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Abstract: Due to the complexity of the surrounding rock structure and the geological environment
of tunnel excavations, traditional analytical methods are insufficient in effectively dealing with the
complex nonlinear deformation problems arising from tunnel excavation. In contrast, geomechanical
model tests can comprehensively simulate the excavation construction process of tunnels and the
mode and time effects of loads, providing a more realistic reflection of the complete process of
engineering stress and deformation. Therefore, this study conducted a model test on reinforcing the
loess tunnel base, building upon the first tunnel of the Lanqing Expressway located on the north bank
of the Yellow River in Lanzhou City. The study utilized similarity theory to explore the theoretical
design of the model and established a specialized model test platform to design the experiments with
the goal of obtaining more scientific and effective experimental schemes to ensure the safety of soil
reinforcement in tunnel bases during construction. This research will contribute to improving the
safety, reliability, and economy of loess tunnel base reinforcement projects, and has a certain reference
value for research in this field.
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1. Introduction

With the large-scale development of western cities, rail transportation inevitably passes
through wet collapsible loess areas. Considering the special engineering properties of the
wet collapsible loess and the large number of traffic loads that the upper part of the tunnel
bears, it is likely to cause a series of engineering disasters such as cracks, misalignments,
and water and sand inrush in the tunnel after operations. Therefore, reasonable tunnel
reinforcement measures are particularly necessary.

Currently, research on reinforcement measures for loess tunnels mainly focuses on tun-
nel surrounding rock pressure, lining structure calculations, and construction techniques.
Most of these studies use theoretical analysis and numerical simulation methods. For exam-
ple, Shao, S. et al. (2021) used numerical simulations to simulate the structural properties,
strata, geological conditions, and excavation support effects of loess, analyzing and reveal-
ing the formation mechanisms of different types of failures during the construction process
of loess tunnels [1]. Qiu, J. et al. (2022) used a comprehensive method combining theoretical
derivation and numerical simulation to study the response mechanism of loess subway
tunnels under partial water environments [2]. Cheng, X. et al. (2017) studied the influence
of seepage on the seismic response of loess tunnels using ADINA to simulate the structural
field and fluid field, compared and analyzed the maximum principal stress, minimum
principal stress, lining maximum displacement, and internal forces of the tunnel structure,
and further obtained the influence of rainwater seepage on the mechanical properties of
LTSLS [3]. Weng, X. et al. (2021) used numerical simulations to study the effects of different
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flooding methods on tunnel linings and further studied the stress and deformation of
tunnel linings, strata, and surface subsidence after local soil collapse in the tunnel, as well
as the mechanical mechanisms causing these effects [4]. In order to investigate the potential
damage of shallowly buried multi-support underground structures during earthquakes,
Zucca, M. and Valente, M. (2020) conducted extensive numerical simulations and evaluated
the seismic performance of various structural configurations [5]. In addition, Xue, Y. et al.
(2020) obtained a representative data sample set of total deformation in loess tunnels using
numerical simulation methods and could effectively predict the total deformation of typical
loess tunnels using a backpropagation neural network (BPNN) [6]. Hongtao, N. et al. (2022)
used the finite difference software FLAC3D to simulate and analyze three-dimensional
modeling numerical calculations under the construction conditions of upper and lower step
excavation for the technical problems of tunnel excavation under special stratum conditions
of loess-covered soil–rock contact zones and analyzed the rock failure characteristics of
the contact zone surrounding rock from multiple aspects [7]. Moreover, in the machine
learning applications in geomechanics, Savvides, A.-A. and Papadopoulos, L. (2022) have
proposed a set of feed forward neural networks to estimate the stresses and strains at
failure for cohesive soils subjected to loads from shallow foundations [8]. Furthermore,
Sun, Z. et al. (2022) comprehensively described the deformation characteristics of tunnels
crossing through loess-bedrock strata through numerical simulations and discussed in
detail the mechanical behavior and displacement effects of cyclic loads on tunnels and
sliding surfaces [9]. Mao, Z. et al. (2019) used the MIDAS geotechnical analysis system to
simulate the construction process of a navigation tunnel and bilateral guide tunnels in a
loess multi-arch tunnel, and studied the changes in surrounding rock stress and seepage
fields during the construction process of the loess multi-arch tunnel [10]. Liu, Y. et al.
(2017) simulated the strain–stress behavior of loess using the Duncan–Zhang EB model
and studied the deformation and mechanical properties of tunnel linings under different
flooding conditions [11].

Currently, there is still a lack of clear theoretical support for research on foundation
stress and deformation in tunnel engineering, and design personnel mainly rely on sub-
jective engineering experience to design reinforcement schemes for tunnel bottoms. In
other soft rock tunnel foundation reinforcement designs, the processing methods used
lack a rigorous theoretical basis. Therefore, it is necessary to conduct in-depth research
on tunnel surrounding rock stability and support control to ensure the construction and
excavation of tunnels in loess areas and safe operation in the later stages. However, due
to the complexity of the tunnel surrounding rock structure and geological environment,
traditional theoretical analytical solutions have difficulty handling these complex nonlinear
deformation problems related to tunnel excavation. At the same time, considering that
numerical analysis still faces difficulties in simulating underground engineering strength
failure, geological model experiments have become a better choice. Geological model ex-
periments can better simulate the excavation construction process of tunnels and the effects
of load application and time effects and can reflect the complete process of engineering
stress deformation more realistically.

Experts led by Fumagalli (2013) pioneered engineering geological model test technol-
ogy at the Italian Structural Model Test Center, followed by extensive research by many
scholars [12]. Fan, H. et al. (2023) analyzed the mechanical properties and deformation
characteristics of tunnel linings for reinforced jet grouting piles in loess tunnel foundations
and the impact of changes in pile geometry on tunnel foundation stability using centrifugal
model tests and numerical simulations [13]. Cheng, X. et al. (2021) established a dynamic
model and a rainwater infiltration model for loess two-lane tunnels considering the coupled
effects of seismic activity, rainfall infiltration, and traffic movements. Using near-field pulse
seismic excitation, the influence of loess tunnel seepage, traffic loads, and seismic activity
on the driving dynamic response of loess tunnels was studied [14]. Qiu, J. et al. (2020)
designed model tests according to different water source locations and tunnel lining forms,
studied the collapsibility of loess under a high-pressure water environment and the failure
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behavior of subway tunnels, and analyzed the distribution laws of tunnel water pressure
field, displacement field, and stress field [15]. Cheng, X. et al. (2020) established four
different section tunnel models and combined them with fluid models to study rainwater
leakage, earthquakes, and train-induced effects, further analyzing the displacement, stress,
and pore water pressure of loess tunnel critical points, and obtained the dynamic response
mode of loess tunnels under the action of earthquake, rainwater infiltration, and train
loads [16]. Lai, H. et al. (2019) first studied ground subsidence caused by loess tunnel con-
struction through a uniquely designed centrifuge model test and proposed a new method
that considers the special engineering characteristics of loess to evaluate the construction
settlement of loess tunnels [17]. Fan, H. et al. (2023) analyzed the settlement of tunnel
bedrock and the structural mechanical response characteristics under the influence of jet
grouting piles with different lengths and diameters in weak loess areas using centrifugal
model tests, effectively reducing tunnel bottom settlement and significantly shortening the
stress adjustment time of surrounding rocks [18]. Yang, T. et al. (2020) established a precise
grouting reinforcement test system, using the Yuhang Road tunnel with overlying loess
as the injection medium, and conducted an orthogonal test based on slurry dry density,
moisture content, water–cement ratio, and grouting pressure [19].

Based on the #1 tunnel of the Lanzhou–Qinhuangdao Expressway on the north bank
of the Yellow River in Lanzhou City, this paper conducts a model test for the reinforcement
of loess tunnel foundations. Similarity theory is used to theoretically study the design of
the model, aiming to obtain a more scientific and specific experimental plan for the project
to ensure the safety of the reinforcement of loess tunnel foundations in engineering.

2. Test Purpose and Simulated Working Conditions
2.1. Supporting Projects

The #1 tunnel of the Lanzhou–Qinhuangdao Expressway has a total length of 802 m,
with a maximum depth of 112 m and a minimum depth of 20 m. The research object
selected is the shallow section of 20 m, with a class V surrounding rock along the full length.
The tunnel passes through a loess ridge, with the entrance located on the side of a loess
gully and the exit on the right side of the upstream mountain of the Qiujia Gully. The
excavation span of the tunnel is 17 m, with a height of 11 m, and it belongs to a special
large-section loess tunnel with three lanes.

The collapsible loess in the tunnel site area is developed and has a large thickness.
Figure 1 shows the longitudinal profile of the tunnel.
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The entire base of the Fujia Tunnel is reinforced with high-pressure rotary jet grouting
piles, with a pile diameter of 0.6 m, a pile length of 6 m, a pile spacing of 1.2 m, and a clover-
shaped pile arrangement. Through on-site static load tests, it is determined that the bearing
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capacity of the composite foundation after reinforcement should reach at least 300 kPa, with
a designed cement content of 15%. The rotary jet grouting piles are constructed before the
excavation of the tunnel’s upward arch, and after finishing, the excavation of the upward
arch is carried out. Figures 2 and 3 show the plan layout and on-site construction of the
rotary jet grouting piles, respectively.
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2.2. Test Purpose and Simulated Working Conditions
2.2.1. Test Purpose

The main purpose of this model test is to simulate various working conditions of
the Fujia Tunnel, measure the displacement of the surrounding soil, the contact pressure
between the lining and the surrounding rock, the vertical displacement of the tunnel
support structure, the stress in the side walls and base soil, and the internal displacement
of the base soil. It analyzes the force and deformation laws of the support structure
system, especially the contact pressure at the bottom of the upward arch and the stress
and deformation in the base soil, and simulates the adaptability of the current rotary jet
grouting pile reinforcement technology based on these analyses. In addition, considering



Buildings 2023, 13, 1740 5 of 20

that loess undergoes significant deformation when exposed to water, the test also considers
the immersion condition. The contact pressure between the lining and the surrounding rock,
the stress in the side walls and the base soil, the displacement of the base soil, the pressure
at the top of the piles, and the soil pressure between them are measured under immersion
conditions in order to analyze the force and deformation characteristics of the composite
base under the upward arch. Finally, based on this research, a reasonable evaluation is
made of the adaptability of the rotary jet grouting pile reinforcement technology.

2.2.2. Test Plan

This article mainly simulates two working conditions: condition 1, in which the tunnel
uses a natural base, and condition 2, in which the tunnel’s base is treated with high-pressure
rotary jet grouting piles. As the water content of the surrounding rock gradually changes,
the aim is to study the force and deformation of the tunnel support structure system and
the force and deformation characteristics of the composite base under the upward arch.
Please refer to Table 1 for specific details.

Table 1. Indoor model test plan for loess tunnel.

Shallow Burial (20 m) Different Working
Conditions Test Substrate Status Simulated Working Conditions

Condition 1 Natural substrate
Base undisturbed

The contact pressure at the bottom of the
loess tunnel invert, and stress and
deformation in the foundation soil

Base humidification
Contact pressure at the bottom of the

arch, stress and deformation in the
foundation soil

Condition 2
High-pressure rotary jetting

pile foundation
Base undisturbed Stress and deformation characteristics of

the composite foundation under the arch

Base humidification Stress and deformation characteristics of
the composite foundation under the arch

2.2.3. Excavation Method and Immersion Method

Excavation was carried out manually due to the low strength of the surrounding rock.
According to the construction method in the shallow buried section on site, the CD method
was used for excavation, as shown in Figure 4. During the excavation and support process,
the displacement field and stress field of the similar materials were monitored in real time.
Excavation of the next cycle could only be carried out after the stress deformation became
stable. Since each intermediate plate was 20 cm long and based on the tunnel’s actual
excavation conditions, the right upper heading was excavated 10 cm ahead of the left
upper heading, and the right upper heading was excavated 20 cm ahead of the right lower
heading, with a geometric similarity ratio of 40. When converted to the actual engineering
conditions, the right upper heading was excavated 4 m ahead of the left upper heading,
and the right upper heading was excavated 8 m ahead of the right lower heading. Two
cycles were excavated every day, with each cycle excavating 5 cm. The left upper heading
was excavated through on the 11th day, and after that, four cycles were excavated per day.
The shield was removed when the left lower heading was excavated to 20 cm, 40 cm, 60 cm,
80 cm, and 100 cm. The total excavation period was 12 days.

2.2.4. Test Content and Location

The data for this test were collected using the DH3820Net static strain testing system.
The strain gauge testing used a 1

4 bridge connection, while the pressure box testing used
a full bridge connection. The sampling frequency was set to 1 Hz. After connecting the
wiring, the device was connected to a computer, and the switch on the collector was turned
on. After following the steps of searching for the chassis, balancing, frequency setting, and
bridge selection, the data collection was carried out.
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Figure 4. Schematic diagram of CD method excavation.

Through studying the changes in contact pressure between the tunnel lining and the
surrounding rock, especially the contact pressure at the upward arch, as well as the stress
and deformation changes in the lower soil, this model test explores specific measures for
the treatment of the tunnel foundation, providing data for research on rational methods of
tunnel foundation treatment. The test content includes:

(1) Radial displacement around the cavern

Strain gauge measuring points were set up at the crown, mid-point of the upward arch,
side walls, and locations with large displacement at the wall base, as shown in Figure 5.
The measurement was conducted using a strain gauge with an accuracy of one percent.
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(2) Contact pressure between the lining and surrounding rock

In order to measure the contact pressure between the surrounding rock and the lining,
measuring points were set up at typical locations around the tunnel (crown, keystone, wall
base, upward arch or pile intervals, pile top, etc.), and 13 miniature soil pressure boxes
were buried between them. The specific method was to stick the soil pressure box in the
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corresponding measuring point position before the lining was buried, as shown in Figure 6.
The pressure boxes were buried in a cross-section 50 cm away from the tunnel entrance.
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(3) Water content of surrounding rock

Considering that the main purpose of the model test is to analyze the stress and
deformation characteristics of the foundation after the surrounding rock is immersed in
water, the immersion time was set to begin after the completion of tunnel excavation and
the stress and deformation of the surrounding rock basically stabilized. Moisture content
sensors were mainly installed at typical locations around the tunnel, and were densely
arranged in the bottom and base soil of the upward arch according to the experimental
purpose, with a measurement point interval of 0.25 m. They were buried in a section 70 cm
away from the tunnel entrance, as shown in Figure 7.

Buildings 2023, 13, x FOR PEER REVIEW 7 of 22 
 

(2) Contact pressure between the lining and surrounding rock 
In order to measure the contact pressure between the surrounding rock and the lin-

ing, measuring points were set up at typical locations around the tunnel (crown, keystone, 
wall base, upward arch or pile intervals, pile top, etc.), and 13 miniature soil pressure 
boxes were buried between them. The specific method was to stick the soil pressure box 
in the corresponding measuring point position before the lining was buried, as shown in 
Figure 6. The pressure boxes were buried in a cross-section 50 cm away from the tunnel 
entrance. 

 

  

Figure 6. Schematic diagram of tunnel surrounding rock pressure monitoring. 

(3) Water content of surrounding rock 
Considering that the main purpose of the model test is to analyze the stress and de-

formation characteristics of the foundation after the surrounding rock is immersed in wa-
ter, the immersion time was set to begin after the completion of tunnel excavation and the 
stress and deformation of the surrounding rock basically stabilized. Moisture content sen-
sors were mainly installed at typical locations around the tunnel, and were densely ar-
ranged in the bottom and base soil of the upward arch according to the experimental pur-
pose, with a measurement point interval of 0.25 m. They were buried in a section 70 cm 
away from the tunnel entrance, as shown in Figure 7. 

 

2
50

2
50

2
50

2
50

2
50

2
50

Figure 7. Schematic diagram for monitoring the moisture content of the substrate (mm).

(4) Stress in base soil

The stress sensors were resistance strain-type soil pressure boxes, which were densely
arranged in the bottom and base soil of the upward arch according to the experimental
purpose. The measurement point interval was 15 cm, and they were buried in a section
50 cm away from the tunnel entrance, as shown in Figure 8.
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Figure 8. Schematic diagram of stress monitoring of foundation soil (mm). (a) Under natural founda-
tion conditions; (b) rotary jet grouting pile reinforcement foundation.

(5) Foundation soil displacement

The settlement and deformation test of the tunnel model’s base soil will be measured
using multi-point displacement meters. The specific method is to bury the sensor at
different depths along the transverse section of the tunnel in order to obtain the overall
deformation law of the base soil along the transverse section after the base soil is subjected
to pressure from the tunnel. As shown in Figure 9, a layer of displacement meters is
arranged every 30 cm at the base position, and they are buried in a section 30 cm away
from the tunnel entrance.
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2.2.5. Basic Process of Model Test

The initial stress field inside the surrounding rock and the secondary stress distri-
bution after excavation are key influencing factors in tunnel engineering. Therefore, it is
particularly important for the model test to accurately simulate the initial stress field and
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the secondary stress field after tunnel excavation. As the purpose of this model test is to
study the stress and deformation characteristics of the tunnel base and surrounding rock
under the conditions of the tunnel construction excavation process and initial support clo-
sure, a method was adopted wherein the surrounding rock was first filled up to below the
upward arch, and a relatively hard soil was used to fill up the initial support model. Then,
the entire surrounding rock was poured to the final elevation. In this way, the stress and
deformation characteristics of the tunnel base and surrounding rock could be studied, and
the deformation process of the tunnel lining structure could be observed while analyzing
the interaction between the initial support and surrounding rock. The specific experimental
steps are as follows:

(1) Determine the similarity ratios of various physical parameters for the model test.
(2) Based on the determined similarity ratios, prepare similar materials for the surround-

ing rock and lining structure, and determine the ratio and preparation method of
similar materials for the surrounding rock, lining, and pile body that comply with the
similarity theorem.

(3) Model fabrication. When pasting and assembling the model, it is necessary to ensure
that there are no bubbles between the two-ring models and that the pasting is firm.
After the entire model is completed, it should be placed in a natural environment for
seven days until the glue strength comes up before burial.

(4) Install and test various instruments. Position displacement meters and strain-type
soil pressure boxes according to the measurement point layout diagram. When ar-
ranging the displacement of the soil and the pressure measurement points of the
surrounding rock, test wires should be arranged in an S-shape and numbered accord-
ing to the test plan. After checking the quality of the strain-type pressure box and
testing components, moisture-proof and protective measures should be taken for the
displacement meters.

(5) Surrounding rock filling. The surrounding rock is layered and filled with 6 cm each
time. After smoothing, it is compacted with a 10 kg tamper. After each compaction, a
sampling density measurement is taken with an environmental knife, and the density
is strictly controlled to 1.52 g/cm3.

(6) Pile embedding. The pile is embedded when the surrounding rock is filled to the
elevation of the pile top. Pile embedding is divided into four processes: hole drilling,
grouting, pile placement, and grouting filling. The hole depth and direction need to
be controlled, and disturbance to the surrounding soil should be minimized during
the hole drilling process. Grouting is performed to ensure a tight integration between
the pile and the surrounding soil when placing the pile. Grout filling is necessary to
ensure a tight integration between the pile body and the soil.

(7) Support process. Due to the small operating space of the model test, it is difficult
to support while excavating, so simplified support is used, and pre-embedding is
used to simulate the support process. The rock filling stops at 20 cm above the base
elevation, and according to the tunnel excavation position and cross-sectional shape,
a trench is excavated to ensure that the tunnel lining base is in close contact with the
trench bottom. To simulate the soil excavation process, the lining structure needs to
be filled with soil. Wet sand and loess are mixed evenly at a ratio of 1:2 to minimize
deformation caused by pre-embedding, and they are layered and tamped into the
lining. After tamping, the entire lining is placed into the excavated trench, and then
the surrounding rock is poured.

3. Similarity Theory
3.1. Study Using the Dimensional Analysis Method

If there are similar systems, under the condition of geometric similarity and only
considering self-weight effects, the stress and strain of these two similar systems should
have the following relationship. Among them, the Calculation table of similarity constants
for physical quantities can be found in Table 2.
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Table 2. Calculation table of similarity constants for physical quantities.

Physical Quantity Symbol Gravity Unit
Coefficient

Absolute Unit
Coefficient Generic Relationship Strict Similarity

Length L L L Cl Cl
Time t T T Ct Ct

Density ρ FL−1T2 mL−3 Cp = CFCl
−4Ct

2 =
CmCl

−3 = CγCl
−1Ct

2
Cp = CFCl

−3 =
CmCl

−3 = Cγ

Quality m FL−1T−2 m Cm = CFCl
−1Ct

2 =
CpCl

3 = CγCl
2Ct

2
Cm = CF = CpCl

3

Power F F mLT−2 CF = CmCl
−1Ct

−2 =
CρCl

4Ct
−2 = CγCl

3
CF = Cm = CpCl

3

Unit weight ε(γ) FL−3 mL−2T2 Cp = CFCl
−4Ct

2 =
CmCl

−3 = CγCl
−1Ct

2
Cγ = Cρ

Stress intensity
Adhesive force

σρ
c FL−2 mL−1T2 Cσ = Cρ = Cc =

CECεCFCl
−2 = CγCl

Cσ = CE = CpCl

Elastic modulus E FL−2 mL−1T2 CE = CFCl
−2Cε

−1

= CγClCε
−1

CE = Cσ = CPCl

Shear modulus G FL−2 mL−1T2 CG = CλClCE
−1 CG = Cσ = CPCl

Poisson’s ratio ν Dimensionless Dimensionless Cν = 1 Cν = 1
Frictional coefficient f Dimensionless Dimensionless C f = 1 C f = 1

Gravitational
acceleration g LT2 LT2 Cg = ClCt

−2 Cg = 1

The physical quantities considered in the system include geometric dimensions l, unit
weight of materials γ, elastic modulus E of materials, Poisson’s ratio ν, stress σ, and strain
ε. The equation relating these quantities is:

f (σ, E, l, γ, ν, ε) = 0 (1)

According to the Pi theorem, Poisson’s ratio ν and strain ε are dimensionless quantities
and are thus similarity constants for the system. Choosing m, L, and T as the basic units,
the dimensional matrix of the equation is:

σ E γ l
m 1 1 1 0
L −1 −1 −2 1
T −2 −2 −2 0

There are only 2 independent physical quantities, so the number of similarity criteria
is 2. Selecting geometric dimension l and unit weight of materials γ as the two physical
quantities, according to dimensional analysis:

π1 =
σ

γ·l , π2 =
E

γ·l (2)

Therefore, the following similarity indices can be obtained:

Cσ = Cl ·Cγ, Cσ = CE, Cν = 1, Cε = 1 (3)

3.2. Similarity Criteria for Lining Structures

For lining structures, the main controlling factors for safety are the flexural capacity
and bending strain. Therefore, the similarity model should mainly focus on flexural stiff-
ness. The tunnel lining can be viewed as a thin plate structure, and the similarity ratio can
be derived using the control equation for thin plate bending. According to the differential
equation for thin plate bending in elastic–plastic mechanics [20],
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∇2∇2w =
q
Q

(4)

The expansion form in the Cartesian coordinate system is:

∂4w
∂x1

4 + 2
∂4w

∂x1
2∂y2 +

∂4w
∂x24 =

q
Q

(5)

Let h be the thickness of the plate, and x and y be the two mutually perpendicular
coordinates. The uniformly distributed transverse load is q, the deflection of the thin plate
is w, and the flexural rigidity is Q. Then, the equation becomes:

∂4w
∂x4 + 2

∂4w
∂x2∂y2 +

∂4w
∂y4 =

q
Q

(6)

In the equation, Q can be expressed as:

Q =
Eh3

12(1− ν2)
(7)

In the equation, E represents elastic modulus and ν represents Poisson’s ratio. The
corresponding equations for the prototype and model (with subscripts p and m denoting
prototype and model, respectively) are as follows:

∂4wp

∂x4
p
+ 2 ∂4wp

∂x2
p∂y2

p
+

∂4wp

∂y4
p
=

qp
Qp

∂4wm
∂x4

m
+ 2 ∂4wm

∂x2
m∂y2

m
+ ∂4wm

∂y4
m

= qm
Qm

 (8)

Substituting the similarity relationship into Equation (8), we obtain:

cw

c4
l

(
∂4wp

∂x4
p

+ 2
∂4wp

∂x4
py2

p
+

∂4wp

∂y4
p

)
=

cp

cQ

qp

Qp
(9)

Comparing Equation (8) with Equation (9), we know that:

cwcQ = cqc4
l (10)

In the model testing of underground structures that can be restored in a gravity field,
since cq = 1 and cw = cl , Equation (10) yields:

cQ = c3
l (11)

Let the constant of geometric similarity be cl =
1
n , then:

Qm =
1
n3 Qp (12)

Substituting (7) into (12), we get:

n3 h3
m

h3
p
=

Ep

Em

(1− ν2
m)

(1− ν2
p)

(13)

If a = b and b = c, then Equation (13) can be simplified as:

hm =
hp

n
(14)
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But the material of the selected model is not identical to that of the prototype, i.e.,
Ep 6= Em and νp 6= νm do not hold.

hm =
hp

n

[
Ep

Em

(1− ν2
m)

(1− ν2
p)

]1/3

(15)

Based on Equation (15), the thickness of the lining structure of the model can be
obtained.

According to the stress expression for thin plate bending in elastoplastic mechanics:

σx = − Ez

1− ν2

(
∂2w
∂x2 + µ

∂2w
∂y2

)
(16)

σy = − Ez

1− ν2

(
∂2w
∂y2 + µ

∂2w
∂x2

)
(17)

τxy = − Ez

1 + ν

∂2w
∂x∂y

(18)

In the equation, z represents the coordinate in the thickness direction of the plate.
Using the same method as above, we can obtain the stress of the prototype:

σp =
hp

nhm

Ep

Em
σm (19)

The stress of the prototype in the model inference can be obtained by Equations
(16)–(18):

σp =
1− ν2

p

1− ν2
m

(
nhm

hp

)2
σm (20)

4. Model Experiment Design
4.1. Production of Pits and Grooves

In line with the objective of experimental research, a dedicated model test platform
was established using a model test pit with dimensions of 2.50 m × 1 m × 4 m (tunnel
transverse × tunnel longitudinal × depth), and the model test body was constrained by
a 370 mm-thick brick–concrete structure and a square steel glass barrier wall. The glass
used was 15 mm tempered glass, and the glass barrier wall was constructed by bonding
structural glass glue to a square steel frame. The bottom of the model test pit was cast with
concrete, and the pit walls were constructed with 370 mm brick–concrete walls and finished
with cement smoothing. One side of the square steel–glass barrier wall was located at the
tunnel excavation entrance, which allowed for convenient observation and monitoring
of changes in the surrounding rock during testing. In order to facilitate the installation
of the square steel–glass barrier wall, four pieces were installed in total, with the tunnel
opening reserved at a height of 1 m from the bottom of the pit, as shown in Figure 10. The
completed model test pit is shown in Figure 11.

Through model immersion tests, it is possible to gain a more intuitive understanding
of the deformation and base displacement stress changes of large cross-section loess tunnels
under adverse conditions.

Water is allowed to infiltrate into the surrounding rock through soil pores and cracks
by using a seepage method until the soil is saturated. Seepage begins after the deformation
of the surrounding rock stabilizes following excavation completion and ends after the soil
is fully saturated. This process is illustrated in Figure 12.
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4.2. Selection of Similar Materials for the Model
4.2.1. Model Test Similarity Ratio

When selecting the model scale, two factors should be considered: (1) measurement
accuracy requirements and (2) experimental equipment conditions. Regarding measure-
ment accuracy, the strain values of most measuring points in the model should be kept
within the optimal range of the strain gauge [21]. For experimental equipment conditions,
it is necessary to estimate that the maximum strain and displacement values of the model
should not exceed the range of the testing element, in addition to meeting the accuracy
requirements. Furthermore, it is essential to consider whether the loading conditions and
experimental platform can meet the experimental requirements. In choosing the model
scale, besides considering the measurement and loading conditions, it is also necessary
to take into account the cost of the experiment. Generally, the larger the model scale, the
higher the precision, but this also requires more cost and time. On the other hand, small-
scale model production costs are low, and the testing period is short. For underground
chamber planar models, the scale used is usually between 1/50 and 1/200. In principle,
the simulation range for model testing should include the area affected by the structural
load. Generally, the boundary of the tunnel chamber should be larger than three times
its diameter. From the overall intention of this study, a large geometric scale model was
adopted for this model test.

Geometric similarity ratio: based on the site conditions, experimental site, and limita-
tions of the experiment itself, we determined the geometric size ratio of the model to be
1:40. Therefore, the geometric similarity constant is Cl = 40.

Gravity similarity ratio and strength similarity ratio: based on previous research
experience, the gravity of similar materials can generally be controlled within a large
range. For the sake of calculation convenience, the gravity similarity ratio Cγ between the
prototype and model can be taken as 1.

According to the similarity principle, the similarity constant of strength indicators
(including elastic modulus, cohesive force, and compressive strength) is equal to the
product of the geometric similarity constant Cl and gravitational similarity constant Cγ,
that is, Cσ = Cγ · Cl .

Geometric similarity ratio: Cl = 40.

(1) Gravity similarity ratio: Cγ = 1;
(2) Poisson’s ratio, strain, and friction angle similarity ratio: Cν = Cε = Cϕ = 1;
(3) Strength, stress, cohesion, and elastic modulus similarity ratio: CR = Cσ = Cc = CE = 40.
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While satisfying the similarity conditions specified by the third theorem as much as
possible, the main factors that play a role should be grasped, minor factors should be omit-
ted, and the primary similarity conditions should be maintained to obtain an approximate
similarity that is sufficiently accurate in practice. The main mechanical parameters of the
model following the above similarity relationship are set as follows [21–24]:

(1) Surrounding rock: Unit weight γ = 1.52 g/cm3, elastic modulus E = 1.3 MPa,
Poisson’s ratio ν = 0.3. Shrinkage coefficient δs = 0.043.

(2) Modeled concrete and sprayed concrete: Elastic modulus E = 3300 MPa, Poisson’s
ratio ν = 0.38, thickness h = 15 mm;

(3) Spinning jet pile: Elastic modulus E = 260 MPa, Poisson’s ratio ν = 0.22.

4.2.2. Selection and Preparation of Materials for Surrounding Rock Model Test

A mixture of barite powder, bentonite, industrial salt, gypsum, and standard sand in a
ratio of 8:12:45:25:10 was selected and stirred to control the shrinkage coefficient δs within
0.043. Figure 13a,b shows indoor blending and indoor slurry tests, respectively. Layered
filling was used, with each layer filled to a depth of 6 cm and leveled using a horizontal
ruler (as shown in Figure 13b). After leveling, a 10 kg weight was used to compact the
layer repeatedly with an environmental knife being used to take samples for density testing
after each compaction until the required density was achieved. Table 3 lists the mechanical
parameters of rock and model materials. Figure 13c shows the process of compacting the
surrounding rock, while Figure 13d shows the process of taking density samples using an
environmental knife.
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Table 3. Mechanical parameters of surrounding rock and model materials.

Material Elastic Modulus E
(MPa)

Poisson’s
Ratio ν

Severe γ

kN/cm3
Coefficient of

Collapsibility δs

Prototype materials 52 0.3 15.2 0.043
Modeling materials 1.3 0.3 15.2 0.043

4.2.3. Selection and Preparation of Lining Similar Materials

For the simulation of initial support, due to the large scale of the similar model, it
is difficult or even impossible to produce similar simulated supports and structures by
scaling down prototype materials according to geometric similarity ratios. Even if they are
manufactured, it will lead to distortions in the simulation effect. The current solution for
such problems is to use the equivalent stiffness method for conversion simulation [25]. In
the construction process of the tunnel, the support and structure are classified according to
the stress state, and the bending stiffness should be taken as a comprehensive quantity in
the simulation of the support body, such as steel frames and concrete linings, which mainly
bear bending force, to be equivalent to the stiffness in the model.

For the support design of Class V surrounding rock in large-section loess tunnels, a
combined support system of steel and shotcrete is adopted. The initial lining thickness
of the prototype tunnel is 30 cm, with C25 concrete and HW175 steel support with a
longitudinal spacing of 60 cm. Φ22 steel bars are used to connect each steel arch, and the
circumferential spacing is 1 m, with 30 cm of C25 shotcrete. The elastic modulus of the
initial support in the prototype can be calculated according to the following formula:

E = E0 +
Sg × Eg

Sc
+

Sb × Eg

Sc
(21)

γ =
γg × L× Sg + γc ×

(
a× b× L− Sg × L− 8Sb × L

)
+ 8γb × L

a× b× L
(22)

wheres,

E is the converted elastic modulus of the shotcrete;
E0 is the original elastic modulus of the shotcrete;
Sg is the cross-sectional area of the steel arch;
Eg is the elastic modulus of the steel;
Sc is the cross-sectional area of the shotcrete;
Sb is the cross-sectional area of the steel mesh;
γg is the weight of the steel arch;
γc is the weight of the shotcrete;
γb is the weight of the steel mesh;
L is the unit length.

Gypsum is a brittle material with properties similar to concrete. However, since
gypsum loses strength when exposed to water, it is not suitable for lining structures in
this study. Organic glass is an isotropic homogeneous material that is easy to process
using woodworking tools. As the material is transparent, any defects in the connections
can be immediately detected. Additionally, organic glass features high strength and low
elasticity, making it ideal for simulating the deformation of lining structures under stress.
Using electrical measurement, the elastic modulus of the organic glass was found to be
E = 3300 MPa and the Poisson’s ratio ν = 0.38 through uniaxial compression testing indoors.
According to the similarity formula, its thickness was calculated to be 15 mm. Figure 14
shows the standard sample of the organic glass, while Figure 15 shows the similar model
of the lining structure. A layer of frosted adhesive tape was applied to the outer surface of
the lining to increase the contact force between the lining and the soil. Table 4 shows the
mechanical parameter indicators for the prototype and model materials, with anti-bending
stiffness as the main control indicator for scaling.
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Table 4. Mechanical parameters of lining structure prototype and model materials.

Material Elastic Modulus E
(MPa) Poisson’s Ratio ν

Compressive Strength Rc
MPa

Prototype materials 29,500 0.22 25
Modeling materials 3300 0.38 25
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4.2.4. Selection of Material for Rotary Spray Pile Body Model and Preparation of
Model Piles

In order to maximize the strain value of the pile body in the experiment, while ensuring
that the pile body itself does not undergo damage, it is required that the stiffness of the
model pile used in the experiment should not be too high, but its strength cannot be too
low [26]. Based on the size of the model groove and after considering the feasibility of the
production process, the model pile used in the experiment was made by mixing cement
and fine-grained cohesive soil in a certain proportion with water. The material for the pile
body model can use cement with the label number P·O·32.5, and yellow clay with a grain
size below 1 mm mixed with water in a certain proportion taking the elastic modulus as
the control indicator according to Table 5.

Table 5. Mechanical parameters of prototype and model materials for rotary spray piles.

Material Elastic Modulus E
(MPa) Poisson’s Ratio ν

Compressive Strength Rc
(MPa)

Prototype materials 10,400 0.25 12.5
Modeling materials 260 0.25 0.315

The similar material for rotary spray piles is prepared by mixing cement with a label
number of P·O·32.5 and yellow clay in a certain water–cement ratio and stirred uniformly.
The preparation of the similar material for rotary spray piles takes the elastic modulus as
the main control indicator. The selected P·O·32.5 cement is mixed with yellow clay in the
ratio shown in Table 5, weighed in a sealed container, mixed with water, and poured into a
cylindrical mold with a diameter of 5 cm and a height of 10 cm, and a square mold with
a length of 7.6 cm to make a geotechnical experiment specimen. After being cured under
natural conditions for one day, the specimens can be demolded. After demolding, they
are cured in a standard curing box for 28 days, and their compressive strength and elastic
modulus are measured using a universal testing machine, as shown in Figure 16. Table 6
shows the results of indoor test measurements.
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According to Table 6, the compressive strength and elastic modulus of S1~S4 gradually
decrease. Based on the theory of similarity and taking the elastic modulus as the main
control indicator, S4 was finally selected as the optimal ratio. The model pile is made by
using a prefabrication method. After preparing the slurry according to the selected ratio
and mixing it with yellow clay in a certain proportion, it is poured into a mold tube with a
diameter of 15 mm, fully vibrated, and can avoid voids in the pile body. After being placed



Buildings 2023, 13, 1740 19 of 20

under natural conditions for one day, the model pile can be demolded. Then, it is immersed
in water for 28 days for curing, and the pile is completed at this point.

Table 6. Proportion and physical parameters of rotary spray piles.

Number Water-Cement
Ratio

Loess Content in Rotary
Jet Grouting Piles (%)

Material Mass Ratio Compressive
Strength (MPa)

Elastic Modulus
(MPa)Cement Water Loess

S 1 1:1 50 1 1 2 2.86 328
S 2 1:1 55 1 1 2.33 2.53 301
S 3 1:1 60 1 1 3 2.14 286
S 4 1:1 65 1 1 3.71 1.71 259
S 5 1:1 70 1 1 4.67 1.32 212

5. Conclusions

Starting from the theory of similarity, this paper determines the similarity ratio, selects
similar materials and control indicators through indoor experiments, and formulates
specific experimental plans. The conclusions are as follows:

1. The geometric similarity ratio was determined to be 1:40, allowing for the creation
of scaled models of the surrounding rock and lining materials. By using appropriate
materials and proportions, the models accurately simulate the stress and deformation
characteristics of tunnel engineering.

2. The control of the wetting settlement coefficient, δs, within 0.043 ensures the stability
and reliability of the chosen rock materials. The selection of materials such as barite
powder, bentonite, industrial salt, gypsum, and standard sand, mixed in percent-
ages of 8:12:45:25:10, respectively, guarantees the proper behavior and mechanical
properties of the rock models.

3. Organic glass was chosen as the material for the lining structure, with the bending
stiffness EI and Poisson’s ratio µ acting as control indicators during determination.
This selection is based on an understanding of the stress and deformation behavior of
the lining structure in practical engineering. By controlling the bending stiffness and
Poisson’s ratio of the material, the mechanical characteristics of the lining structure
can be accurately simulated and its performance and interaction with the surrounding
rock can be studied.

During the testing process, the surrounding rock was first filled up to the crown level,
followed by the placement of a relatively hard soil inside the initial support model. Finally,
the entire surrounding rock was poured until reaching the final elevation, simulating the
construction process of a real tunnel. Through this test scheme, a comprehensive analysis of
stress, deformations, and the interaction between the initial support and surrounding rock
could be conducted, providing valuable insights for optimizing the design and construction
of tunnel engineering projects.
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