solid coupling analogous material. Bai
et al. [14] developed a novel analogous material mixed with
calcium carbonate, white cement, paraffin, quartz sand,
silicone oil, talc, and iron powder and researched the effects
of different mixing ratios on themechanical properties of the
analogous material. Based on the fluid-solid coupling sim-
ilarity theory of continuous media, S. Liu and W. Liu [15]
mixed river sand, calcium carbonate, talc powder, white
cement, Vaseline, and hydraulic oil and developed a fluid-
solid coupling analogous material that can simulate coal
seam aquifers. Shi et al. [16] developed an analogous ma-
terial with cement and gypsum as cementing agents and
quartz sand as aggregate and studied the relationship be-
tween water absorption, softening coefficient, permeability
coefficient, sand binder ratio, water paste ratio, and quartz
sand particle size. Using cement and gypsum as cementing
materials and sand as aggregate, Huang et al. [17] formulated
a fluid-solid coupling analogous material that can simulate
water inrush in tunnels under excavation disturbance.

Although some progress has been made in the study of
fluid-solid coupling analogous materials, the current fluid-
solid coupling analogousmaterials are based on the theory of
continuum mechanics without considering the effects of
high ground stress [18–24]. 'e existing fluid-solid coupling
analogous materials are not suitable for high ground stress
environments. 'erefore, this study firstly deduces the fluid-
solid coupling similarity criterion under high in situ stress
and high water pressure. 'en, under the guidance of the
derived similarity criterion, a new type of fluid-solid coupled
analogous material suitable for simulating deep rock mass
engineering is developed, and the effects of different mixing
ratios on the density, compressive strength, tensile strength,
deformation modulus, and permeability coefficient of
analogous materials are studied through orthogonal tests.
Finally, taking Xianglu Mountain Tunnel as the engineering
background, the effectiveness of the developed analogous
material is verified by conducting a fluid-solid coupling
model test.

2. Fluid-Solid Coupling Similarity
Conditions under High In Situ Stress

According to the similarity principle, the fluid-solid cou-
pling model test of deep rock mass must not only meet the
similarity of geometric dimensions, boundary conditions,
mechanical properties, and rock mass structure but also
meet the similarity of hydraulic properties (mainly referring
to the four parameters including permeability coefficient,
seepage pressure, seepage flow, and flow velocity).

'e fluid-solid coupling similarity criterion is the basis
for the development of analogous materials. 'e current
fluid-solid coupling similarity criterion is mostly derived
from the homogeneous continuum mechanics model [11],
which is expressed as follows:
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where CG is the similarity ratio of shear modulus, Cδ is the
similarity ratio of displacement, CL is the similarity ratio of
geometric dimensions, Cλ is the similarity ratio of Lame’s
constant, CV is the similarity ratio of volume, Cρ is the
similarity ratio of density, Ct is the similarity ratio of time, Cc

is the similarity ratio of unit weight, CK is the similarity ratio
of permeability coefficient, and CP is the similarity ratio of
seepage pressure.

When the rock mass is under the influence of high in situ
stress and high seepage pressure, the similarity relationship
of equation (1) will no longer be satisfied. 'erefore, it is
necessary to establish the fluid-solid coupling similarity
criterion considering high in situ stress and high seepage
pressure.

2.1. Similarity Criterion of Permeability Coefficient.
Considering the influence of high ground stress on the
permeability coefficient, Wu et al. [25] obtained the rela-
tionship between effective stress and permeability coefficient
through a large number of field tests:

Kf � K0σ
− a

, (2)

where Kf is the permeability coefficient, K0 is the perme-
ability coefficient when the effective stress approaches 0, σ is
the effective stress, and α is the fractal dimension of fracture
distribution density.

In order to keep the dimension consistent, σ0 �1MPa is
introduced; then, equation (2) can be rewritten as

Kf � K0
σ
σ0

 

− a

. (3)

Combining equation (3) and similarity principle, we can
obtain
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σ
σ0

 

− a

(σ > 0), (4)

Mode l: Kf
′ � K0′

σ′
σ0′

 

− a′

σ′ > 0( . (5)

According to the similarity principle and in combination
with equations (4) and (5), it can be deduced that
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Since α is a dimensionless quantity and σ0 is a constant,
we get Cα � 1 and Cσ0 �1. 'erefore, equation (6) can be
simplified as
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So, the similarity ratio of permeability coefficient con-
sidering the influence of high stress is

CK � CK0
C

−α
σ . (8)

'e similarity ratio formula of permeability coefficient in
equation (1) is brought into equation (8), and the similarity
condition of permeability coefficient considering high in situ
stress is
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L . (9)

2.2. Similarity Criterion of Seepage Flow. 'e relationship
between the similarity ratio of seepage flow and permeability
coefficient is
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, (10)
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where Q is the seepage discharge, Kf is the permeability
coefficient, H1 and H2 are the water head heights along the
seepage path, respectively, L is the length of seepage path,
and A is the seepage cross-sectional area. According to the
similarity principle, we can obtain

CQQ′ � CKf
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′C2
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. (12)

After simplifying equation (12), it can be deduced that

CQ � CKC
2
L. (13)

Taking equation (9) into (13), the similarity condition of
seepage flow considering the influence of high ground stress
is

CQ � C
−α
σ C
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2/5
L . (14)

2.3. Similarity Criterion of Flow Velocity. 'e calculation
formula of fluid velocity is

v �
L

t
, (15)

where v is the velocity of the fluid, L is the movement path of
the fluid, and t is the movement time of the fluid.

According to the similarity theory, the similarity ratios of
flow velocity and acceleration satisfy
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, (16)
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'e gravity of two similar flow fields in the gravity field
must also be similar. 'erefore, the following formula holds
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'erefore, the similarity ratio relation of flow velocity is
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2.4. SimilarityCriterionofSeepagePressure. According to the
definition of seepage pressure and the similarity principle,
the following formula can be deduced:
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A
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Combined with equation (20)–(22), the following for-
mulas can be deduced:
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'e similarity ratio of forces can be deduced as

CF �
ρL
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Combined with equations (23) and (24), the relationship
of similarity ratio between seepage pressure and flow ve-
locity is

CP � CcC
2
v. (25)

So, similar condition of seepage pressure can be written
as

CP � CcCL. (26)

3. Development of Fluid-Solid Coupling
Analogous Materials

3.1. Selection of Raw Materials. 'e raw materials of fluid-
solid coupling analogousmaterials mainly include aggregate,
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cementing agent, and regulator. By consulting a large
number of literature on fluid-solid coupling analogous
materials and testing the relevant characteristics of raw
materials [7–10], it is finally determined to select iron
powder, quartz sand and barite powder as aggregates, white
cement as a cementing agent, and silicone oil as a regulator
to develop fluid-solid coupling analogous materials.

As the main raw material, aggregate plays the role of
skeleton and support for the specimen. If no aggregate is
added during the production of the test sample, the test
sample will not be formed. In our test, the grain size of
quartz sand particles is in the range of 300∼1200 μm, the
grain size of barite powder is in the range of 20∼70 μm, and
iron powder has a particle size in the range of 80∼130 μm. A
cementing agent refers to a substance with considerable
strength that changes the properties of the material through
physical and chemical actions and can be closely bonded
with other materials. 'e cementation strength of white
cement is between gypsum and cement, which can better
adjust the strength of analogous materials. So, the materials
will not collapse in the case of water and meet the two special
conditions of deformation and permeability. In the devel-
opment of fluid-solid coupling analogous materials, the role
of the regulator is generally to adjust the permeability co-
efficient of materials. In this study, high-quality silicone oil
with a viscosity of 10−3m2/s is selected, which has the
functions of moisturizing and reducing dry cracking, and
can improve the nonhydrophilic property of the material.
Figure 1 illustrates the raw materials used for developing
fluid-solid coupling analogous materials.

3.2. Experimental Scheme and Sample Preparation for
Analogous Materials. 'e influence of components in raw
materials on the mechanical properties and hydraulic

properties of fluid-solid coupling analogous materials is
studied by an orthogonal test. In the orthogonal experiment,
the mass ratio of iron powder, quartz sand, and barite
powder is selected as factorA, the ratio of white cement mass
to aggregate mass is selected as factor B, and the ratio of
silicone oil mass to aggregate mass is selected as factor C.
Due to the important influence of aggregate on materials,
factor A is set at 7 levels: 1 : 1 :1, 2 :1 :1, 4 :1 :1, 1 : 2 :1, 1 : 4 :1,
1 :1 : 2, and 1 :1 : 4. Factor B is set at 4 levels of 0.1%, 2%, 4%,
and 6%. Factor C is set at 4 levels of 0.1%, 3%, 6%, and 9%.
'e designed orthogonal experimental scheme L32 (17 × 24)
is listed in Table 1.

Fluid-solid coupling analogous material tests include
density test, uniaxial compression test, Brazilian splitting test,
and permeability test, which are used to obtain its density,
compressive strength, tensile strength, deformationmodulus,
and permeability coefficient. Figure 2 displays the prepara-
tion of fluid-solid coupling analogous material specimens.
Figure 3 gives the process of testing analogous materials.

Figure 4 presents the axial stress-axial strain curve from
uniaxial compression test. It can be seen that the axial stress-
axial strain curve of analogous materials shows obvious
strain softening characteristics, which is similar to the
complete stress-strain curve of rock.

According to the orthogonal experimental scheme
designed in Table 1, the density, uniaxial compressive
strength, tensile strength, deformation modulus, and per-
meability coefficient of each group of fluid-solid coupling
analogous materials are listed in Table 2.

4. InfluenceofComponents inRawMaterials on
Properties of Analogous Materials

Range is the reflection of the influence of different levels on
specific test indicators under specific factors. For the results

(a) (b) (c) (d)

(e)

Figure 1: Raw materials used for developing fluid-solid coupling analogous materials. (a) Barite powder; (b) iron powder; (c) quartz sand;
(d) white cement; (e) silicone oil.
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of orthogonal test, the range analysis method is intuitive and
easy to understand. 'e primary and secondary factors
affecting the test results can be easily obtained through range
analysis.

When the levels of each factor in the orthogonal ex-
perimental scheme are equal, the sensitivity order of all

factors is completely determined by the range. Since the level
of factor A in our orthogonal experiment is 7, the level of
other factors is 4.'erefore, the range of factor A needs to be
reduced. 'e reduction formula of the range is

R′ � dR
�
r

√
, (27)

Table 1: Orthogonal experimental scheme L32 (17 × 24).

Experiment
number Experimental scheme

Mass ratio Ratio of white cement mass to
aggregate mass (%)

Ratio of silicone oil
mass to

aggregate mass (%)
Iron powder : quartz sand :

barite powder
1 A1—B1—C1 1 :1 :1 0.1 0.1
2 A1—B1—C4 1 :1 :1 0.1 9
3 A1—B2—C2 1 :1 :1 2 3
4 A1—B2—C3 1 :1 :1 2 6
5 A1—B3—C2 1 :1 :1 4 3
6 A1—B3—C3 1 :1 :1 4 6
7 A1—B4—C4 1 :1 :1 6 9
8 A1—B4—C1 1 :1 :1 6 0.1
9 A2—B1—C3 2 :1 :1 0.1 6
10 A2—B2—C4 2 :1 :1 2 9
11 A2—B3—C1 2 :1 :1 4 0.1
12 A2—B4—C2 2 :1 :1 6 3
13 A3—B1—C1 4 :1 :1 0.1 0.1
14 A3—B2—C2 4 :1 :1 2 3
15 A3—B3—C3 4 :1 :1 4 6
16 A3—B4—C4 4 :1 :1 6 9
17 A4—B1—C3 1 : 2 :1 0.1 6
18 A4—B2—C4 1 : 2 :1 2 9
19 A4—B3—C1 1 : 2 :1 4 0.1
20 A4—B4—C2 1 : 2 :1 6 3
21 A5—B1—C2 1 : 4 :1 0.1 3
22 A5—B2—C1 1 : 4 :1 2 0.1
23 A5—B3—C4 1 : 4 :1 4 9
24 A5—B4—C3 1 : 4 :1 6 6
25 A6—B1—C4 1 :1 : 2 0.1 9
26 A6—B2—C3 1 :1 : 2 2 6
27 A6—B3—C2 1 :1 : 2 4 3
28 A6—B4—C1 1 :1 : 2 6 0.1
29 A7—B1—C2 1 :1 : 4 0.1 3
30 A7—B2—C1 1 :1 : 4 2 0.1
31 A7—B3—C4 1 :1 : 4 4 9
32 A7—B4—C3 1 :1:4 6 6

(a) (b) (c)

Figure 2: Preparation of fluid-solid coupling analogous material specimens. (a) Dumping mixed materials; (b) compression moulding; (c)
cured specimen.

Advances in Materials Science and Engineering 5



where R′ and R are the range before and after reduction,
respectively, r is the repetition times of each level test of this
factor, r� n/m, n is the number of tests, m is the number of
levels, and d is the reduced coefficient, which is related to the
level number of factor.

4.1. Influence of Material Components on Density. Table 3
and Figure 5 display the influence of material composition
on density. From Table 3, it can be seen that the density is
most affected by aggregate, followed by silicone oil, and least
by white cement. Moreover, compared with silicone oil and
white cement, aggregate has a dominant effect on density.
'e effect of white cement on density is almost negligible.
'e variation curves of density with various factors in
Figure 5 can also prove this point. In addition, with the
increase in the proportion of iron powder, the density of

analogous materials showed a significant increasing trend.
'is is mainly due to the fact that the density of the iron
powder is much higher than that of other components.
'erefore, this can give us an enlightenment; whenmatching
fluid-solid coupling analogous materials, the density of the
analogous material can be adjusted by controlling the
content of the iron powder.

4.2. Influence of Material Components on Compressive
Strength. Table 4 and Figure 6 display the influence of
material composition on compressive strength. From Ta-
ble 4, it can be seen that the ranges of three factors A, B, and
C are 0.33MPa, 0.85MPa, and 0.06MPa, respectively.
'erefore, the compressive strength is most affected by white
cement, followed by aggregate, and least by silicone oil.
Moreover, the effect of white cement on compressive

(a) (b)

(c) (d)

Figure 3: Process of testing analogous materials. (a) Uniaxial compression test; (b) failed specimen after compression; (c) brazilian splitting
test; (d) permeability test.
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strength is much greater than that of aggregate and silicone
oil. 'is can also be confirmed from the variation curves of
compressive strength with various factors in Figure 6.
Figure 6 clearly shows that the compressive strength first
increases and then decreases with the increase of iron

powder content. 'at is to say, there is a critical proportion
(50%) of iron powder content in terms of compressive
strength. In general, the compressive strength of analogous
materials increases linearly with the increase of white cement
content, but is not sensitive to the content of silicone oil.

0.16

0.12

0.08

0.04

0.00
0 1 2

ε1 (10–3)

3 4

σ 1
 (M

Pa
)

Figure 4: Axial stress-axial strain curve of fluid-solid coupling analogous material.

Table 2: Orthogonal experimental result.

Experiment
number Density (g/cm3) Compressive strength

(MPa)
Tensile strength

(kPa)
Deformation modulus

(MPa)
Permeability coefficient

(m/s)
1 2.51 0.51 71.3 86.5 9.60e−8

2 2.7 0.65 30.2 101.4 5.20e−8

3 2.61 0.91 50.6 77.3 6.80e−8

4 2.65 0.98 42.3 53.8 5.30e−8

5 2.63 1.12 82.5 137.2 3.90e−8

6 2.66 1.19 80.8 98.7 2.10e−8

7 2.69 1.42 61.4 110.3 9.10e−9

8 2.53 1.37 124.7 152.1 6.80e−8

9 2.86 0.72 39.6 49.8 4.13e−8

10 2.88 0.95 47.7 55.9 7.10e−9

11 2.77 1.21 79.8 130.5 8.90e−8

12 2.8 1.44 114.5 174.9 9.30e−9

13 2.86 0.55 51.7 82.3 8.30e−8

14 2.88 0.82 60.3 117.6 3.30e−8

15 2.91 1.07 67.6 137.8 1.10e−8

16 2.93 1.48 75.4 172.3 9.50e−9

17 2.54 0.35 34.1 42.5 3.50e−8

18 2.57 0.69 39.7 48.6 1.10e−8

19 2.49 0.97 45.3 54.3 7.10e−7

20 2.52 1.34 79.8 57.2 2.00e−7

21 2.31 0.21 19.3 34.2 9.20e−7

22 2.29 0.46 36.4 38.5 9.60e−7

23 2.36 0.83 43.7 41.8 1.40e−7

24 2.33 1.08 84.6 47.6 1.10e−7

25 2.47 0.29 20.7 30.3 3.20e−8

26 2.45 0.51 31.8 36.1 1.20e−8

27 2.44 0.85 43.7 41.8 2.85e−9

28 2.42 1.13 82.4 48.2 5.20e−8

29 2.3 0.34 21.5 33.2 1.70e−8

30 2.28 0.59 42.5 34.8 5.80e−8

31 2.34 0.92 48.7 40.6 1.00e−9

32 2.32 1.15 82.6 49.3 8.90e−9
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4.3. Influence of Material Components on Tensile Strength.
Table 5 and Figure 7 display the influence of material
composition on tensile strength. From Table 5, it can be seen
that the ranges of three factors A, B, and C are 19.27 kPa,
52.13 kPa, and 20.83 kPa, respectively. 'erefore, the tensile
strength is most affected by white cement, which is con-
sistent with its effect of compressive strength. In addition,
the variation of tensile strength with the content of white
cement and iron powder in Figure 7 is also consistent with
the variation of compressive strength. However, the tensile
strength decreases with the increase of silicone oil content.

On the whole, both compressive strength and tensile
strength are most affected by white cement. 'is also reflects
the function of white cement as a cementing agent.
'erefore, the strength of analogous materials can be ad-
justed by controlling the content of white cement.

4.4. Influence of Material Components on Deformation
Modulus. Table 6 and Figure 8 display the influence of
material composition on deformation modulus. From Ta-
ble 6, it can be seen that the ranges of three factorsA, B, andC
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15 30 45

Content of iron powder in aggregate (%)

60 75

D
en
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2.6

2.4

2.2

Ratio of white cement mass to
 aggregate mass (%)

0.0 1.5 3.0 4.5 6.0

(b)

2.8

2.6

2.4

2.2

Ratio of silicone oil mass to
 aggregate mass (%)

0.0 2.5 5.0 7.5 10.0

(c)

Figure 5: Influence of material composition on density.

Table 4: Range analysis of the influence of material composition on compressive strength.

Level number
Uniaxial compressive strength (MPa)

Factor A Factor B Factor C
1 1.02 0.45 0.85
2 1.08 0.74 0.88
3 0.98 1.02 0.88
4 0.84 1.30 0.90
5 0.65
6 0.70
7 0.75
R 0.44 0.85 0.06
R′ 0.33

Table 3: Range analysis of the influence of material composition on density.

Level number
Density (g/cm3)

Factor A Factor B Factor C
1 2.62 2.57 2.52
2 2.83 2.58 2.56
3 2.90 2.58 2.59
4 2.53 2.57 2.62
5 2.32
6 2.45
7 2.31
R 0.59 0.009 0.099
R′ 0.44
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are 66.15MPa, 43.96MPa, and 19.73MPa, respectively. 'e
influence of aggregate, white cement, and silicone oil on the
deformation modulus decreases in turn. Figure 8 depicts that
the deformation modulus generally increases with the in-
crease of iron powder content and white cement content, but
its change trend with silicone oil is not significant.'e reason
why the deformation modulus increases with the increase of
iron powder content may be that iron powder improves the
particle gradation of aggregate and increases its compactness.
As a binder, white cement plays the role of bonding particles
to stabilize the skeleton. 'e increase of its content will
inevitably lead to the increase of deformation modulus.

4.5. Influence of Material Components on Permeability
Coefficient. Table 7 and Figure 9 display the influence of
material composition on permeability coefficient. From
Table 6, it can be seen that the range of three factorsA, B, and
C are 3.83e−7m/s, 1.01e−7m/s, and 2.32e−7m/s, respectively.
'erefore, aggregate has the greatest influence on the per-
meability coefficient, followed by silicone oil, and white
cement has the least influence. Figure 9 clearly shows that,
with the increase of iron powder content, white cement
content, and silicone oil content, the permeability coefficient

of analogous materials shows a downward trend. 'e reason
for this phenomenon may be that the increase in the content
of iron powder improves the gradation of the particles of
analogous materials and increases its compactness, while the
increase in the content of white cement and silicone oil leads
to the blockage of the permeable channels in the analogous
materials, resulting in a decrease in the permeability coef-
ficient. Different from the effect of white cement on the
permeability coefficient, the effect of aggregate and silicone
oil on the permeability coefficient has significant segmen-
tation characteristics. For factor A, when the content of iron
powder is lower than 33%, the change of permeability co-
efficient is very sharp, and when it exceeds 33%, the change
of permeability coefficient is relatively gentle. Similarly,
when the content of silicone oil is less than 6%, the per-
meability coefficient changes significantly, and when it is
greater than 6%, the permeability coefficient basically re-
mains unchanged. 'erefore, the segmentation feature
should be fully utilized when adjusting the permeability
coefficient of fluid-solid coupling analogous materials.

To develop fluid-solid coupling analogous materials that
meet certain requirements, it is usually necessary to carry out
a large number of trial and error tests and repeatedly adjust
the proportion of each material component. 'is is a rather
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Figure 6: Influence of material composition on compressive strength.

Table 5: Range analysis of the influence of material composition on tensile strength.

Level number
Tensile strength (kPa)

Factor A Factor B Factor C
1 67.98 36.05 66.76
2 70.40 43.91 59.03
3 63.75 61.51 57.93
4 49.73 88.18 45.94
5 46.00
6 44.65
7 48.83
R 25.75 52.13 20.83
R′ 19.27
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tedious and arduous task.'erefore, based on the analysis of
the influence of material components on the physical and
mechanical properties of fluid-solid coupling analogous
materials, we propose a method to quickly determine the
proportion of components in analogous materials that meet
certain requirements.

According to the above results, the role of aggregate is
very important, especially the content of iron powder,
which mainly affects the density, deformation modulus,
and permeability of analogous materials. 'erefore, the
proportion of all components in aggregate is the main
controlling factor in determining the proportioning
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Figure 7: Influence of material composition on tensile strength.

Table 6: Range analysis of the influence of material composition on deformation modulus.

Level number
Deformation modulus (MPa)

Factor A Factor B Factor C
1 102.16 57.53 78.40
2 102.78 57.83 84.18
3 127.50 85.34 64.45
4 50.65 101.49 75.15
5 40.53
6 39.10
7 39.48
R 88.40 43.96 19.73
R′ 66.15
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scheme of analogous material. White cement basically only
controls the strength of the analogous material, while
silicone oil mainly controls the permeability. 'erefore,
when formulating analogous materials, the approximate
ratio range of each component in the aggregate should first
be determined according to the desired density and

deformation modulus. Secondly, the content range of white
cement is determined according to the required com-
pressive strength and tensile strength. 'en, based on the
desired permeability coefficient, the range of silicone oil
content is roughly estimated. Finally, by fine-tuning the
range of aggregate proportion, white cement content, and
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Figure 8: Influence of material composition on deformation modulus.

Table 7: Range analysis of the influence of material composition on permeability coefficient.

Level number
Permeability coefficient (m/s)

Factor A Factor B Factor C
1 5.08e−8 1.6e−7 2.65e−7

2 3.67e−8 1.5e−7 1.61e−7

3 3.41e−8 1.27e−7 3.65e−8

4 2.39e−7 5.84e−8 3.27e−8

5 5.33e−7

6 2.47e−8

7 2.12e−8

R 5.11e−7 1.01e−7 2.32e−7

R′ 3.83e−7
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silicone oil content, the proportion of each component of
the fluid-solid coupling analogous material that meets the
requirements can be quickly determined.

5. Application of Fluid-Solid Coupling
Analogous Material

5.1. Model Test Overview. Taking Xianglu Mountain Tunnel
as the engineering background, the fluid-solid coupling
model test is carried out to verify the reliability of the de-
veloped fluid-solid coupling analogous material. Xianglu
Mountain Tunnel is located in the first section of a large water
diversion project in Yunnan Province, China. 'e tunnel has
a total length of nearly 64 km and amaximum buried depth of
nearly 1500 meters. It crosses the watershed of the Jinsha
River and Lancang River. 'e geological conditions are very
complex. 'ere are many active faults along the tunnel line,
and karst is relatively developed. When the tunnel crosses the
fault fracture zone, major engineering geological disasters
such as water and mud inrush may occur, which play a
controlling role in the whole water diversion project [26, 27].

In this study, the typical deep-buried tunnel section
(DL36 + 450-DL36 + 550) is selected to carry out the fluid-
solid coupling model test. 'e buried depth of the tunnel in
the test area is 1000∼1250m, and it crosses a fault with an

inclination of 45° and a width of 15m. 'e self-developed
fluid-solid coupling true three-dimensional model test
system was used in the test. According to the internal di-
mensions of the model box (length 1.0m, width 1.0m, and
height 1.0m) and the excavation requirements, the geo-
metric similarity ratio is 100, the unit weight similarity ratio
is 1, the stress similarity ratio is 100, and the permeability
coefficient similarity ratio is 10.

According to the geological data, the physical and me-
chanical parameters of rocks inside and outside the fault are
given in Table 8. Table 9 lists the proportion of components
in analogous materials simulating rocks inside and outside
the fault.

5.2.ModelTestProcess. 'ewhole process of model testing is
divided into the making of geological model, the installation
of test elements, and the excavation and support of model
tunnels. 'e geological model is made by layered com-
paction and layered air-drying curing. Since the test area
contains a fault with an inclination of 45°, the test device
shall be rotated by 45° before making the physical model (see
Figure 10(a)). 'en, the evenly mixed analogous material is
paved in the model box (see Figure 10(b)). When the
physical model is constructed to a specific height, the
pressure cell, multipoint displacement meter, and seepage
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Figure 9: Influence of material composition on permeability coefficient.
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Table 8: Physical and mechanical parameters of rocks inside and outside the fault.

Rock type Density (g/
cm3)

Uniaxial compressive strength
(MPa)

Tensile strength
(kPa)

Deformation modulus
(GPa)

Permeability coefficient
(m/s)

Rock inside
fault 2.6 44.7 2.8 11.6 7.5e−7

Rock outside
fault 2.5 18.2 1.2 3.9 4.6e−6

Table 9: Proportion of components in analogous materials.

Material type
Mass ratio Ratio of white cement mass to aggregate

mass (%)
Ratio of silicone oil mass to aggregate

mass (%)Iron powder : quartz sand : barite
powder

Material inside
fault 1.2 : 0.8 :1.0 0.8 5.5

Material outside
fault 0.4 : 0.6 :1.0 0.5 3.1

(a) (b)

(c) (d)

Figure 10: Continued.
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(e) (f )

Figure 10: 'e process of fluid-solid coupling physical model test.
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Figure 11: Variation curves of displacement, stress, and seepage pressure around the tunnel with construction time steps. (a) Monitoring
section layout; (b) radial displacement; (c) radial stress; (d) seepage pressure.
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pressure cell shall be buried around the tunnel (see
Figure 10(c)). After the whole physical model is built, the
boundary stress and water pressure need to be applied to the
model to form a real stress environment and water envi-
ronment in the physical model (see Figure 10(d)). Subse-
quently, special tools are used to excavate and support the
model tunnel (see Figure 10(e)). Figure 10(f) shows the tunnel
face after excavation. It can be clearly seen that there is seepage
flow at the face, indicating that the developed analogous
material can better simulate the seepage of groundwater.

5.3. Model Test Result. Taking monitoring Section 3 as an
example, the variation curve of displacement, stress, and
seepage pressure around the tunnel with the construction
time step is shown in Figure 11. It can be clearly found that,
with the advance of excavation, the radial deformation of
rock around the tunnel increases gradually, while the radial
stress and seepage pressure around the tunnel decreases
gradually. After the support structure is installed, the de-
formation, stress, and seepage pressure of the surrounding
rock gradually tend to be stable. 'ese phenomena are
consistent with common sense, which proves that the de-
veloped fluid-solid coupling analogousmaterials are feasible.

6. Conclusions

In this study, the fluid-solid coupling similarity conditions
considering high in situ stress are derived. A new type of
fluid-solid coupling analogous material is developed with
iron powder, quartz sand, and barite powder as aggregates,
white cement as a cementing agent, and silicone oil as a
regulator and is applied to the fluid-solid coupling physical
model test. 'e main conclusions are as follows:

(1) As three elements of analogous materials, the ag-
gregate mainly affects the density and deformation
characteristics, the white cement is mainly used to
control the strength characteristics, and the role of
the silicone oil is to adjust the permeability. More-
over, when the content of silicone oil is less than 6%,
the permeability coefficient changes significantly.
When its content is greater than 6%, the permeability
coefficient basically remains unchanged.

(2) In order to quickly determine the proportion of all
components in analogous materials that meet the
requirements, the mass ratio of components in the
aggregate should be determined first, followed by the
content of white cement and finally the content of
silicone oil.

(3) By using the developed materials to carry out
physical model tests, the displacement, stress, and
seepage pressure of rocks around the tunnel are
accurately obtained. It proves the effectiveness of the
developed materials.
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