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Abstract: To cater to the problems of a poor working environment, a large amount of rebound,
and the high energy consumption of sprayed concrete in tunnel engineering, this paper proposes
a new support scheme with a steel corrugated plate combined with mold bag concrete. Analytical
solutions of stresses for steel corrugated plate and mold bag concrete were deduced based on the
thin-walled cylinder, and then their strength safety factors were presented. Subsequently, a series of
numerical simulations were conducted to investigate the mechanical performance of the third ring
of the main structure based on the ‘load-structure’ 3D model. The numerical results were verified
using the classical theoretical analysis and the proposed model, and then parametric studies were
performed through the numerical method. Finally, field tests in a circular shaft were carried out to
verify the feasibility of the structure and process and the engineering effect. The results show that the
combination of steel corrugated plate and mold bag concrete is feasible and can realize rapid support
technology for underground engineering, which provides a new idea for the supporting technology
of underground engineering such as tunnels.

Keywords: supporting structure; steel corrugated plate combined with mold bag concrete; circular
shaft; thin-walled cylinder; field test

1. Introduction

Nowadays, traditional primary support, mainly made of sprayed concrete and steel
frame, has been widely used in underground engineering such as foundation pits and
tunnels. It is applied through a process by which concrete or mortar is sprayed onto a
surface to produce a compacted, self-supporting, and load-bearing layer [1]. Although
traditional support is highly mature, it still has lots of drawbacks as well. Firstly, concrete
is a kind of brittle material and can hardly bear any tensile stress. Secondly, problems
such as large dust, high rebound rate, and poor quality stability are common during the
construction of sprayed concrete [2]. In particular, a high rebound rate will not only cause
quality defects due to the too-thin thickness of sprayed concrete but also waste material
resources and increase construction costs.

In order to solve the above problems, some scholars have proposed a steel corrugated
plate as the main body of the support structure [3,4]. Firstly, as a kind of construction
material, steel is very popular in civil engineering, and has been studied in great depth for
its composition and properties [3,5]. Secondly, the mechanical analysis of steel-concrete
composite structures is a hot topic in civil engineering research as well [6–8]. Corrugated
steel structures are favored by engineers because of their advantages, such as high strength,
easy maintenance, convenience of the construction process, and environmentally friendli-
ness. For example, the mechanical properties of corrugated steel plate shear walls under
cyclic loading were investigated [9]. Besides, the performance of corrugated steel supports
under seismic loads was also studied [10,11]. Then, in view of the characteristic that steel
is liable to get rusty, related research on anticorrosive corrugated steel has been carried
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out [12–14]. However, how to ensure that the steel corrugated plate structure maintains
close contact with the excavation surface and reduces voids is the main challenge affecting
its popularization and application in underground engineering.

In response, this paper proposes using mold bag concrete to fill the void between
the corrugated steel plate and the excavation face. In recent years, geosynthetics such
as geotextiles have gradually been used in various fields of civil engineering, such as
structural seismic, material reinforcement, and new building materials [15–18]. Among
them, a mold bag is one of the geosynthetics, which is a double-layer bag-like fabric woven
by a machine from high-strength chemical fiber filaments with engineering characteristics
of permeability, air permeability, and impermeability to slurry [19]. Therefore, the mold
bag concrete relies on this characteristic of the mold bag, relying on self-weight and the
pressure of the grout pump to discharge excess water from the pores of the mold bag, which
reduces the water-cement ratio and achieves the design strength after solidification [20,21].
In China, mold bag concrete is widely used in canal and slope protection engineering
because of its unique advantages. As fabric can only be loaded with tensile stress, fabric
pretension is essential, and Veenendaal and Block [22] constructed two prototype shell
structures based on numerical modeling to control the prestress applied to the fabric. Foster
and Ibell [23] proposed a new numerical method for determining the shape of flexible,
impermeable, and inextensible suspended fabric sections affected by hydrostatic loads
imposed by wet concrete. Moreover, Ghaib and Gorski [20] obtained the relationship
between the compressive strength of molded concrete and the mechanical parameters of
the formwork and concrete based on destructive tests on concrete specimens molded in
different fabrics. In summary, there are two main advantages to using fabric formwork
in general. Firstly, it saves energy and reduces greenhouse gas emissions, making for
more sustainable designs. Secondly, the permeability of the fabric will affect the quality
of the concrete surface, reducing the number of air voids and blowholes and therefore
improving overall durability [24,25]. However, there has been no more in-depth research
on the composition and properties of mold bag concrete to date.

In addition, with the development of information technology, intellectualization has
been gradually applied to the field of civil engineering. There are many cases of using
artificial intelligence algorithms as well as deep-learning-based algorithms to solve en-
gineering problems, especially in structural engineering and structural mechanics. For
example, Deng et al. [26] proposed an AI-based FE model update to determine equivalent
stationary dynamic loads for moving loads by comparing and analyzing two fundamental
AI algorithms and their improved algorithms, namely genetic algorithm (GA) and particle
swarm optimization (PSO). Liu [27] introduced a genetic algorithm (GA) and combined
covariance-Gaussian process regression (CCGPR) coupling algorithm (GA-CCGPR) for
information-based construction in tunneling engineering and proposed an optimization
method for the preliminary support parameters based on it. Besides, Nadeem et al. [28] pro-
posed a deep learning-based research method for damage identification for underground
metro shield tunnels by utilizing an existing deep auto-encoder (DAE) that can support
deep neural networks. Shi et al. [29] used the support vector machine (SVM) information
granulation method to predict the surrounding rock deformation. Therefore, the use of
some deep-learning-based algorithms to study the overall behavior of the structure is of
great benefit, and it can be seen that these intelligent techniques are promising for future
engineering applications.

But so far, there is no combination of steel corrugated plate and mold bag concrete for
use in the supporting structure of tunnels or foundation pits worldwide. Therefore, to study
its mechanical characteristics, this paper has built finite element models and verified their
correctness using theoretical analysis. On this basis, the structure and material parameters
of the steel corrugated plate and mold bag were designed based on the circular shaft, and
field tests using the inverted hanging shaft wall reverse construction method were carried
out to verify the feasibility of the structure and process and the engineering effect. Under
the action of filling pressure, the mold bag concrete forms a convex-concave random shape
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with the shape of the excavation surface and the corrugated steel plate, which can densely
fill the structural gap between the excavation surface and the corrugated steel plate and
ensure that there is no leakage of the slurry. This innovative supporting structure will
effectively solve the problems of poor working environment, high energy consumption,
slurry running, and leakage during the construction of sprayed concrete, which provides
new ideas for the support technology of tunnels and other underground engineering.

2. Composition and Structure of Steel Corrugated Plate-Mold Bag Concrete

The steel corrugated plate-mold bag concrete supporting structure is mainly composed
of three parts: the steel corrugated plate segment, the mold bag, and the concrete poured on-
site in the mold bag. The steel corrugated plate segment and the mold bag are customized
by the factory, and the fine stone concrete in the mold bag is poured under pressure on-site
using a small high-pressure concrete pump. This paper takes the circular shaft support
structure in underground engineering as an example, draws on the division form and
assembly method of shield tunnel segments, and uses longitudinal staggered joints to
assemble each part (shown in Figure 1).
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Figure 1. The overall effect of longitudinally staggered assembly of the support structure.

2.1. Steel Corrugated Plate Member

The steel corrugated plate segment is welded using a steel corrugated panel, two end
flange plates, and two side flange plates. One lead hole for the concrete pouring pipe and
one lead hole for the pressure control pipe is reserved on the steel corrugated panel (shown
in Figure 2). The adjacent segments are connected by the end flange plate and the side
flange plate along their respective lengths, with reserved bolt holes for circumferential and
longitudinal positioning connections. The height H of the steel corrugated plate member
can be determined according to the excavation footage, and the width B of the end flange
plate needs to meet the bolt connection requirements. The arc length L of the side flange
plate is determined comprehensively according to the inner diameter of the supporting
structure, the number of annular joints, the self-weight of the steel corrugated plate, and
the ease of assembly and operation.
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Figure 2. Schematic diagram of steel corrugated plate composition and dimensions.

2.2. Mold Bag and Mold Bag Concrete

The mold bag is a geosynthetic material, which is a double-layer bag-like fabric woven
with high-strength fiber filaments. It has the engineering properties of water being permeable,
breathable, impermeable, and having fast drainage and consolidation speeds. In this paper,
the mold bag is sewn from a rectangular side seal formed by folding it in half and two strip
end seals, and a concrete pouring pipe and a pressure control pipe are set on one side of
the steel corrugated panel (shown in Figure 3a). The mold bag length L’ is the same as the
arc length L of the steel corrugated panel, and the height H’ is consistent with the total arc
length of the corrugated panel along the height direction. The thickness of the mold bag t is
selected according to the stiffness requirements of the support structure and the combined
mechanical performance of the steel corrugated plate. It can also refer to the design parameters
of the initial support thickness in the existing design specifications for sprayed concrete. The
material of the mold bag should comprehensively consider its cost, tensile properties, and
water permeability, and polyester filament geotextile should be selected.
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(b) effect drawing of mold bag concrete.

The concrete is pumped into the mold bag using the pressurized pump and is con-
strained with the mold bag to be wrapped and formed in the construction void. Under
the action of pouring pressure, part of the gas and water in the concrete in the mold bag
is squeezed out, so that the voids are reduced, the water-cement ratio is reduced, and the
solidification is accelerated. The poured concrete forms a random shape of convex and
concave mold bag concrete along with the excavation surface and the steel corrugated
panel surface, which can fill the structural gap between the excavation surface and the steel
corrugated panel. The concrete poured into the mold bag is constrained by the soil, the steel
corrugated panel, and the mold bag. After solidification, it forms a composite structure
with the steel corrugated plate (shown in Figure 3b), which has a certain stiffness and
bearing capacity and can jointly bear the load. Under the pressure of the surrounding rock
(surrounding soil), the steel corrugated plate-formed bag concrete supporting structure can
be regarded as a combined force-bearing structure. The stress state of the steel corrugated
plate in the composite structure is mainly tensile stress, and the stress state of the mold
concrete is mainly compressive stress, which can give full play to their respective material
properties, increase the stiffness of the supporting structure, and significantly improve the
flexural bearing capacity.

3. Analytical Solutions

Based on the theory of thin-walled cylinders in elastic mechanics, an analytical solution
is proposed for the internal force of the steel corrugated plate-mold bag concrete interface.
The material strength of each part of the structure can be checked, and the ultimate bearing
capacity of the supporting structure can be calculated. In the depth direction, the support
structure is simplified as a simply supported beam calculation model under the action of
triangular loads (the earth pressure obeys the Rankine active earth pressure distribution, as
shown in Figure 4). The stress of the support structure is affected by factors such as the
stratum weight, excavation depth, and lateral pressure coefficient.
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Figure 4. Introduction of the cross-section and load.

3.1. Analytical Solution Calculation

Each ring steel corrugated plate-mold bag concrete structure can be regarded as a
closed cylinder, and its force is shown in Figure 5a. According to the symmetry of load,
structure, and boundary conditions, the internal force of the structure can be calculated
by the uniform pressure calculation model of the thin-walled cylinder in classical elastic
mechanics theory. Figure 5b shows the force model diagram of the mold bag concrete
subjected to internal pressure q2 (inter-structure internal force) and external pressure q1
(active earth pressure). Figure 5c shows the force model diagram of the steel corrugated
plate with the outer radius R2 and the inner radius R3 subjected to the external pressure q2

′.
In this paper, the actual excavation radius of the field process test is 3.12 m (R1), and the
design radius of the circular shaft is 3.0 m (R3).
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The study was carried out assuming a large and negligible difference in the amplitude of
the wave surface compared to the radius of the corrugated steel shell-like structure and the
lack of major interfacial contact traction between the two main bodies mentioned above. It can
be known from elastic mechanics that in the axisymmetric problem, the stress component in
the polar coordinate plane is only a function of ρ, which does not change with ϕ, and the shear
stress τρϕ is zero. Due to the different material properties of the inner and outer cylinders, the
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assumption of uniformity is not met, so the solution cannot be expressed by the same function.
The force analysis of the inner and outer cylinders in Figure 5 is carried out, respectively, and
their respective stress boundary conditions are as follows:

Mold bag concrete :

{ (
τρϕ1

)
ρ=R1

= 0(
τρϕ1

)
ρ=R2

= 0
and

{ (
σρ1
)

ρ=R1
= −q1(

σρ1
)

ρ=R2
= −q2

(1)

Steel corrugated plate :

{ (
τρϕ2

)
ρ=R2

= 0(
τρϕ2

)
ρ=R3

= 0
and

{ (
σρ2
)

ρ=R2
= −q′2(

σρ2
)

ρ=R3
= 0

(2)

Substituting Equations (1) and (2) into the general solution of axisymmetric stress, the
calculated solutions of the inner and outer cylinders are as follows:

Mold bag concrete :


σρ1 =

R2
1R2

2(q1−q2)

ρ2(R2
1−R2

2)
+

q2R2
2−q1R2

1
R2

1−R2
2

σϕ1 = − R2
1R2

2(q1−q2)

ρ2(R2
1−R2

2)
+

q2R2
2−q1R2

1
R2

1−R2
2

τρϕ1 = τϕρ1 = 0

(3)

Steel corrugated plate :


σρ2 =

q2R2
2R2

3
ρ2(R2

2−R2
3)
− q2R2

2
R2

2−R2
3

σϕ2 = − q2R2
2R2

3
ρ2(R2

2−R2
3)
− q2R2

2
R2

2−R2
3

τρϕ2 = τϕρ2 = 0

(4)

It is assumed that the two elastomers remain in ‘full contact’ on the contact surface,
is neither disengage nor slide against each other. In this way, on the contact surface, the
contact condition of the stress direction is that the normal stress and shear stress of the two
elastic bodies are equal on the contact surface. The contact condition in the displacement
direction is that the normal displacement of the two elastic bodies on the contact surface is
equal, and the tangential displacement is also equal, namely:

(
σρ1
)

ρ=R2
=
(
σρ2
)

ρ=R2(
uρ1
)

ρ=R2
=
(
uρ2
)

ρ=R2

τρϕ1 = τρϕ2 = 0
(5)

Solving the equation solved using the normal displacement boundary condition on
the contact surface in Equation (5) and the axisymmetric displacement in the plane strain
problem, the interaction force q2 of the steel corrugated plate-mold bag concrete interface
can be obtained:

q2 = q1

[
2(1− µ1)R2

1(
R2

2 − 2µ1R2
2 + R2

1
)
+ n1n2

(
R2

2 − 2µ2R2
2 + R2

3
)] (6)

where, n1 = E1(1+µ2)
E2(1+µ1)

and n2 =
R2

1−R2
2

R2
2−R2

3
; E1 is the elastic modulus of mold bag concrete; E2 is

the elastic modulus of steel corrugated plate; µ1 is the Poisson’s ratio of mold bag concrete;
µ2 is the Poisson’s ratio of steel corrugated plate; R1 is the actual excavation radius of the
circular shaft; R2 is the design outer radius of the steel corrugated sheet; R3 is the design
radius of the circular shaft.

3.2. Material Strength Check of Support Structure

During the experiment, the steel corrugated plate was assembled first and then poured
with concrete. Before the concrete solidified in the mold bag, the steel corrugated plate
was used as the main supporting structure. In the process of concrete setting, the earth
pressure is gradually shared by the mold bag concrete. Therefore, the steel corrugated plate
is the key factor in the force analysis of the system, and the maximum load (q1) that the
supporting structure can bear under the ultimate bearing capacity state can be calculated
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using Equation (6). However, the ultimate bearing capacity of steel corrugated plate can be
obtained through relevant member tests.

According to Chinese standard JGJ 120-2012 [30], when the supporting structural
members are designed according to the ultimate bearing capacity state, the strength safety
factor of the temporary supporting structure should not be less than 1.25. Then, for the
support structure with a safety level of one, its structural strength safety factor should not
be less than 1.1. The strength safety factor of each part of the supporting structure can be
calculated using the following formula:

K1 =
∣∣∣ fc

σϕ1

∣∣∣ = ∣∣∣∣ fcρ2(R2
1−R2

2)
ρ2(q2R2

2−q1R2
1)−R2

1R2
2(q1−q2)

∣∣∣∣
K2 =

∣∣∣ σs
σϕ2

∣∣∣ = ∣∣∣∣− σsρ2(R2
2−R2

3)
q2R2

2(ρ2+R2
3)

∣∣∣∣ (7)

where K1 is the strength safety factor of mold bag concrete; f c is the design value of
compressive strength of concrete; K2 is the strength safety factor of the steel corrugated
plate; σs is the yield strength of the steel. The structural material strength of the bottommost
part of the circular shaft for the field craft tests in this paper was verified using Equation (7),
and the strength safety factors for steel corrugated plate and mold bag concrete were
calculated as: 321.2 and 699, respectively. The calculated K1 and K2 both meet the above
requirements; therefore, each part of the support structure is safe. However, the value
of K2 is much larger than K1, indicating that the steel corrugated plate has a high safety
redundancy and that most of the load on the structure is borne by the mold bag concrete.

4. Numerical Simulations
4.1. Numerical Modelling

In order to understand the force situation of the support structure, ABAQUS 2020
numerical simulation software was used to simulate the mechanical performance of the
third ring of the main structure based on the ‘load-structure’ 3D model. Based on the field
test scheme and actual soil layer information, the linear elastic constitutive model is used
for the stress-strain relationship of each material in the model. The physical and mechanical
parameters of each material are listed in Table 1. Determine the magnitude of external
loads on the structure according to the parameters listed in the table.

Table 1. Main physical and mechanical parameters of each material.

Material Mass Density
(kg·m−3)

Cohesion
(kPa)

Internal Friction
Angle (◦)

Poisson’s
Ratio

Elastic
Modulus (MPa)

Soil 1900 8 36 0.25 10
Steel- Q235 7850 - - 0.33 210,000

Concrete- C30 2500 - - 0.2 30,000

3D reduced integration and eight-node linear solid elements, referred to as C3D8R by
ABAQUS [31], are used to construct the meshes of the steel corrugated plate, the mold bag
concrete, and the connecting bolt. Referring to Section 5.2, the dimensional parameters of
each component in the model are modeled 1:1, however, some simplifications are made to
the M22-type bolts. The nut and screw were merged to model as one piece, and the nut
shape was changed to a round shape, as shown in the bolt in Figure 6. The mesh division
of each component is shown in Figure 6, with a total mesh of 103,296 after division.
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4.2. Modelling of the Interfaces and Contact

There are two main types of contact in the model: between the steel plate and the plate
and between the steel corrugated plate and the mold bag concrete. The action of the above
contact in the tangential direction is defined by friction, and the friction coefficients are
0.1 and 0.35 [32], respectively. It is modeled as hard contact in the radial direction, i.e., the
slave face does not intrude into the master face. A tying constraint is applied to connect
four steel plates adjacent to the same steel corrugated panel.

Each single structure in the simulation involves two interfaces. The shearing-tensile
stresses are transmitted across these interfaces mainly using the shear connectors [33]. In
the actual test, the mold bag between the steel corrugated plate and the concrete is laid on
the outside of the steel corrugated plate through waterproof glue. Due to the existence of
the mold bag, the shearing forces between the composite structures are mainly transmitted
using the concrete pouring device and the pressure control device. Their behavior is
modeled using a system of springs as described as follows (shown in Figure 7). The shear
connectors mainly refer to the joint member in the device, which acts like studs. Their
connection to the steel corrugated panel is modeled by a spring (T1 and T2) in the tangential
direction and as rigid in the radial direction. The constitutive laws of the above-mentioned
springs refer to the experiment data from independent shear and tensile tests of the shear
connectors embedded in concrete in the relevant literature [34,35].

4.3. Loads and Boundary Conditions

According to the actual boundary conditions, force, and analysis conditions of the
test in this paper, the self-weight load and earth pressure are applied to the model after
mesh division. Through the field measurement results, the thickness weighting method is
used to obtain the weighted soil unit weight of 19 kN/m3, and the earth pressure obeys the
Rankine active earth pressure distribution (shown in Figure 4).
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Figure 7. System of springs modeling the shear connectors and construction of interfaces.

The top of the structure is connected to the second ring by longitudinal connecting
bolts. To simplify the model, the top of the model has been chosen to be fixed, which means
that the displacement in all three directions is zero. In addition, the displacement boundary
condition at the bottom of the model, which is the displacement in the Z-axis direction, is
such that it is zero. The model uses a columnar coordinate system.

4.4. Validation of the Model

Clark [36] derived the stress solution formula for the circular tunnel of corrugated
plates based on the theoretical solution for small deflection bending of thin plates in classical
elastic mechanics theory, as shown in Equation (8).

σmax = 0.955
(

1− v2
)1/6

(
ab
h2

)2/3
p (8)

where b is the radius of the corrugated plate cross-section; a is the distance of the center of
the corrugated plate cross-section from the central axis; v is Poisson’s ratio, which is taken
as 0.33 in this model; h is the thickness of the corrugated plate; p is the pressure acting on
the corrugated plate, calculated using Equation (6).

A radial load (p) of 200 kPa was applied to the structure in conjunction with the design
parameters from the field tests, and the parameters of the formulae and the structural
diagram are shown in Figure 8.

Figure 9 shows the maximum stress values for different thicknesses of the steel corru-
gated plate for the two methods of Clark analytical solution and numerical simulation. It
can be seen that the maximum difference between the theoretical and numerical solutions
under the conditions of the five thicknesses is 7.2%. Among them, the error of the two
calculation methods gradually decreases as the thickness of the steel corrugated plate
increases. In general, the results of numerical simulations in this paper have good accuracy
and also prove the accuracy of Equation (6); therefore, the results of FE (finite element)
numerical simulations are effective and have certain reference values.
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4.5. Analysis of Simulation Results

As shown in Figure 10, the stress distribution of the steel corrugated plate is consistent
with the load on the structure, gradually increasing with the excavation depth and sym-
metrically distributed along the midline. However, the stress increases at the two shear
connectors, which ensures the common stress and coordinated deformation of the structure.
The maximum Mises stress generated by the corrugated steel plates was 0.4 MPa, and the
maximum Mises stress generated by the mold bag concrete was 0.1 MPa, which were both
less than the control indexes of the respective materials, and the members were within
the safe range. The hoop strain and radial displacement of the structure are very small.
When the excavation depth of the shaft is not large, the pressure generated during pouring
concrete is the most significant factor leading to the deformation of the structure.
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(Unit: MPa).

There is a large difference in the stress distribution between the crest and trough of the
steel corrugated plate (shown in Figure 11). The stress distribution in the trough remains
constant along the panel annulus, and the peak is located at the weld to the end flange
plate (on both sides). However, the stress distribution of the crest first increases and then
decreases along the panel annulus, showing the word ‘M’. Moreover, the stress at the crest
is generally greater than that at the trough.
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4.6. Parametric Studies

Equation (7) shows that the stability of the support structure is mainly influenced
by the following four aspects: the thickness of the steel corrugated plate and mold bag
concrete, and the excavation depth and excavation radius of the circular shaft. Based on
the above factors, the ABAQUS 2D model was used to simulate the forces at the base of the
support structure under different working conditions.

From both the theoretical calculations and the numerical simulations, it has been
found that the thinner the material thickness, the greater the value of the two Von Mises
stresses; correspondingly, the stability of the support structure decreases, and the law of
linear change (shown in Figure 12a,b). At the same time, the radial deformation of the
supporting structure decreases slightly with the increase in thickness of the two materials.
For every three rings of height excavated downward (2.1 m), the maximum Von Mises
stress increases by approximately 1.46 MPa for steel corrugated plate and 0.27 MPa for
mold bag concrete (shown in Figure 12c). When the excavation radius increases by 1 m, the
maximum Von Mises stress increases by approximately 0.1 MPa for steel corrugated plate
and 19 kPa for mold bag concrete (shown in Figure 12d).
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In summary, as the thickness of the steel corrugated plate and mold bag concrete
decreases and the depth and radius of the circular shaft excavation increase, all cause
an increase in the radial deformation of the support structure, and the maximum Von
Mises stress in the structure shows a linear increase in the law of change. The numerical
simulation results are in good agreement with the theoretical analysis.

5. Field Test

The above simulation and theoretical calculation results show that the structural stress
and deformation are within a safe range. On this basis, in order to verify the feasibility and
engineering effect of steel corrugated plate-mold bag concrete structure and technology, the
inverted hanging shaft wall reverse construction method was used for the field test [37,38].

5.1. Engineering and Test Overview

The test site is located in the underground engineering innovation test base of Beijing
University of Technology in Qibin District, Hebi City, Henan Province (shown in Figure 13a).
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The design diameter of the circular shaft is 6 m (shown in Figure 13b), the planned
excavation depth is 7.81 m (excavation depth of eleven rings), and the actual excavation
depth is 2.1 m (excavation depth of three rings). According to the site investigation and
excavation, the strata are mainly clayey silt and pebble-bearing clay (shown in Figure 13c).
There is a local sandstone layer in the pebble-bearing clay, the top of which is buried at a
depth of 1.5~2.0 m, with a maximum thickness of about 2.0 m. About 20 m deep under the
sandstone layer are all pebble-bearing clays, and there may be a small amount of diving at
a depth of about 10 m, with no pressurized water layer and good self-stability of the strata.

5.2. Structural Design Parameters

The test is intended to be a three-ring steel corrugated plate-mold bag concrete support
structure applied sequentially downwards from ground level. Each ring is 710 mm in height
and is made up of twelve steel corrugated steel plate members of equal arc length. Each
steel corrugated plate is designed with an external diameter of 6240 mm, an internal
diameter of 6000 mm, a circular angle of 30◦, an internal arc length (L) of 1570 mm, and a
wave shape of 200 × 55 mm. The width of the end flange plate (B1) is 100 mm, with six
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bolt holes of 22 mm diameter reserved for the circumferential connection. The width of
the side flange plate (B2) is 80 mm, and five bolt holes of 35 × 22 mm are evenly arranged
along the arc length for longitudinal connection, as shown in Figure 2. All parts of the
corrugated plate are made of a 7 mm thick Q235 carbon steel plate. The steel corrugated
panel is pre-drilled with a 53 mm diameter concrete pouring pipe (Φ1) at the center and a
25 mm diameter pressure control pipe (Φ2) at the top.

The mold bag laid behind the steel corrugated panel is made of a rectangular geotextile
with a width of 1657 mm and a length of 1780 mm, which is folded in half and sewn with
two strip geotextiles at the ends (shown in Figure 3a). The strip geotextile is 833 mm long,
100 mm wide, and has a semicircle of 100 mm diameter at both ends (shown in Figure 3b).
The theoretical volume of a single mold bag after forming is approximately 0.134 m3. The
thickness of a single mold bag of concrete is determined by the thickness of the aperture
of the corrugated steel plate on the excavation surface. At the same position as the steel
corrugated panel, the concrete pouring pipe and the pressure control pipe are reserved.
In order to compare the application effects of different mold bags, the first and second
rings use polyester filament woven geotextiles, and the third ring uses polyester filament
spun-bond needle-punched non-woven geotextiles. In the case of actual field tests, the
lateral stability of the support structure can be provided by both vertical and lateral bolts.
Considering the complexity and diversity of the actual field construction, to ensure the
lateral stability of the support structure, we can use longitudinal and radial reinforcement
on the corrugated steel plate and the whole support structure. This will allow us to enlarge
both the excavation radius and depth by increasing the stability of the support structure.
The main technical indicators of each are shown in Table 2.

Table 2. Technical index of geotextile.

Category

Standard
Breaking
Strength
(kN·m−1)

Standard Strength
Corresponds to
Elongation (%)

CBR
Bursting
Strength

(kN)

Equivalent
Aperture

(mm)

Polyester filament
woven geotextiles 65

35.30
(longitude,

latitude)
6.0 0.05~0.50

Polyester filament
spun-bond

needle-punched
non-woven geotextiles

30 0.35~0.45 6.4 0.05~0.20

The grouting material for this test was prepared using 42.5-grade cement according to
the C30 concrete strength grade. The mix ratio of cement, sand, and fine stone was 1:2.7:3.3,
the water-cement ratio was 0.45, and the slump was controlled at 20~22 cm. In order to
ensure the continuity of the grouting process and to take into account the volume of each
mold bag, a small high-pressure concrete delivery pump with an outlet pressure of up to
10 MPa and a pumping speed of approximately 5.6 m3/h was chosen for this test.

The test took 38 days to complete. After the excavation face was formed, it took about
1 h to install each ring of steel corrugated plates, and it took about 0.5 h to pour the mold
bag concrete, which realized the rapid support of the excavation face. During the concrete
pouring process, water seeped out from the outside of the mold bag, while no cement slurry
seeped out. This means that the mold bags used in the test are breathable and permeable
but not permeable to the slurry, and they achieve the role of wrapping and forming the
concrete. The construction process and the overall support effect are shown in Figure 14.
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Figure 14. Partial display of the test site: (a) the construction process, (b) the concrete mixer and
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5.3. Monitoring Scheme

In order to understand the variation of the grouting pressure during construction and
its effect on the forces on the steel corrugated plate, the experimental field monitoring
program included the concrete grouting pressure and the hoop strain of the steel corrugated
panel. The grouting pressure is monitored using a vibrating wire double-membrane earth
pressure gauge, the hoop strain is monitored with a vibrating wire surface strain gauge,
and the corresponding data are collected by a frequency reading instrument. The location
relationship of monitoring points is shown in Figure 15.
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The earth pressure gauges are embedded in the pit walls of the second and third rings
of soil. After fixing, lead the wire close to the pit wall and the surface of the superstructure to
the ground to connect the acquisition instrument. The earth pressure gauges are respectively
arranged at different heights of the four adjacent segments selected clockwise on the second
ring and marked as P1~P4 in turn. Select a segment in the third ring, and arrange an earth
pressure gauge on its surface, marked as P5.

Vibrating wire surface strain gauges are arranged on the surface of the steel corrugated
panel to monitor its hoop strain. The strain gauge base is fixed with strong waterproof
adhesive and arranged at the three crests of the second ring steel corrugated sheet, which
are marked as S1~S3 from top to bottom.

The earth pressure gauge (P) has a range of 200 kPa and a linearity error of no more
than 0.667% F·S. The surface strain gauge (S) has a range of 1200 µε and a linearity error
of no more than 0.792% F·S. The test is monitored in real time, with initial readings taken
on the sensor after the steel corrugated plate has been assembled. The YT-DSY frequency
reader is used to continuously collect data after the concrete pouring has started.

5.4. Monitoring Results and Analysis

Monitoring starts when the mold bag starts to pour concrete until the monitoring
data stabilizes after stopping pouring. The value change curve for each measuring point is
shown in Figure 16.
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As can be seen from Figure 16a, the grouting pressure increases rapidly and linearly
with the pouring time, reaching a peak at 40~60 s when the mold bag has been filled with
concrete, that is, to stop pouring. The pressure then falls rapidly, with the rate of fall being
less than the rate of rise, before finally stabilizing and converging to zero. All parts of the
support structure were in an elastic state during the concrete pouring process and did not
yield, which was also confirmed by strain monitoring. The peak value of the grouting
pressure curve with time measured at measurement points P1 to P4 is similar, and the trend
is also approximately the same, indicating that the concrete in the mold bag is liquid during
the pouring process, with good fluidity, and can fill the mold bag. The pattern of change
of the P5 curve at the measurement point is basically the same as the above-mentioned
measuring point, with a significantly lower rate of decline of the curve. It shows that the
air permeability and water permeability of the mold bag made of non-woven geotextile for
the third ring are slightly poor, and the pressure dissipation process takes a long time.

As can be seen from Figure 16b, the hoop strain is highly consistent with the variation
pattern of the grouting pressure, indicating that the steel corrugated plate produces a
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corresponding strain under the grouting pressure. The hoop strain variation patterns and
peak values at measurement points S1 to S3 are basically the same, indicating that the steel
corrugated plate is subjected to uniform grouting pressure at all locations. The hoop strain
peaks are all micro-strains, which gradually return to the initial low-stress level after the
concrete is poured. This indicates that the stresses generated in the steel corrugated plate
during the concrete pouring process will gradually dissipate with the construction progress
and that no large bending stresses are generated as a result of the “contralateral pouring”.

6. Conclusions

This paper proposes a new support structure of steel corrugated plate-mold bag
concrete based on a circular shaft. The mechanical effect of the support structure under
engineering conditions is verified using theoretical analysis, numerical simulation, and
field testing, and the following conclusions are drawn:

(1) Mold bag concrete can fill the structural gap between the excavation surface and the
steel corrugated panel, reduce the loss of soil, and help control the deformation and
settlement caused by the excavation. Part of the gas and water in the concrete inside
the mold bag is squeezed out with the grouting process, reducing the void space and
the water–cement ratio, which is conducive to the rapid setting of the concrete and
achieving rapid support. The combination of steel corrugated plate and mold bag
concrete can form a rapid support technology for underground engineering.

(2) The interaction force between the steel corrugated plate and the mold bag concrete
contact surface is influenced by four main factors: the excavation depth, the thickness
of the steel corrugated plate, the thickness of the mold bag concrete, and the excavation
radius of the circular shaft. As the stiffness of the concrete inside the mold bag
increases, most of the external loads are borne by the mold bag concrete, and the load
borne by the steel corrugated plate is gradually reduced to 30%.

(3) Numerical simulation results show that the thinner the steel corrugated plate and the
mold bag concrete, and the larger the excavation depth and radius of the circular shaft,
the stress of the structure will increase and the radial deformation of the structure will
increase. If the design depth of the shaft is small, the grouting pressure generated during
construction will be the most significant factor leading to the deformation of the structure.

(4) The experiment shows that grouting pressure is the strongest safety factor that affects
the stress state of corrugated steel plates. A reasonable grouting pressure allows the
concrete to fill the mold bag and achieve self-compaction so that the steel corrugated
plate is evenly stressed. The woven geotextiles and non-woven geotextiles selected
for the test are both breathable, permeable, and impervious to the slurry, achieving a
wrapping and shaping effect on the concrete.

(5) In the field process test research, this paper only carried out the first phase of the test,
initially verifying the feasibility of the new support structure construction process and
structural mechanical effect. In the next step of the experimental research, an in-depth
study should be carried out on how to optimize the design and installation of the mold
bag, strengthen the control of construction errors, and improve the construction and
installation accuracy and speed. For the corrugated steel panels exposed on the outside to
do anti-corrosion treatment, such as taking measures to avoid or reduce the corrosion of
steel by spraying plating on the surface or spraying anti-corrosion spray paint.

(6) The combination of steel corrugated plate and mold bag concrete for underground engi-
neering support structures is feasible and provides new ideas for underground engineering
support technologies such as tunnels and pits, which are of great significance.
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