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It is difficult tomonitor the deformation of a rockmass in front of a tunnel owing

to the large buried depth and complex geological conditions. In this study, by

using a self-designed model test box as a carrier and using loess, sand, gypsum,

cement, and water as the raw materials, the class V materials similar to the

surrounding rock are obtained through an orthogonal test. These are used to

study the deformation law of a rock mass in front of a tunnel in different ground

stress soft rock. The results show that similar materials for the surrounding rock

can meet the needs of the testing concerning the physical and mechanical

properties and have economic and environmental protection advantages. The

three-dimensional loading of a similar geological body is used to simulate the

state of the rock mass. The real-time monitoring of the rock mass stress and

deformation is conducted during a simulation of tunnel excavation, and the

deformation laws of the rock mass and surrounding rock in front of the tunnel

are obtained. In the range of 0.26 times the tunnel diameter in front of the

tunnel in the high ground stress soft rock, the deformation of the core rock

mass is the largest part of the tunnel deformation. Therefore, to reasonably

control the advanced deformation of the tunnel, it is necessary to pre-reinforce

the core rock mass within 0.26 times the tunnel diameter in front of the tunnel.

At 1 times the diameter in front of the face, a longitudinal load-bearing arch is

formed in the rockmass, and this effectively controls the extrusion deformation

of the core rock mass to expand forward.
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1 Introduction

Under the condition of high ground stress, some tunnel-collapse accidents caused by

improper control of the surrounding rock stress release often occur in the construction of

soft rock tunnels, which has caused great losses to the project. Many scholars have studied

the engineering problems of soft rock tunnels with high stress and achieved fruitful
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results. Yang et al. (2017) found that owing to the complex

tectonic stress of a deep rock mass, the stress field is a

superposition of the gravity stress field and tectonic stress

field; accordingly, it is mostly in a high-in-situ-stress state.

Chen et al. (2021). Ma et al. (2021) found that tunnel-collapse

accidents caused by improper control of the surrounding rock

stress release, high ground stress, and discontinuity often occur

in the construction process of soft rock tunnels, causing

significant losses to the corresponding projects. A Kovacevic

et al. (2021) and Cheng et al. (2018) found that to ensure the

construction safety in a soft rock tunnel with high geo-stress and

the stability and durability of the tunnel, it is necessary to initially

study the deformation laws of the rock mass. At present, the

control and monitoring processes for tunnel rock mass

deformations are mainly concentrated on the surrounding

rock of the excavated part. Zhang et al. (2019) and Sengani

(2020) found that according to a geotechnical control

deformation analysis method, all deformations of tunnel

surrounding rock and instabilities caused by deformation are

directly or indirectly related to the strength of the core rock mass

in front of the tunnel face. Accordingly, it is necessary to control

and monitor the stress release and deformation of the rock mass

in front of the tunnel face. However, on the whole, these results

are more inclined to construction technology and applicable to

individual cases, while there are relatively few basic studies.

As an important means for studying geotechnical

engineering problems, the tunnel model test is easy to operate

and costs relatively less. Moreover, it can avoid certain immature

theoretical problems and can directly reflect the deformation law

of the rock mass as caused by tunnel excavation and interactions

between the surrounding rock and support. Sun et al. (2018)

conducted a physical modeling experiment to study the

deformation mechanism of a tunnel excavated in deep-buried

soft rock strata. Xiang et al. (2018) proposed a transparent soil

model test technique and used a particle flow code (3D)

numerical simulation to study the influences of the

surrounding material (rock and soil) strengths and buried

depths on the deformation and failure mechanisms. Hu et al.

(2018) proposed a pre-supporting technique denoted the

“Freeze-Sealing Pipe Roof method”, which combined a pipe-

roofing method with an artificial ground freezing method and an

innovative freezing scheme for the first time in China during the

construction of the Gongbei Tunnel. Liu et al. (2019) relied on

the Daban Mountain tunnel to build a model experiment system

with a similarity ratio of 1:37, aiming to obtain the distribution

law of a frost front in a cold-region tunnel under ventilation.

There have also been great achievements in the study of tunnel

face rock mass. Zhang et al. (2020) extended a traditional block

theory to tunnels constructed using a tunnel boring machine

(TBM) by incorporating a disc cutter–block interaction

mechanism. Hao et al. (2021) conducted tests with 32 loading

levels using three physical models combined with the numerical

simulation to analyze the effect of the major principal stress

direction with respect to the tunnel’s long axis on the stability of

an underground tunnel. Yu et al. (2021) established a

thermo–hydro–mechanical-coupled finite element model and

verified it via a model test in the laboratory; then, they used it

to consider the failure mode of the lining structure and

investigated the influence of the burial depth on the

temperature field and soil–lining interaction. Niu et al. (2021)

developed a back-analysis method combining a model test and

numerical simulation and derived results from the similitude

criterion for the model based on similarity theory and elasticity

mechanics equations. Zhou et al. (2021) studied the seismic

response law of a loess tunnel based on the shaking table

model of a 1/40 loess tunnel and considered the adverse

conditions from an El-Centro bidirectional seismic wave and

rainfall to discuss the damping effect of the loess tunnel structure

(e.g., by setting a damping layer). At present, the research on the

deformation law of the rock mass in front of the tunnel is not

thorough, and on the whole, these results are more inclined to the

construction technology and suitable for individual cases, while

there is relatively little research on the foundation. Starting from

the theoretical research, this study analyzes the deformation law

of the square rock mass in front of the tunnel face in high-stress

soft rock, makes a detailed study of the deformation

characteristics of the core rock mass in front of the tunnel

face and the rock around the tunnel by using the method of

model test, and finally finds out the control range of the square

rock mass deformation in front of the tunnel face.

2 Preparation of similar materials

2.1 Three similarity theorems and single-
value conditions of geomechanics

1) First similarity theorem

If the numerical values of the similarity criterion between two

phenomena are the same or the similarity index is 1, then two

phenomena satisfy the first similarity theorem. This similarity

theorem defines the mathematical relationship between the

similarity ratios of each similarity parameter.

2) Second similarity theorem

The second similarity theorem establishes a functional

relationship between the similarity criteria of similar

phenomena. This leads to the differential equation that similar

phenomena should satisfy.

3) Third similarity theorem

The third similitude theorem can be regarded as obtaining

the similarity conditions of specific phenomena by adding the
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single-value conditions of each phenomenon, i.e., by substituting

the special solution of the differential equation so that a

phenomenon is different from other phenomena.

The aforementioned great similarity theorems have different

meanings for workers who solve practical problems. The first

similarity theorem is a theoretical concept; the second similarity

theorem gives the existence and function of similarity criteria,

which are often used to guide practical work. The third similarity

theorem provides the necessary and sufficient conditions for the

actual model test.

During the model test, the physical phenomena shown by the

model should be similar to the prototype structure, i.e., the

material, shape, and external load of the model should follow

a certain similarity law. A similar scale refers to the ratio of

physical quantities of the same dimension between the prototype

structure and the model, which is often represented by the

letter C.

1) Geometric conditions

The establishment of a model must be scaled according to the

actual size of the prototype to achieve geometric similarity. If

individual parts or components cannot be geometrically similar

owing to the limitations of the test conditions, it should be

ensured that their characteristics are similar to those of the

prototype.

2) Medium conditions

As the similarity ratios selected for eachmodel test parameter

are different, the similarity indexes that should be met between

the similarity ratios of geomechanically similar materials are

shown in Eqs 1, 2:

Cσ

CγCL
� 1. (1)

Cσ

CεCE
� 1. (2)

The dimensionless similarity constants are all 1, and the

similarity constant is CE= 1, so the calculation is shown in Eq. 3:

Cσ � CE. (3)

In the aforementioned equation the following are

represented, C.-stress similarity ratio; Cγ -bulk density

similarity ratio; CL-geometric similarity ratio; Cε -strain

similarity ratio; CE-elastic modulus similarity ratio.

3) Boundary conditions and initial conditions

The most difficult task when simulating similar conditions in

geomechanics is simulating the stress state of the rock mass. A

geological body is in a complex stress environment. To simulate

the actual engineering conditions, it is necessary to simulate the

initial stress state of the stratum, which requires three-

dimensional loading of similar geological bodies. The range of

the stress redistribution caused by underground engineering

construction is approximately 3–5 times the excavation space.

Therefore, the size of the surrounding geological model is at least

three times larger than that of the surrounding geological model.

2.2 Engineering background

Jianshan tunnel is located in Baiyin City, Gansu Province.

The starting and ending mileage is DK277 + 300 ~ DK283 + 830.

The total length of the tunnel is 6530 m. The physical and

mechanical parameters of the surrounding rock 2 km away

from the starting point of the tunnel are selected as the main

parameters of the model test prototype. The surrounding rock

within 1700m of this section is an extremely fragile carbonaceous

slate. Considering the influence of initial ground stress, the

surrounding rock grade has been revised to grade V, and the

average buried depth is 575 m (Figure 1).

The tunnel site area mainly includes fold and fault

structures. The core of the fold structure exists near

2650 m from the beginning of the tunnel, and with an axial

direction of 110°, the north occurrence is at W∠36°S and the

south occurrence is at N13°W∠32°N. The underground water in

the tunnel is formed by infiltration of atmospheric precipitation

into the rock fissures and mainly penetrates downward along

the fissures of the rock mass. The water abundance of

underground water is also poor, and the underground water

is unevenly distributed throughout the year. The increase of the

underground water level follows a seasonal law: it rises

significantly in July, August, and September.

The ground stress field in the tunnel area is obtained using a

finite element multiple regression analysis method. From the

magnitude of the expansion analysis results, when the lateral

pressure coefficient λ = 1.8, the average value of the maximum

horizontal principal stress, δH, at the tunnel axis is 15 MPa, and

the average values of δh and δv at the tunnel axis are 9.7 MPa and

FIGURE 1
Tunnel site conditions. (A) Site construction; (B) weak
surrounding rock on the site.
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6.5 MPa, respectively. The uniaxial compressive strength RC of

the surrounding rock is 30 MPa. According to the engineering

rock mass classification standard (GB/T 50218-2014), when the

strength stress ratio is between 2 and 4, the tunnel is considered

to be in a high-stress state. According to this judgment, it is

considered that the maximum buried depth of the tunnel of the

project is in the state of high ground stress.

2.3 Preparation of similar materials

When the geometric similarity ratio of the model test is

determined, for the qualitative model, it is generally taken as

100–200, and for the quantitative model, it is 20–50. In this test,

considering the size of the existing model test box, if it was

partially modified, it would not meet the requirements of the

boundary conditions; hence, we chose to determine the

appropriate similarity ratio according to the existing design.

The maximum width of the proposed tunnel is 6.8 m, the

vertical height of the tunnel is 5.8 m, and the designed maximum

diameter of the existing model in this study was 14 cm. The

geometric similarity scale CL was 50, and the bulk density

similarity scale Cγ was 1, according to the similarity index of

the geomechanical model test shown in Eq. 4:

Cσ � CE � CγCL. (4)

Therefore, the similarity ratios of other physical quantities

could be calculated as follows:

1) Similarity ratio of stress, modulus of elasticity, and cohesion:

Cσ=50, CE =50, Cc=50.

2) Similarity ratios of Poisson’s ratio and internal friction angle:

Cγ =1, Cφ =1. According to the actual tunnel rock mass

TABLE 1 Value range of material, physical, and mechanical parameters.

Physical and
mechanical parameter

Bulk density
γ (KN/m3)

Elastic modulus
E (GPa)

Cohesion c
(KPa)

Internal friction
angleφ(°)

Poisson’s ratioυ

Raw rock material 17–21 1–3 60–100 20–25 0.35–0.45

Model material 17–21 0.02–0.06 1.2–2 20–25 0.35–0.45

TABLE 2 Orthogonal test design scheme.

Influence factor Soil sand ratio Proportion
of cement (%)

Proportion
of gypsum (%)

Water content (%)

level 1 4:6 5 7 10

2 5:5 6 8 12

3 6:4 7 9 14

Test number Column number

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

The physical and mechanical parameters of the similar materials with different proportions as obtained by the orthogonal test are shown in Table 3.

FIGURE 2
Similar materials of the surrounding rock.
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parameters, the ranges of the theoretical values of physical

and mechanical parameters of similar materials in the model

test are as shown in Table 1.

Loess and quartz sand were used as the main raw materials,

and gypsum and cement were used as cementing materials.

Water was used as the regulating agent, and these materials

were used as raw materials to develop similar materials for the

rock mass (Figure 2).

In general, in the process of developing similar materials, adding

quartz sand can reduce the cohesion of loess and increase the bulk

density of similar materials; gypsum can reduce the bulk density of

materials; the addition of cement can improve the strength of

materials and can still be used as cement when mixed with water.

When there are many factors and multiple tests need to be

arranged, orthogonal design is a more commonly used design

method, which can skillfully arrange the tests, reduce the number

of tests, and shorten the test cycle on the premise of achieving the

same statistical effect. Orthogonal design not only considers the

balanced dispersion of factor levels but also takes into account the

neat and comparable level of factors, which is convenient for

analyzing the interaction between factors. Orthogonal design is a

method to scientifically arrange and analyze multi-factor and

multi-level experiments by using an orthogonal table. The

orthogonal table is a standardized table constructed on the

basis of Latin square and orthogonal Latin square by applying

combinatorial mathematics theory according to the idea of

balanced dispersion. It is the basic tool of orthogonal design.

The orthogonal test design scheme is shown in Table 2.

According to the aforementioned thought, different soil sand

ratios, cement proportions, gypsum proportions, and water

contents were selected as the four influencing factors, and

three different proportions were selected for each influencing

factor. Therefore, an L9 (34) orthogonal table was selected to

combine the tests.

According to a comparison of the data in Table 3 and Table 1,

it can be seen that the physical and mechanical parameters of the

similar materials obtained from test No. 9 are within the

theoretical value ranges of the model materials, thereby

meeting the design requirements of the model test. Therefore,

the proportions of similar materials in test No. 9 were selected as

the formula for the similar materials in themodel test, i.e., the soil

to sand ratio was 6:4, the cement proportion was 7%, the gypsum

proportion was 8%, and the water content was 10%.

3 Experimental design

3.1 Design of the model box and loading
mode

According to the actual project considered in this test, the

tunnel width was 13.6 m, the vertical height was 11.6 m, and the

proposed geometric similarity scale CL was 50. The final design

TABLE 3 Physical and mechanical parameters of similar materials with different proportions.

Test number Bulk
density γ (KN/m3)

Compression
modulus Es (MPa)

Cohesion c (kPa) Internal
friction angle φ(°)

1 21.39 10.096 17.53 37.53

2 19.89 9.323 10.31 28.28

3 19.28 8.929 2.65 30.97

4 22.14 7.367 8.11 25.28

5 24.55 6.732 3.49 26.30

6 19.26 6.543 10.75 20.70

7 20.35 4.494 6.13 19.56

8 16.13 4.274 3.36 25.22

9 20.28 4.801 1.52 20.27

FIGURE 3
Model test box.
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of the test box size was 200 cm vertically, 200 cm horizontally,

and 70 cm longitudinally (Figure 3). The frame of the model box

was welded with 12 angle steel, and the six faces were designed as

movable steel plates. The tunnel section in the test is

approximately circular, and the tunnel diameter was 27.2 cm;

this ensured that the tests conducted in the model box could meet

the tunnel boundary conditions. This design not only saved a

significant amount of cost but also ensured that the test could

meet the theoretical requirements.

To simulate the high ground stress condition of the soft rock

tunnel, the model needed to be loaded in three directions. This

test adopted a loading mode comprising a combination of a pull

rod and jack. The position of the tie rod was on the four corners

of each surface of the model box, so there were four pairs of pull

rods in the transverse, vertical, and longitudinal directions of the

model box; when the rock mass was stressed, the relative panel

was moved and pressurized by tightening the pull rod nut

(Figure 4A). When the pull rod could not be tightened again,

the reaction frame was considered sufficiently supported to load

with the jack (Figure 4B). At the same time, the two hydraulic

jacks on the top of the model system pass through mutually

independent steel ropes (specification:Φ 20) so as to exert reverse

load on the internal surrounding rock. In order to avoid the

possible deviation and instability of the steel wire rope under its

flexibility, the jack base is firmly in contact with the top boundary

surface of the model system, and the top of the jack piston is

stably placed with channel steel to limit the sliding movement of

the steel wire rope.

3.2 Stress and deformation monitoring in
the test

The monitoring of the surrounding rock stress was realized

by connecting the dh3818 strain gauge with an earth pressure box

and strain block (Figure 4C). The earth pressure cell was a strain-

type miniature earth pressure box for the model test, and the

strain block was a measuring device comprising the nylon block

and strain gauge.

The deformation monitoring was the key aspect of the test.

The design of the monitoring device was required to allow for the

deformation monitoring of the monitoring point without being

affected by the surrounding rock mass. The deformation of the

tunnel surrounding rock and core rock mass was mostly an

inward convergence or longitudinal extrusion deformation. The

deformation in other directions was not large, and it was difficult

to monitor. Therefore, this test only monitored the convergence

deformation of the surrounding rock and extrusion deformation

of the core rock mass. In this way, the deformation considered in

the test was only the vertical deformation of the vault, the lateral

deformation of the wall waist, and the longitudinal deformation

of the core rock mass (Figure 4D).

The tunnel excavation speed of the supporting project was

1.75 m per day. According to the proposed similarity ratio

conversion, the tunnel excavation speed in the test was 7 cm

per hour. The longitudinal length of the model test box was

100 cm. The monitoring section was set at the middle position

FIGURE 4
Model test loading and stress and deformation monitoring. (A) Split bolt loading; (B) jack loading; (C) strain block embedded; (D) dial indicator
installation

FIGURE 5
Monitoring section and monitoring device distribution.
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(50 cm). The other sections were selected as the longitudinal

5 cm, 20 cm, 50 cm, and 65 cm positions of the model (Figure 5).

Each section was equipped with two stress monitoring

devices and two deformation monitoring devices, and their

respective positions were located at the vault and wall waist of

the tunnel. Because the stress and deformation of the arch crown

section needed to be monitored simultaneously, the earth

pressure box (strain block) and the deformation-monitoring

device were staggered by 1 cm; owing to the symmetry of the

wall waist, the earth pressure box (strain block) is arranged on

one side, and the deformation-monitoring device was arranged

on the other side. In addition, a deformation-monitoring device

was arranged at the center of the face of the No. 3 section to

monitor the longitudinal extrusion deformation of the core rock

mass of the tunnel.

3.3 Test method and test comparison
arrangement

1) Test method

After the test bench was filled with similar materials in the

layers, compacted, and implanted with the stress- and

deformation-monitoring device, loading was started, and the

stress collection work was performed simultaneously. When

the stress measured by the earth pressure box (strain block)

reaches the test design value, it was considered that the

surrounding rock had reached the designed initial stress state.

In the process of the test, it was found that the boundary

conditions had great influence on the 1 # and 5 #sections. The

deformation of the rock mass monitored at section 1 # was

excessively large, and the tunnel excavation was completed when

the rock mass deformation of section 5 # was very small, so the

monitoring was not complete. Therefore, only the monitoring

data of each measuring point of sections 2 #, 3 #, and 4 # were

recorded, and the change of each footage excavation focused on

the shape value.

2) Experimental comparison

To compare and study the deformation of the tunnel rock

mass under different stress states of the surrounding rock with

and without a lining, a double-layer wire mesh was selected as a

lining-similar material, and the support was employed during

excavation and jacking.

To study the deformation law of the rock mass under

different stress states, the designed initial stress state of the

rock mass had five groups: 0.1 MPa, 0.2 MPa, 0.3 MPa,

0.4 MPa, and 0.5 MPa, and each group was set with and

without a lining.

3) Test arrangement

The divisional excavation method was used for tunnel

excavation (Figure 6). In each group of test excavation, a

constant speed of 7 cm per hour (1.75 m per day in actual

engineering according to the proposed similarity ratio) was

maintained (Figure 6A), and deformation and stress values

were collected once for each excavation distance; among them,

the lining test (Figure 6B) pushed the wire mesh lining to a

certain distance for each distance.

4 Analysis of the deformation law of
the rock mass in front of the tunnel
face

4.1 Comparative analysis of the
deformation law of the rock mass

Mentioned in his 2011 book ADECO-RS (Analysis of

Controlled Deformation-Rock and Soil), Pietro Lunardi

proposed the “New Italian Tunneling Method”, where the

core of this method is to strengthen the rock and soil mass in

front of the tunnel face in advance and improve its stiffness so as

to control the deformation of the rock and soil mass in front of

the tunnel face. In this approach, all deformations of the

surrounding rock and instabilities caused by deformation are

directly or indirectly related to the strength of the core rock mass

in front of the face. The longitudinal extrusion deformation of the

core rock mass in front of the tunnel face and surrounding rock

pre-convergence should be included in the study of the

deformation law, and the deformation analysis should be

extended to a three-dimensional space.

Figure 7 shows the deformation of the tunnel vault and wall

waist with and without the lining and the longitudinal extrusion

deformation curve of the core rock mass at section 3 #.

From the deformation curve of the surrounding rock, it can

be seen that the deformation of section 2# is larger than that of

section 4#. The longitudinal design length of the model is 0.7 m,

FIGURE 6
Test arrangement. (A) Control of excavation speed; (B) effect
picture of tunnel support.
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the position of section 2# is 0.2 m, section 3# is the middle

(0.35 m), and section 4# is at 0.5 m; from the beginning of tunnel

excavation to the excavation of section 2#, the stress in the entire

model concentrates on the excavated side, resulting in a large

deformation of section 2#; section 4# is in the second half of the

model, and the rock mass to be excavated is only 0.2 m. With the

excavation of the tunnel, the stress release of the surrounding

rock in the model is large, so the deformation value measured in

theory is too small and does not conform to the actual situation.

Therefore, this study should be mainly based on the deformation

law of the rock mass with section 3#, and section 2# and section

4# should correspond to the entrance and exit sections of the

tunnel, respectively.

By comparing the data extracted from the map, it can be

concluded that the tunnel rock mass begins to deform at the

position of 14–28 cm (0.5 D–1 D, where D is the tunnel

diameter) in front of the tunnel without the lining. The

position where the lining test begins to deform is 7–28 cm

(0.26 D–1 D) in front of the tunnel. The extrusion deformation

of the core rock mass starts to deform at 1 D in front of the

tunnel face regardless of whether there is a lining or not, which

indicates that the size and range of the disturbance area of the

rock mass in front of the tunnel face are not significantly

different under the conditions of lining or not. According to

this changing trend, the tunnel deformation is divided into six

regions for discussion, as follows:

FIGURE 7
0.3 MPa test results. (A) Vertical deformation (0.3 MPa); (B) horizontal convergence (0.3 MPa); (C) extrusion deformation (0.3 MPa).
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1) Rock mass beyond 0.5 D in front of the tunnel

The results show that the pre-convergence deformation of

the arch crown and wall waist at 0.5 D in front of the tunnel is

very small. The test on the vault with the lining does not detect

the trend of deformation; however, the central position of the

core rock mass has a relatively evident extrusion deformation.

The extrusion deformation of the core rock mass measured in the

lining test is 0.024 mm smaller than that in the non-lining test.

Because the deformation of the rock mass at this position is very

small, it is impossible to judge whether the lining affects the rock

mass deformation in front of the tunnel.

2) 0.5 D—0.26 D rock mass in front of the tunnel

At the position 0.26 D away from the heading face, the rock

mass is greatly disturbed, and the deformation is evident relative

to that at 0.5 D away from the face. The results show that the

extrusion deformation of core rock mass in the lining test is

greater than that of wall waist, but the difference between them is

small; however, the extrusion deformation of the core rock mass

in a non-lining test is much larger than that of the arch crown

and wall waist, i.e., 6.39 and 2.35 times of that of the arch crown

and wall waist, respectively. It can be seen that the extrusion

deformation of the tunnel face at the 0.26 D position in front of

FIGURE 8
0.4 MPa test results. (A) Vertical deformation (0.4 MPa); (B) horizontal convergence (0.4 MPa); (C) extrusion deformation (0.4 MPa).
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the tunnel becomes much larger than the pre-convergence of the

surrounding rock in the section of the main deformation.

3) Rock mass of 0.26 D—face in front of the tunnel

In the tunnel face, the vertical displacement in the test of the

vault with the lining is smaller than that of the test for the unlined

vault, whereas the lateral displacement of the wall waist has no

significant difference whether under the condition of a lining or

not. The extrusion deformation of the core rock mass in this

section is still far greater than the pre-convergence deformation

of the surrounding rock. The extrusion deformation value of the

core rock mass in the non-lining test is 4.92 and 3.06 times that of

the arch crown and wall waist, respectively, and is 5.57 and

2.59 times of those in the lining test, respectively. The extrusion

deformation of the core rock mass in the lining test is only 13%

less than that in the unlined test. The results show that the core

rock mass extrusion deformation remains the largest part of the

tunnel advance deformation, and the influence of the lining

0.26 D away from the tunnel face on the core rock extrusion

deformation is very small.

4) Tunnel face position—the 0.26 D surrounding rock section

behind the face

In this section, the deformation rate of the tunnel vault is

fast, and the vertical deformation value of the surrounding rock

of section 2# with or without the lining exceeds the lateral

deformation value of the wall waist; although the lining test is

not supported in this section, it can be seen that the

surrounding rock deformation in this section is 23%–29%

smaller than that in the unlined test and that the

FIGURE 9
0.5 MPa test results. (A) Vertical deformation (0.5 MPa); (B) horizontal convergence (0.5 MPa); (C) extrusion deformation (0.5 MPa).
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surrounding rock deformation has been controlled to a certain

extent.

5) 0.26 D–0.5 D surrounding rock section behind the face

In this section, the deformation rate of the surrounding

rock of the arch crown is still greater than that of the wall

waist, and the deformation of the surrounding rock of section

2# is still greater than that of the wall waist. Although the

deformation values of other sections are less than those of the

wall waist, the deformation value of the surrounding rock in

this section is reduced by 36%–47% compared with that

without lining, so the deformation of the surrounding rock

is obviously controlled.

6) 0.5 D—1 D surrounding rock section behind the face

The results show that the vertical deformation of the surrounding

rock at each section exceeds the lateral deformation of the wall waist.

The deformation of the surrounding rock in the lining test is reduced

by 42%–53% compared with that in the non-lining test, and the

surrounding rock deformation control effect is better.

In conclusion, the longitudinal extrusion deformation of the

rock mass in front of the tunnel is the most important part of the

tunnel’s advanced deformation. The results show that the

extrusion deformation at the central position of the tunnel

face when the tunnel face reaches the lining is equivalent to

the final deformation value when the tunnel vault and wall waist

are stable, whereas those in the non-lining test are 1.45 and

1.47 times of the final deformation values of the vault and the wall

waist, respectively. The results show that the extrusion

deformation of the core rock mass is the most serious part of

the advanced deformation of a soft rock tunnel with high ground

FIGURE 10
0.2 MPa test results. (A) Vertical deformation (0.2 MPa); (B) horizontal convergence (0.2 MPa); (C) extrusion deformation (0.2 MPa).
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stress, and its deformation should be paid significant attention.

At 0.26 D away from the face, the core rock mass in front of the

tunnel begins to produce an evident longitudinal extrusion

deformation and shows a large deformation rate in the rock

section from 0.26 D to the face. Therefore, to control the

extrusion deformation of the core rock mass of the tunnel, the

strength of the rock mass from the face to the front 0.26 D should

be strengthened.

4.2 Comparative analysis of the
deformation law of the rock mass under
different stress states

To study the change of the tunnel rock mass deformation law

after increasing or reducing the initial ground stress, the

maximum ground stress is increased and decreased,

respectively. In this test, according to the initial test

arrangement, lined and unlined tests are conducted, and the

rock deformation laws are compared and analyzed in detail.

1) Analysis of the deformation law of the rock mass after stress

increases

It can be seen from Figure 8 that the deformation of each part

of the rock mass increases with an increase in the stress. The

results show that the deformation of the arch crown increases

from 0.314 mm to 0.363 mm, i.e., by 16%, that of the wall waist

increases from 0.305 mm to 0.369 mm, i.e., 21%, and the

extrusion deformation of the core rock mass increases from

0.300 mm to 0.410 mm, i.e., 37%. In the lining test, the

deformation of the vault increases from 0.181 mm to

FIGURE 11
0.1 MPa test results. (A) Vertical deformation (0.1 MPa); (B) horizontal convergence (0.1 MPa); (C) extrusion deformation (0.1 MPa).
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0.245 mm, i.e., 35%, that of the wall waist increased from

0.178 mm to 0.240 mm, i.e., also by 35%, and the extrusion

deformation of the core rock increased from 0.262 mm to

0.356 mm, i.e., 36%.

Figures 7–9 show that the deformation of each part of the

rock mass increases with the increase of stress, and the

proportion of advanced deformation also increases.

However, the proportion of advanced deformation of

section 2 # increases evidently, whereas that of section

4 #decreases. It can be seen that the release of the stress in

the whole geological body tends to transfer to the excavation

side, so the deformation rate of the rock mass in the first half of

the tunnel excavation is faster, and the deformation value is

larger. After the stress increases, the core rock mass extrusion

deformation remains the most evident part of the tunnel

surrounding rock advanced deformation. The analysis

shows that a large part of the tunnel’s advanced

deformation is represented by extrusion of the core rock

mass; therefore, with the increase of the advanced

deformation of each part, the extrusion deformation of the

core rock mass will evidently increase.

2) Analysis of the deformation law of the rock mass after stress

decrease

Figure 10 shows that after a reduction of the ground stress,

the deformation of the arch crown in the 3# section without the

lining decreases by 20% from 0.314 mm to 0.250 mm, and that of

the wall waist decreases by 25% from 0.305 mm to 0.230 mm; the

extrusion deformation of the core rock mass decreases from

0.300 mm to 0.192 mm, i.e., by 36%. In the lining test, the

deformation of the vault is reduced from 0.181 mm to 0.115 mm,

i.e., by 36%; the wall waist is reduced from 0.178 mm to

0.115 mm, i.e., by 35%; the extrusion deformation of the core

rock mass is reduced from 0.262 mm to 0.168 mm, i.e., by 36%.

Figure 11 shows that when the initial stress decreases, the

deformation of each part of the rock mass decreases and the

proportion of the advanced deformation also decreases. The

disturbed range of the rock mass in front of the tunnel is

shortened from 1D to 0.9 D, and the disturbance range is

evidently reduced. Compared with the situation in which the

disturbance area of the rock mass is within 1D in front of the face

after the increase of initial stress, it can be found that under the

stable condition of the tunnel, the disturbance range in front of

the face does not expand with the increase of the initial stress. The

main reason is that the deformation of the core rock mass in front

of the face is limited. With the increase in the distance from the

face, the disturbed rock mass compresses the core rock mass in

the process of stress release. The higher the ground stress, the

FIGURE 12
Deformation trend of the vault and arched waist under different stress states. (A) Vault deformation; (B) arched waist deformation.
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greater the extrusion effect (which controls the extrusion

deformation of the core rock mass). Further analysis shows

that the deformation of the core rock mass is controlled in

the position close to the face. Simultaneously, the longitudinal

bearing arch of the rock mass in front of the tunnel is also formed

and prevents the extrusion deformation of the core rock mass

from expanding to a larger range.

Based on the results of this test, a tunnel with the same

section should have such an “ultimate longitudinal bearing arch”

so that even under a higher initial stress environment, the

maximum range of the rock disturbance caused by

tunnel excavation to the rock mass in front of the tunnel is

also on the inner side of the “ultimate longitudinal bearing arch.”

The “ultimate longitudinal bearing arch” is actually the

maximum upper limit of deformation that can be borne. The

existence of the “ultimate longitudinal bearing arch” prevents the

advanced deformation from expanding to a wider range and

effectively controls the expansion of the extrusion deformation of

the core rock mass to the front. From this test, the “ultimate

longitudinal bearing arch” of the tunnel should be approximately

1D in front of the tunnel face.

4.3 Comparative analysis of deformation
law of rock mass under different stress
states

1) Analysis of deformation proportion of the surrounding rock

in each part

It can be seen from Figure 12 that with an increase in the initial

stress of the surrounding rock, the pre-convergence deformation of

the surrounding rock has an evident increasing trend, and its law is

evident. The ratio of the pre-convergence deformation value of the

non-lining test arch crown to the final deformation value is

between 16% and 28%, and with the increase of the initial

stress, the proportion of the wall waist pre-convergence

deformation value to the final deformation value is between

27% and 36%. The analysis shows that owing to the large

transverse stress of the tunnel in this test, the final deformation

of the vault and wall waist under different stress states is not

different, but the proportion of the pre-convergence of the

surrounding rock in the final deformation value is different by

8%–11%, leading to a larger proportion of advance deformation in

the direction of the greater surrounding rock stress.

The pre-convergence deformation of the arch crown with the

lining is less than that without the lining. However, because the

deformation of the surrounding rock is controlled by the lining,

the proportion of the pre-convergence deformation in the final

deformation value increases to 21%–32%. The pre-convergence

deformation value of the wall waist is greater than that of the wall

waist without the lining and accounts for 51%–59% of the final

deformation value. This shows that after the deformation of the

surrounding rock behind the face is controlled, the release of

surrounding rock stress shifts to the unsupported section and

front of the face, leading to the increase in the advanced

deformation value of the surrounding rock.

In addition, the final convergence deformation of the

surrounding rock of the tunnel with the lining is significantly

smaller than that of the tunnel without the lining. After the lining,

the convergence deformation of the vault only accounts for 13%–

22% of the total deformation value, and the wall waist convergence

deformation value only accounts for 6%–17% of the total

deformation value. It can be seen that with the increase of the

initial stress, the proportion of the convergence deformation value

of the surrounding rock to the total deformation has a decreasing

trend; this shows that the deformation rate of the surrounding rock

is related to the stress of the stratum and that the deformation rate

of the surrounding rock is evidently accelerated after the increase

of initial stress. Therefore, the deformation of the surrounding rock

under a high-stress state has already been completed before the

lining with the same construction method. In practical

engineering, tunnel support should be provided at a reasonable

time, i.e., according to the different ground stress values.

2) Control of the surrounding rock deformation by the lining

It can be seen from Table 4 that the convergence deformation

of the surrounding rock after the lining is well-controlled. The

convergence deformation of the transverse arch waist with larger

stress values decreases by 52.9%–68.1%, and that of the vertical

vault with smaller stress values decreases by 29.2%–59.4%. It can

TABLE 4 Proportion of the reduced deformation value of the surrounding rock after lining.

Type of
deformation

0.1 MPa (%) 0.2 MPa 0.3 MPa 0.4 MPa 0.5 MPa

Vault Convergence 73 23.7% 23% 20.5% 20.8%

Preconvergence 53.9 59.4% 47% 36.1% 29.2%

Arched waist Convergence 8.8 0 −3.1% −5.4% −6.2%

Preconvergence 68.1 70.1% 62.8% 56.7% 52.9%

Face Extrusion deformation 14 12.5% 12.7% 13.2% 13.5%
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be seen that the lining evidently controls the deformation of the

surrounding rock, especially in the direction of large stress.

With the increase of the initial stress, the proportion of the

lining controlling the convergence deformation of the

surrounding rock decreases; this is caused by the same

construction method under different conditions and leads to a

missed support opportunity. Accordingly, the timing of support

construction should be strictly controlled in such projects. In this

test, the pre-convergence deformation of the surrounding rock of

the arch crown is reduced by 20.5%–23.7%, that of the wall waist

is reduced by 6.2%–8.8%, and the extrusion deformation of the

core rock mass is reduced by 12.5%–14%. After lining, the

deformation of the surrounding rock in this section is

controlled, and the rock mass tends to be stable,

simultaneously, owing to the concentration of rock stress

caused by excavation of the excavation site, the surrounding

rock in the section without the lining and in a certain range in

front of the tunnel is compressed longitudinally. The shear

strength of the surrounding rock in each section of the tunnel

in this section is larger than that in the test without the lining, so

the advanced deformation is smaller than in the test without the

lining test. Owing to the control of the longitudinal stress release

in the direction of larger stress, the pre-convergence deformation

of the surrounding rock (arch waist) in this direction increases.

5 Conclusion

This study considers the deformation law and deformation

control of the rock mass in front of a tunnel in high-ground stress

soft rock. The deformation characteristics of the core rock mass

in front of the tunnel face and the surrounding rock mass around

the tunnel are studied in detail by means of model tests, and the

control range of the rock mass deformation in front of the tunnel

is identified. The conclusions are as follows:

1) Loess and sand are used as the main aggregates, cement and

gypsum are used as the cementing agents, and water is used

for mixing. According to the orthogonal test, the physical and

mechanical parameters of the similar materials of the grade V

surrounding rock under the final ratio meet the requirements

of the indoor model test under similar ratios and have the

advantages of easy access to the basic materials, along with

easy preparation, processing, and maintenance; moreover,

these materials are economic and reasonable and harmless to

the environment.

2) At a certain position in front of the tunnel, the core rock mass

is compressed and compacted after being subjected to the

stress concentration caused by tunnel excavation from the

stratum, and a longitudinal bearing arch is formed at this

position. This arch effectively controls the expansion of the

extrusion deformation of the core rock mass to the front. The

higher the stress state, the stronger the extrusion effect caused

by the stress concentration; accordingly, it is inferred that

there is an “ultimate longitudinal bearing arch” at a certain

position in front of the tunnel face under the higher stress

state, which prevents the extrusion deformation of the core

rock mass of the tunnel with the same section from exceeding

the scope of the bearing arch even under larger initial stress

conditions. According to the analysis of the test, the “ultimate

longitudinal bearing arch” of the tunnel should be formed at

approximately 1D in front of the tunnel face.

3) The pre-convergence deformation of the lining test tunnel is

smaller than that of the non-lining test tunnel, and the lining has

a certain control effect on the advanced deformation of the

tunnel. This is because in the lining test, the surrounding rock of

the lining section tends to be stable after the lining construction,

and owing to the stress concentration caused by the excavation,

the surrounding rock in the surrounding rock section without

the lining and the surrounding rock in front of the tunnel in a

certain range are compressed longitudinally. This improves the

shear strength of the surrounding rock of each section of the

tunnel in this section and makes the pre-convergence

deformation smaller than that of the test without the lining.

4) The deformation rate of the tunnel rock mass accelerated with

an increase of the initial stress, and a reasonable time should be

selected for the construction of tunnel support. Under a low-

stress condition, the surrounding rock can bear a large part of

the stress concentration caused by tunnel excavation by its

strength, thereby making the stress release slow; however, after

the initial stress increases, the deformation rate of the

surrounding rock accelerates, so support should be provided

as soon as possible. Therefore, a reasonable time should be

chosen according to the different ground stress states.
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