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Abstract: To enhance comprehension of the improved arch cover construction method for under-
ground metro stations and provide guidance for future construction techniques and programs, the
paper examines the indoor improved arch cover method of construction in the underground con-
cealed excavation station of Tianhe Road Station of Guangzhou Metro Line 10, China. It includes
a similar model test of the key technology and an analysis of the evolution law of the surrounding
rock stress, the law of the ground settlement, and the law of the arch top deformation after the tunnel
excavation. The study found that increased over-support can decrease arch settlement, with the
maximum settlement occurring near the arch. Ground settlement typically occurs in the same areas
as arch settlement, but arch settlement may occur earlier. The excavation of the arch cover has little
impact on the overlying soil pressure, and the supporting structure is more effective in controlling soil
deformation. The upper part of the arch cap experiences mainly extrusion stress, with the maximum
stress occurring near the middle of the arch. The stresses in the arch’s base decrease significantly
during the excavation of the side drifts but show an increasing trend during the excavation of the
lower rock mass. The presence of the central column significantly affects both the settlement of the
arch and the ground, as it bears most of the compressive stress of the arch. This stress decreases
initially and then increases. The amplitude of deformation is more pronounced when the dismantled
central column is closer to the middle of the arch.

Keywords: arch method; similar models; settlement laws; stress evolution; support effects

1. Introduction

The urban agglomerations in different countries are showing a trend of concentration
due to the continuous development of the economy. This has led to the gradual acceleration
of the urbanization process and the expansion of city scales, increasing the population of
large and medium-sized cities [1]. However, this has also led to road congestion, frequent
traffic accidents, and commuting inefficiencies. The negative impacts of urbanization,
including those caused by the expansion of surface roads, are deepening. The cost of
maintaining these roads is high, making it necessary to find alternative solutions [2–4]. The
rational use of urban underground space and the construction of subways have become
effective means of alleviating this social contradiction. Metro construction is a complex
process, particularly when it comes to building metro stations in busy urban areas. The
geological environment must be taken into account, as well as the impact on surrounding
buildings, pipelines, and traffic routes. The arch cover method is a concealed excavation
construction technique that utilizes the self-stability of surrounding rock and employs
appropriate reinforcement. This method is highly efficient, has a small impact range, and is
very flexible. However, this method is still affected by the rock conditions, the grade of the
surrounding rock, and other factors in actual engineering use. Therefore, carrying out an
optimization study of the key technology for the construction of the arch cover method will

Appl. Sci. 2024, 14, 3982. https://doi.org/10.3390/app14103982 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14103982
https://doi.org/10.3390/app14103982
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app14103982
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14103982?type=check_update&version=2


Appl. Sci. 2024, 14, 3982 2 of 15

have significant engineering significance for its applicability. This study can provide better
guidance for subsequent underground construction. Selecting the appropriate method
according to local conditions can reduce construction costs and bring about higher economic
and social benefits.

Figure 1 shows the schematic section of the arch cover method. In the construction of
the arch cover method, the construction of overrun support is carried out first. The center
drift (A) was then excavated using the center diaphragm method and promptly primed.
Subsequently, the anchor rod inserted on the right side of the center drift (A) shall be
removed, followed by the excavation of the center drift(B). It is imperative that the distance
between the faces of center drift (A) and center drift (B) is maintained at no less than 5 m.
Additionally, within the center drifts, construction activities include the installation of steel
pipe columns, segmental arches for the roof, and longitudinal beams. Upon completion
of these construction tasks, the partition walls shall be dismantled. However, the length
of each dismantling operation should not exceed the span length of the main structure.
Furthermore, the excavation work for the side drifts should commence only after the
completion of secondary lining construction in the arch sections. Excavation of the side
drifts and the construction of the side partition walls are to be carried out concurrently.
It is imperative that the distance between the faces of side drift (A) and side drift (B) is
maintained at no less than 8 m to mitigate the risk of group cavity effects. Subsequently, the
side partition walls and the bottom slab are to be dismantled, followed by the excavation
of the lower second layer from the transverse passage location, and the construction of
the sidewalls.
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Figure 1. Schematic diagram of underground station excavation by arch cover method.

In the study of the underground shallow buried station dark method, Liu [5] conducted
a study on 30 underground stations in the Beijing area which were constructed by the Pile
Boring Act (PBA) and concluded that the ground settlement in the first and third phases
of the construction by the PBA accounted for 90 percent of the total surface settlement,
and the second and fourth phases accounted for 10 percent of the surface settlement.
Fang [6] summarized the ground settlement data of the shallow excavation method used in
nine underground stations in Beijing and systematically illustrated the effect of shallow
excavation on ground settlement. Qingdao area has better surrounding rock conditions,
because of which the research and innovation for Qingdao area concealed excavation is still
in progress. Liu [7] used Flac3D to study an underground road in Shenzhen and introduced
a construction method to control the deformation of the underground bulge. Shang [8]
summarized the nature of the upper soft and lower hard rock formations in an underground
in Dalian and used numerical simulation to analyze the support effect of six support
schemes on the deformation of the surrounding rock. Wang [9] used numerical simulation
to compare the applicability of the initial arch cover method and the double sidewall
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guide pit method in an underground in Guiyang and concluded that the applicability of
the initial arch cover method is better. Lai [10] used numerical simulation and on-site
monitoring methods to introduce the two schemes of force conversion between shaft and
cross-passage construction and concluded that the parallel structure of the shaft-cross
passage is more conducive to controlling shaft deformation. Some scholars use 3D printing
technology to simulate the ground load during tunnel excavation, to study the complex
ground deformation [11]. Seo [12] presented a comparison of the support effect of the
pre-support nailing method with the traditional support method, and the pre-support
nailing is more effective in controlling the ground settlement in the shallow underground
excavation method. Kishida [13] investigated the effectiveness of the improved geological
method for weak strata using numerical simulation and experimental analysis based on
the fact that the improved geological method has not yet formed a standardized design
basis in the Japanese region. Cao [14] analyzed the field monitoring data by taking an
underground station in Beijing as an example, and the study showed that the surface
settlement was mainly caused by shield tunneling, side alley excavation, and double-arch
excavation. Shen [15] analyzed the on-site monitoring data of the PBA method, discussed
the deformation trend of the tunnel at different construction stages, and gave the ground
settlement curves. Liu [16] based on the PBA method of an underground station in Beijing,
put forward the settlement and other parameter control standards of the project through
numerical simulation combined with the on-site monitoring method. Xu [17] presented
the monitoring data of the initial PBA method in China, demonstrating that the maximum
surface settlements observed across different monitoring sections were not uniform. The
author concluded that surface settlement was primarily attributable to the construction of
the shield tunnel, the side guideway, and the middle guideway. Tian [18] carried out a four-
stage study on the deformation characteristics of the tunnel and the slopes by using on-site
investigations, geological boreholes, and measurements, and concluded that the tunnel
arch may be forced to squeeze without sliding when it is in the potential landslide zone.

In an indoor similar model test study, Liu [19] conducted a one-factor sensitivity
analysis using a model box test and numerical simulation and concluded that increasing
the pile diameter of the side piles is better able to control the displacement of the side piles
than decreasing the pile spacing in the PBA method. Wang [20] relies on an underground
station in Qingdao to establish a large-size model box, gives the design scheme of the
model box, and analyses the soil deformation law caused by the tunnel excavation process.
Liu [21] used similar model tests to simulate the construction process of a metro station
by the hole pile method under the conditions of two surrounding rock levels and four
construction schemes, to analyze the mechanical behavior of excavation and to compare
with the numerical simulation results. Lei [22] investigated the effect of the bias angle on the
lateral pressure of the surrounding rock under asymmetric horizontal loading using three
bias model tests with different inclination angles, and the more the bias angle increases, the
pressure of the surrounding rock on the shallow buried side gradually decreases. Xiao [23]
used a large-size model box to study the deformation force characteristics of tunnels under
bias pressure in soil rock junction strata and concluded that the addition of retaining walls
to rock slopes can effectively reduce the surrounding rock stresses inside the slopes. Li [24]
studied the construction scheme of expanding excavation to build an underground station
with three consecutive arches on the basis of an existing shield tunnel through similar
model tests. The study demonstrated the support effect of double rows of small catheter
overrun grouting reinforcement on tunnel expansion.

In summary, it is evident that indoor model testing has become the primary research
method for the construction technology of underground metro station concealed excavation
method. Therefore, this paper analyzes the optimization of key technology for the improved
large-span arch construction, using the underground station project of Tianhe Road Station
of Guangzhou Metro Line 10 in China as a case study. The model box test is employed
to investigate the evolution of peripheral rock stress law, ground settlement law, and
arch deformation law after tunnel excavation. The results verify the applicability and
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reasonableness of the improved arch construction and optimize the construction scheme of
the arch construction method. The structure of the research can offer valuable guidance for
developing the subsequent construction technology and scheme for this method.

2. Indoor Test
2.1. Similar Materials Test

The similarity test is a widely used research method that is based on the similarity
theorem. This theorem uses a certain similarity ratio to the original rock produced in
the field to conduct a series of indoor tests. The data recorded by the test are then used
to deduce the field situation and solve any engineering problems that may arise during
the actual project. To accurately reflect the deformation characteristics and effects of the
surrounding rock and support during tunnel excavation, it is important to establish a clear
relationship between the simulation prototype and the test model.

The First Similarity Theorem explains the nature of similar phenomena, which refers
to a group of phenomena sharing identical equations and criteria. When determining
similar phenomena, two conditions must be satisfied: firstly, the ratios of corresponding
physical quantities in similar phenomena should remain constant, encompassing geometric,
kinematic, dynamic, and other factors; secondly, similar phenomena can be described by
the same fundamental equations, meaning both the prototype and the model must adhere
to the basic equations of elasticity theory: equilibrium equations, geometric equations,
and boundary conditions. The Second Similarity Theorem leverages the relationships
among physical quantities to express the intrinsic relationships of physical processes or
phenomena. If a physical process or phenomenon cannot be described by equations, but a
certain physical quantity has a decisive impact on the research subject, similarity criteria can
be determined through dimensional analysis. The Third Similarity Theorem, also known
as the Existence of Similarity Theorem, posits that for phenomena of the same kind, if they
satisfy the condition that the numerical values of their similarity criteria for single-valued
quantities are equal, then these phenomena are considered to be mutually similar.

The physical parameters of the specimens involved in this test contain compressive
strength (σ), material strain (ε), angle of internal friction (φ), Poisson’s ratio (µ), unit weight
(γ), model test displacement (χ), elasticity modulus (E), model dimensions (L) and cohesive
(c). Based on the similarity triple theorem [25,26], it can be seen that the relationship
equation between different variables is as shown in Equation (1).

f (σ, ε, φ, µ, γ, χ, E, L, c) = 0 (1)

Calculations are available based on the method of quantitative analysis:
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,
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)
= 0 (2)

The derivation of the similarity ratio relationship for each physical quantity yields:

Cε = 1
Cφ = 1

CγCL = Cσ

Cχ = CL
CE = Cσ

Cc = Cσ

(3)

In Formula (3), Cε, Cφ, Cγ, CL, Cχ, CE and Cc are similar ratios of σ, ε, φ, µ, γ, χ, E, L
and c. Meanwhile, this paper focuses on the Tianhe Road station, which has an overburden
depth of approximately 19 m. The main body of the station is 16 m deep, with a cross-
section width of 27.7 m on both sides. The dimensions of the model box used for the test
were 1.8 m in height, 1.8 m in length, and 1.0 m in width. The mechanical parameters of
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the specimen included compressive strength, weight, and modulus of elasticity. Using the
similarity triple theorem, the geometric similarity ratio of the test was calculated to be 35.
The formula is shown in Equation (4).

CL = LH/LM = 1/35 (4)

where CL is the geometric similarity ratio. LH is the model geometry. LM is the prototype
geometry. The rock material test specification requires a cylindrical specimen with a
diameter of 50 mm and a height of 100 mm. To account for potential contingencies, three
samples were produced for each group. The nature of the surrounding rock in which the
station is located determines the stability and deformation conditions of the station, and
the rock layers in which the metro station is located contain a variety of rock samples such
as slightly weathered sandstone, moderately weathered sandstone, bedrock, and so on
(Table 1). In order to reduce the station simulation task, all the lower enclosing rocks can be
made of slightly weathered muddy siltstone (IV grade) as a safety redundancy.

Table 1. Petrophysical parameters of different strata of the tunnel.

Stratigraphic Rock Name Natural Density/g/cm3 Deformation
Modulus/MPa

Compressive
Strength/MPa

Basic Rock Quality
Grade

Strongly weathered conglomerate 2.10 100.0 4.5 V
Strongly weathered siltstone 2.05 95.0 3.62 V

Medium-weathering conglomerate 2.61 3000.0 34.31 IV
Slightly weathered conglomerate 2.66 8000.0 41.83 IV

Slightly weathered siltstone 2.62 7000.0 22.12 IV
Slightly weathered silty sandstone 2.60 5000.0 22.12 IV

The paper selects barium sand, P.O42.5 cement, river sand, and water as raw materials
for creating similar materials. Cement serves as a binder and river sand acts as an aggregate.
Barium sand functions as a weight enhancer. The material should be weighed in accordance
with the appropriate proportion, mixed thoroughly using a mixer, and then water should
be added quickly. The mixture should be poured evenly into the mold, and the filling
of the specimen should be completed. After demolding, the specimen should be left to
solidify at room temperature of 26 ◦C for 3 days. The weight was measured using an
electronic balance. The compressive strength and modulus of elasticity were measured
using a uniaxial compression device. The detailed orthogonal scheme and test results are
shown in Table 2. Table 3 presents the results of the comparison between similar materials
and the original rock test. As shown in the table, the compressive strengths of the specimens
from groups 7 and 8 meet the requirements. Therefore, proportion 8 was chosen as the
analog rock sample after considering similar materials (cement: water: river sand: barium
sand = 2.5:5:30:20).

Table 2. Orthogonal design experimental program.

Test Group Cement Water River
Sand

Barium
Sand

Unit Weight
(kN/m−3)

Compressive
Strength/MPa

Elastic Mod-
ulus/GPa

1 1.5 4 30 20 23.1 0.3 0.04
2 1.5 4 40 10 21 0.09 0.02
3 1.5 5 30 20 22.9 0.31 0.08
4 2 4 30 20 23.0 0.55 0.05
5 2 4 40 10 20.8 0.22 0.06
6 2 5 30 20 22.8 0.5 0.06
7 2.5 4 30 20 22.9 0.65 0.09
8 2.5 5 30 20 22.8 0.68 0.12
9 2.5 5 40 10 20.6 0.45 0.08
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Table 3. Test parameters of similar material specimens.

Specimen Unit Weight (kN/m3) Elastic Modulus/MPa Compressive Strength/MPa

Engineering rock 26 5000 22.12
Similar material 22.9 120 0.68
Similarity ratio 1.13 41.67 32.53

2.2. Similar Model Test

In the similar model indoor tests, the paper carried out similar model tests for arch
caps, concrete shotcrete, hand-dug piles, central partition walls, and side partition walls.
Among them, the concrete simulation material is generally chosen to be construction
gypsum, which has the characteristics of better adhesion and rapid solidification. Due to
the short solidification time of gypsum, the parameters can be measured 8 h after fabrication
and the test results are shown in Table 4.

Table 4. Similarity ratio of physical parameters of similar materials for concrete.

Concrete Elastic Modulus/GPa Compressive Strength/MPa

Engineering concrete 30 30
Similar material 0.83 1.1
Similarity ratio 38.0 27.27

The supporting pile body molds were simulated using bored piles made of 5 cm
diameter, 2 mm thick circular hollow steel pipe piles. These piles were pre-built into the
model box along with the filled-in rock material before the excavation of the arch cap.
However, the top of the pile is not connected to the arch cover part, which means that the
arch cover force cannot be transferred to the supporting pile at the beginning. The arch
cover is produced using prefabricated gypsum boards to simulate the over-support and
initial support. Iron is used as a gypsum mold with a reinforcing mesh made of wire mesh
with an aperture of 1.5 cm and a diameter of 0.08 mm for casting. The experimental ratio of
gypsum to water is 1:2. After pouring, the arch cover needs to be left for more than 8 h to
allow for complete solidification. Please refer to Figure 2 for the test material and model.
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Figure 2. Arch cover casting process.

The height of the test model box was 1.8 m. The buried depth of the overburden in the
prototype station was 19 m, and the longitudinal depth was 16 m. According to similar
scale calculations, the buried depth of the overburden in the model box was 54.3 cm, and
the longitudinal depth was 45.7 cm. The tunnel’s location was marked on the Plexiglas
using lines and points. The Plexiglas were then cut with an angle grinder to achieve a
1:35 similarity ratio of the station section with the arch cover. In the process of model
backfilling, the lower soil mass is initially filled. Following the specified proportions, a
predetermined mass of soil sample is weighed each time and filled from the bottom of the
model box to the bottom position of the retaining pile structure. During the filling process,
the sample is compacted every 100 mm, with a compacted area of approximately 50 mm.
Subsequently, the installation of support piles is carried out. Gypsum material is injected
into the interior of the support piles to fabricate precast steel pipe piles. A cement base is
constructed at the bottom of the piles to simulate the in situ grouting reinforcement of the
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strata at the pile base. Moreover, to prevent the piles from being subjected to load before
the secondary lining is applied, certain voids are left at the top of the piles and the crown
position. Following this, the installation of the arch cover and the addition of monitoring
devices are carried out. To prevent damage to the strain gauges due to the movement of the
arch cover, the experiment involves affixing the arch cover after it is placed into the model
box. When burying the soil pressure box, the corresponding positions are determined and
fixed with tape at the arch crown to prevent displacement during the filling of the upper
soil. During the installation of displacement meters, the meters are first placed into PVC
pipes and then filled with sand to prevent damage. Moreover, the PVC pipes are fixed
to the inner side of the model above the arch crown to prevent sliding and resulting in
errors in displacement meter readings. Additionally, to ensure the fixed position remains
stable, the lower end of the displacement meter should also be in contact with the arch
crown. Finally, the upper overlying soil is continuously filled until reaching the design
height. Ground settlement monitoring devices are then secured above, completing the
model construction process.

Data monitoring is an important factor affecting the accuracy of indoor modeling tests.
The paper involves the collection of four data during the test: earth pressure, displacement,
strain, and stress. The collection equipment to be used includes displacement sensors,
strain gauges, earth pressure boxes, and percent monitoring. The earth pressure box
adopts strain type miniature of the earth pressure box, the product can measure all kinds
of contact surface pressure and earth pressure can monitor the trend of earth pressure
change in the construction process, small volume, and high sensitivity. The earth pressure
calculation formula and earth pressure box technical indicators as shown in formula (5)
and Table 5. Where P is the value of soil pressure. µε is the value of micro-strain and K is
the sensitivity factor.

P = µε × K (5)

Table 5. Main technical specifications of the earth pressure box.

Earth Pressure Box Impedance/Ω Electrical Insulation
Resistance/MΩ

Standard 400 ≥200

The strain monitoring chooses long strip strain gauges that can measure the defor-
mation parameters of the supporting structure itself, using the change in resistance of
the strain gauges under pressure or tension to calculate the bending deformation of the
structure body. The displacement meter uses the JMDL-2015A universal displacement
meter from Gold Code Hi-Tech, with a range of 50 mm and an accuracy of 0.01 mm. The
precision range accuracy of the percentage monitoring is 0.01 mm, and magnetic support is
set behind the table and fixed to the angle model box. In addition, the test data acquisition
equipment altogether used Donghua’s DH3817F dynamic and static strain test and analysis
system to collect soil pressure and strain and the supporting JMZX-7000 comprehensive
tester to collect displacement meter data. The monitoring equipment and analysis device
are shown in Figure 3.

For the indoor tunnel excavation model, the excavation process is simulated realisti-
cally by strictly following the on-site construction process. The detailed excavation method
is shown in Figure 4, with two excavation cycles carried out in each central drift. During
construction excavation, the displacement meter’s initial and final values are measured and
recorded before and after each excavation condition, respectively. A waiting period of at
least 1 h is necessary before proceeding to the next excavation condition. The displacement
meter and other data were recorded multiple times during the period until stable data
were obtained. These were then combined with real-time stress–strain sensor readings to
assess stability. The displacement before excavation, i.e., the stable displacement of the
previous working condition, was determined by taking the last measured data before the
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excavation of the next working condition. It was confirmed that there were no errors before
proceeding to the next construction step.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 16 
 

 
Figure 3. Sequence of similar model construction. 

For the indoor tunnel excavation model, the excavation process is simulated realisti-
cally by strictly following the on-site construction process. The detailed excavation 
method is shown in Figure 4, with two excavation cycles carried out in each central drift. 
During construction excavation, the displacement meter’s initial and final values are 
measured and recorded before and after each excavation condition, respectively. A wait-
ing period of at least 1 h is necessary before proceeding to the next excavation condition. 
The displacement meter and other data were recorded multiple times during the period 
until stable data were obtained. These were then combined with real-time stress–strain 
sensor readings to assess stability. The displacement before excavation, i.e., the stable dis-
placement of the previous working condition, was determined by taking the last meas-
ured data before the excavation of the next working condition. It was confirmed that there 
were no errors before proceeding to the next construction step. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3. Sequence of similar model construction.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 16 
 

 
Figure 3. Sequence of similar model construction. 

For the indoor tunnel excavation model, the excavation process is simulated realisti-
cally by strictly following the on-site construction process. The detailed excavation 
method is shown in Figure 4, with two excavation cycles carried out in each central drift. 
During construction excavation, the displacement meter’s initial and final values are 
measured and recorded before and after each excavation condition, respectively. A wait-
ing period of at least 1 h is necessary before proceeding to the next excavation condition. 
The displacement meter and other data were recorded multiple times during the period 
until stable data were obtained. These were then combined with real-time stress–strain 
sensor readings to assess stability. The displacement before excavation, i.e., the stable dis-
placement of the previous working condition, was determined by taking the last meas-
ured data before the excavation of the next working condition. It was confirmed that there 
were no errors before proceeding to the next construction step. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Appl. Sci. 2024, 14, x FOR PEER REVIEW 9 of 16 

(g) (h) (i) 

(j)

Figure 4. Detailed excavation scheme for tunnel similarity model. (a):Model Excavation Preparation, 
(b):Excavation of center drift A. (c): Excavation of center drift B. (d): Pile Top Support Construction. 
(e) Initial support for removal of partition wall. (f) Excavation of side drift A. (g) Excavation of side 
drift B. (h): Removal of primary support from side partition wall. (i): Excavate downwards once. (j): 
Excavate downwards twice. 

3. Results and Analysis 
3.1. The Pattern of Change in the Settlement Pattern of the Arch 

Monitoring points were set up 20 cm and 45 cm away from the initial excavation face, 
respectively, which were used to monitor the arch and both sides of the arch haunch. 
Among them, the arch haunch is located above the side drifts. The monitoring results and 
monitoring methods are shown in Figure 5. Table 6 shows the classification results of sim-
ilar models for critical excavation conditions. The analysis of Figure 5 and Table 6 shows 
that excavation conditions from 1 to 9 involve the excavation of the central drift, with each 
drift being excavated in two cycles. At this point, arch displacement begins to occur, with 
a concentration on the faster rate of change in the arch position. In the 12th excavation 
condition, the temporary support for the diaphragm wall was removed, resulting in rapid 
settlement of the arch. Following the removal of the diaphragm wall, excavation of the 
side drift commenced. At this point, the arch haunch began to settle, and the rate of settle-
ment of the arch top stabilized. In the 18th excavation condition, the initial support of the 
side partition wall was removed, resulting in a small settlement of the arch. After further
excavation of the soil below, there was once again an acceleration of arch settlement. Sim-
ultaneously, the maximum settlement of the gypsum arch is 0.3 mm. This indicates that 
the superior over-supporting method significantly reduces the settlement displacement of 
the arch during construction. The settlement values of the monitoring section at 20 cm 
were lower than those at 45 cm. 

Figure 4. Detailed excavation scheme for tunnel similarity model. (a): Model Excavation Preparation,
(b): Excavation of center drift A. (c): Excavation of center drift B. (d): Pile Top Support Construction.
(e): Initial support for removal of partition wall. (f): Excavation of side drift A. (g): Excavation of
side drift B. (h): Removal of primary support from side partition wall. (i): Excavate downwards once.
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3. Results and Analysis
3.1. The Pattern of Change in the Settlement Pattern of the Arch

Monitoring points were set up 20 cm and 45 cm away from the initial excavation
face, respectively, which were used to monitor the arch and both sides of the arch haunch.
Among them, the arch haunch is located above the side drifts. The monitoring results
and monitoring methods are shown in Figure 5. Table 6 shows the classification results
of similar models for critical excavation conditions. The analysis of Figure 5 and Table 6
shows that excavation conditions from 1 to 9 involve the excavation of the central drift,
with each drift being excavated in two cycles. At this point, arch displacement begins
to occur, with a concentration on the faster rate of change in the arch position. In the
12th excavation condition, the temporary support for the diaphragm wall was removed,
resulting in rapid settlement of the arch. Following the removal of the diaphragm wall,
excavation of the side drift commenced. At this point, the arch haunch began to settle, and
the rate of settlement of the arch top stabilized. In the 18th excavation condition, the initial
support of the side partition wall was removed, resulting in a small settlement of the arch.
After further excavation of the soil below, there was once again an acceleration of arch
settlement. Simultaneously, the maximum settlement of the gypsum arch is 0.3 mm. This
indicates that the superior over-supporting method significantly reduces the settlement
displacement of the arch during construction. The settlement values of the monitoring
section at 20 cm were lower than those at 45 cm.
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Figure 5. Tunnel monitoring arrangement and monitoring results. (a): Settlement in the middle of the
arch. (b): Settlement of the left arch haunch. (c): Settlement of the right arch haunch. (d): Arrangement
method of cross-section monitoring points.
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Table 6. Classification of critical excavation conditions.

Excavation Condition Number Classification of Excavation Conditions

1–9 Excavation of the central drift
10–12 Removal of temporary support for partition wall
13–18 Excavation of the side drift
19–20 Removal of initial support for side partition wall
21–22 Excavation of the soil below

Combining the displacement results, it is evident that the removal of the temporary
diaphragm wall support has a more significant impact on the settlement in the middle of the
arch cap. The removal of the diaphragm wall caused an incremental settlement of 17.39%
of the total settlement at the top of the diaphragm wall, but the removal of the temporary
side diaphragm wall had a more significant effect on the settlement of the arch haunch. The
removal of the temporary diaphragm wall had a greater impact on the overall settlement
of the arch cover. Therefore, on-site construction should strictly control the distance of
each removal of the diaphragm wall and timely construct the backcasting section above
the diaphragm wall to improve the integrity of the support structure. This can reduce
the risk of settlement caused by the removal of the side diaphragm wall initial support.
Furthermore, upon completion of the upper arch cover construction, the arch’s foot will
be positioned above the lower surrounding rock. Excavation work will then disturb the
support structure of the arch feet, resulting in the settlement of the upper arch. Therefore,
during the construction process, it is crucial to reinforce the surrounding rock where the
arch’s foot is located before excavating the main body below.

3.2. Patterns of Change in Ground Settlement

Figure 6 displays the layout and results of the ground settlement monitoring. The
arch and ground settlement exhibit a similar trend, with an increase in the arch settlement
resulting in a corresponding increase in the ground. The rate of settlement growth is faster
during the removal of temporary supports, excavation of side drift, and excavation of the
lower body. The largest incremental ground central settlement, accounting for 16.7% of
the total settlement, resulted from the removal of the partition wall. During the model
test, the ground settlement was greater than the arch, with the maximum value at Point 6.
Specifically, the peak settlement at the central near the outer excavation face is 1.07 mm,
which converts to 37.45 mm when using the similarity ratio. The settlement trend of the
general area is consistent with the arch. The tests showed that construction excavation
had a quicker effect on arch settlement, but a longer effect on ground. Arch settlement can
quickly reach a steady state under certain conditions, while ground settlement takes longer
to stabilize.

It is prudent to exercise caution when excavating lower rock layers above a sandy
stratum, as this may disturb the upper soil, resulting in vibration liquefaction and uneven
ground settlement. In extreme cases, the ground settlement value may exceed the amount
of settlement of the arch. Therefore, it is essential to utilize small machinery for digging
and to monitor any uneven ground settlement throughout the construction process. In the
event of construction on significant ground, it is imperative to reinforce ground settlement
monitoring and implement strategies to regulate substantial deformation settlement.
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Figure 6. Ground settlement monitoring arrangement and monitoring results. (a): Settlement
monitoring point layout. The blue block in the figure (a) is the main station. The red points is
the arrangement of the eight monitoring points. (b): Patterns of change at different settlement
monitoring sites.

3.3. Changing Law of Internal Force of Support Structure

The stress of the supporting pile is measured by the earth pressure box buried at the
top of the pile. The stress release of the surrounding rock can be measured before the
installation of the middle column, and the stress variation trend can be measured after the
installation of the middle column. Figure 7 illustrates the trend of the overburden stress
on the gypsum arch. It is evident that the overburden depths in the central column force
correspond to 6.3 m, 12.6 m, and 18.9 m, respectively, according to the similarity ratio
relationship. During the construction of the arch cover, the existence of the gypsum arch
cover results in a small stress release of the overburden on the arch. The peak of stress
reduction occurs at the position where the thickness of the overburden is 36 cm, with a
stress value of 1.2 kPa. This corresponds to the working condition of the demolition of
the central diaphragm wall. Prior to the removal of the diaphragm wall, there is a slow
release of overburden pressure, but not much reduction. Following the removal of the
diaphragm wall, the soil above compressed downwards but remained confined by the
arch cover support structure. This led to an increase in internal pressure, which eventually
stabilized. The fluctuations in soil pressure within the overburden were insignificant, and
the overall condition has remained stable.
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Figure 7. Trend of overburden stress on gypsum arch.

Figure 8 illustrates the force changes above the gypsum arch cap after excavation.
Negative values indicate downward compression of the arch, resulting in compressive
stresses, while positive values indicate upward bulging of the arch cap, resulting in tensile
stresses. Tensile stresses were observed at the location of the right arch gridle during the
construction of the arch cap while excavating side drift A. The excavation of the left drift
altered the state of the perimeter rock of the arch, resulting in slight uneven stress at the
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left and right ends of the arch cap. However, the excavation of side drift B caused the
surrounding rock below the left arch haunch to hollow out, and the surrounding rock above
squeezed the arch cover, returning the left arch crown to a state of compressive stress.
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Figure 8. Variation curve of internal force of the arch. (a): Stress trends in the arch and arch haunch at
20 cm. (b): Stress trends in the arch and arch haunch at 45 cm.

The maximum compressive stress in the arch is located at the top, with a maximum
value of 21.5 kPa. The deformation stress at 20 cm of the monitored section is greater than
that at 45 cm. The addition of the central column resulted in a reduction of compressive
stress in the arch cap. Analysis showed that solidification of the gypsum at the top of the
pile caused expansion, which in turn lifted the arch cap, counteracting some of the extruded
stresses from the downward deformation of the arch cap. During the removal of the initial
support of the central drift, the arch cover experienced rapid stress release. Subsequently,
after the removal of the initial support of the central drift, the stress release rate of the arch
cover gradually slowed down and eventually stabilized.

Figure 9 illustrates the stress trends in the arch feet under various operating conditions.
As shown in the figure, the stresses in the left and right arch feet exhibit only minor
fluctuations during the mid-guideway stage of the excavation. The excavation of the
side drifts led to the release of compressive stresses at the foot of the arch, resulting in a
significant reduction in compressive stresses on the same side. During excavation of the
lower surrounding rock, the arch foot bears part of the upper earth pressure transmitted by
the arch cover, leading to increased compressive stress. To prevent local stress concentration
in the arch foot, partial reinforcement of the left and right arch foot areas should be
considered. This will help the arch foot withstand the pressure from above and avoid
being crushed.
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3.4. Analysis of the Support Effect of the Central Column

Due to the inability to conduct an on-site analysis of the support effect of neutral
columns on the arch cover in practical engineering scenarios, the study subsequently
investigated the support effect of neutral columns on the arch cover during the construction
process using arch construction methods. Following the completion of the experiments,
the neutral columns were dismantled, and data on the deformation of the arch cover and
ground settlement before and after dismantling were recorded. This enabled an exploration
of the support effect of neutral columns on the arch cover. The changes in arch displacement
and ground settlement after the removal of the central column are shown in Tables 7 and 8
(Figure 10). The table shows that the deformation of the arch and ground settlement
increased significantly after the demolition of the central column. The maximum year-on-
year increase in the arch settlement was 79.41%, and the maximum year-on-year increase in
the ground settlement was 97.20%. The closer to the central position of the arch cap, the
more pronounced the increase in settlement. The presence of the central column is crucial
for supporting the arch cover and controlling the deformation and settlement of the rock
and soil above it.

Table 7. Changes in arch displacement before and after central column removal.

Monitoring Point
Left Arch
Haunch

20 cm/mm

Arch Crown
20 cm/mm

Right Arch
Haunch

20 cm/mm

Left Arch
Haunch

45 cm/mm

Arch Crown
45 cm/mm

Right Arch
Haunch

45 cm/mm

Before the
removal of the
central column

0.28 0.34 0.2 0.18 0.22 0.17

After the removal
of the central

column
0.41 0.61 0.31 0.29 0.39 0.29

Percentage
increase 46.43% 79.41% 55.00% 61.11% 77.27% 70.59%

Table 8. Changes in ground settlement before and after central column removal.

Monitoring Point Point 1
/mm

Point 2
/mm

Point 3
/mm

Point 4
/mm

Point 5
/mm

Point 6
/mm

Point 7
/mm

Before the removal of the
central column −0.29 −0.78 −0.96 −0.74 −0.19 −1.07 −1.05

After the removal of the
central column −0.45 −1.42 −1.81 −1.37 −0.3 −2.11 −1.92

Percentage increase 55.17% 82.05% 88.54% 85.14% 57.89% 97.20% 82.86%Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 16 
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Monitoring Point 
Point 1 

/mm 
Point 2 

/mm 
Point 3 

/mm 
Point 4 

/mm 
Point 5 

/mm 
Point 6 

/mm 
Point 7 

/mm 
Before the removal of the 

central column −0.29 −0.78 −0.96 −0.74 −0.19 −1.07 −1.05 

After the removal of the cen-
tral column −0.45 −1.42 −1.81 −1.37 −0.3 −2.11 −1.92 

Percentage increase 55.17% 82.05% 88.54% 85.14% 57.89% 97.20% 82.86% 

4. Conclusions 
Based on the underground concealed excavation station project of Tianhe Road Sta-

tion of Guangzhou Metro Line 10 in China, this paper designed and established a model 
test device for the arch cover method by using the existing model box in the laboratory, 
and carried out an indoor model box test study of the arch cover method for underground 
stations, and analyzed the influence of different excavation conditions on the stress pat-
terns of the arch cover, ground settlement, arch haunch, arch foot, and central column. 
The main conclusions of the paper are as follows: 

(1) Better overtopping reduces the settlement of the arch, with the maximum settle-
ment of the arch located near the top of the arch. The removal of the diaphragm wall pri-
maries has a greater effect on the settlement of the arch compared to the other conditions. 
Among them, the removal of the initial support of the diaphragm wall is the single condi-
tion that leads to the largest settlement increment in the middle of the arch. The effect of 
the excavation of the middle guideway stage on the settlement of the arch haunch is not 
obvious, and the excavation of the lower body will still disturb the rock layer above, re-
sulting in a larger amount of settlement. 

Figure 10. Comparison results before and after removal of the central column. (a): Before the removal
of the central column. (b): After the removal of the central column.
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4. Conclusions

Based on the underground concealed excavation station project of Tianhe Road Station
of Guangzhou Metro Line 10 in China, this paper designed and established a model test
device for the arch cover method by using the existing model box in the laboratory, and
carried out an indoor model box test study of the arch cover method for underground
stations, and analyzed the influence of different excavation conditions on the stress patterns
of the arch cover, ground settlement, arch haunch, arch foot, and central column. The main
conclusions of the paper are as follows:

(1) Better overtopping reduces the settlement of the arch, with the maximum settlement
of the arch located near the top of the arch. The removal of the diaphragm wall primaries
has a greater effect on the settlement of the arch compared to the other conditions. Among
them, the removal of the initial support of the diaphragm wall is the single condition
that leads to the largest settlement increment in the middle of the arch. The effect of
the excavation of the middle guideway stage on the settlement of the arch haunch is
not obvious, and the excavation of the lower body will still disturb the rock layer above,
resulting in a larger amount of settlement.

(2) The ground settlement generally occurs at the same location as the arch settlement,
but in practice, the arch settlement will occur earlier than the ground settlement. If there
are sandy strata above the tunnel, the ground settlement may be greater than the arch
settlement due to the liquefaction of the strata caused by excavation vibration.

(3) The influence of arch cover excavation on overburden pressure is small, and the
supporting structure is more conducive to controlling the deformation of overburden. The
central column bears most of the compressive stress over the arch cap, showing a trend of
first decreasing and then increasing. The central column gradually bears the pressure above
the arch since the removal of the diaphragm wall and increases to the maximum value
after the excavation is completed. The upper region of the arch cover is mainly subjected
to extrusion stress, and the maximum extrusion stress of the arch cover occurs near the
middle of the arch cover. The left and right arch feet did not change significantly during
the excavation of the central drift, and the stress in the arch feet decreased greatly during
the excavation of the side drift. After excavating the lower rock body, the left and right arch
feet began to bear the pressure of the soil body above, resulting in an increase in the arch
foot stress.

(4) The presence of the central column has a greater impact on the settlement of the arch
and the ground settlement, and the closer to the middle of the arch the more pronounced
the magnitude of deformation is after the removal of the central column.
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