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Abstract

To explore the application of precast concrete construction methods in underground sta-
tions, a combined precast and cast in situ construction method was adopted for a long-span
column-free underground subway station. To study the stability of large-span under-
ground arch structures under asymmetric loading, a full-scale test was conducted using
the displacement-force control method. Steel blocks were used to simulate the overlying
soil and additional loads on the upper surface of the arch, while the displacement of the
arch foot was applied by adjusting the tension of the cables. The maximum tensile stress
and maximum compressive stress of the steel bars appeared at the midpoints of the left
and right arches, which were less than the yield stress of the steel bars. The results show
that the structural stability meets the design requirements and provides a considerable
safety margin. A comprehensive analysis of the arch structure under asymmetric loading
was carried out through on-site monitoring, numerical simulation, and analytical solutions.
The results are in good agreement: compared with the experimental results, the calculated
values increase the maximum deflection of the arch by 13.67%, which verifies the reliability
of the numerical simulation and analytical solution methods under the same boundary
conditions. However, restricted by test conditions, the loading in this study was only
applied on one side of the arch crown, which differs from the actual working condition
involving full loading first followed by unloading on one side.

Keywords: metro stations; full-scale testing; arch structures; asymmetric loading

1. Introduction

A large-span column-free metro station refers to a station with a wide span and no
columns in the public area, typically designed as an island-type two-story underground
station, in contrast to the traditional two-story, three-span column-supported station [1,2].
The public area of such stations is open and exhibits a distinctive architectural style. At
present, most large-span column-free metro stations employ traditional flat roofs. By
incorporating haunches or adopting variable cross-section designs, the station as a whole
forms a large-span column-free box frame structure, which reduces the bending moment
at mid-span and enhances the roof’s load-bearing capacity.

In addition to the common box-frame structure, other structural forms have occasion-
ally been adopted in large-span underground stations. For instance, arch structures have
been applied in some metro stations [3,4]. The appeal of the arch lies in its capacity to
bear loads primarily through axial compression. Currently, metro stations are mainly
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constructed by open-cut or cut-and-cover methods. To ensure the stability of large-span
underground spaces, several countries have developed concrete arch pre-support systems
(CAPS), rib-shaped underground structures consisting of arch beams and concrete piles
on both sides, and umbrella-arch systems, as seen in Iran [5], Austria [6], Ttirkiye [7], and
China [8]. Based on soil conditions and limited construction space, Guo et al. [9] proposed
a method for large-span underground excavation stations combining the shaft method with
the arch-cover method. This approach reduced construction procedures and saved space.
Most of these engineering cases adopted underground excavation methods. However, as
reinforced concrete arches were cast on site, the use of curved formwork proved inefficient
and costly. Furthermore, at least one structural column was typically reserved in the middle
of these arched stations, impeding passenger flow.

To address these limitations, a combined precast and cast in situ construction method
for large-span underground arches was proposed. This technique was applied in practice
at the Wuzhong Road Metro Station in Shanghai [10,11], which was constructed using
the open-cut method. The vault consisted of two parts: a precast layer and a cast in situ
layer. As a permanent bottom formwork, the prefabricated arch shell solves the complexity
and time-consuming problems of curved formwork construction, significantly improving
construction efficiency and shortening the construction period by 50%. Meanwhile, the cast
in situ part ensures the structural integrity: under the working condition of full-span dead
load, the cast in situ concrete provides higher stability, and the maximum bending moment
of the arch crown member is reduced by 40%. Compared with traditional methods, the
combined prefabricated and cast in situ approach optimizes the construction process while
enhancing structural stability [10,12,13]. Owing to the structural characteristics of the arch,
no columns were required in the ticket hall, which increased the usable space of the station.
Similar arch lining construction technologies have also been adopted in metro projects such
as the Changchun Metro [14,15] and the Shenzhen Metro [16,17].

Therefore, it is necessary to analyze the stability of this new type of column-
free long-span superimposed arch under various working conditions in underground
engineering [18,19]. The internal force of the arch crown may be affected by the distribu-
tion of overlying load. When subjected to external factors such as pavement reconstruction
or pipeline installation, the vault may experience lateral displacement, resulting in unbal-
anced stresses in the arch structure. Pi et al. [20] analyzed the influence of load location on
the buckling modes of arches. Lu et al. [21] solved the nonlinear equilibrium of clamped
shallow arches under local loading based on similarity theory. Beyond theoretical research
and numerical methods, some studies have been carried out through experimental ap-
proaches. Stevens [22], for example, demonstrated that the experimentally determined
ultimate bearing capacity of circular arches under concentrated loads closely matched the re-
sults obtained through rigid—plastic model analysis. Lu et al. [23] investigated the in-plane
ultimate bearing capacity of circular arches with elastic supports and rigid connections
using experimental methods.

Previous studies on the combined precast and cast in situ construction method for long-
span underground arch bridges have been restricted to the working condition of full-span
dead load [10], and there is a lack of research on how this method performs under half-span
loads. The half-span load condition comes from the fact that during the station’s service
period, pavement reconstruction or pipeline installation may exert half-span overlying
load on the arch. To address this issue, this paper explores the mechanical behavior of the
arch crown under asymmetric loads and conducts a full-scale model test. In this test, steel
blocks were placed on the upper surface of the arch to simulate ground pressure caused by
the overburden soil and additional loads. The aim was to analyze the internal forces and
deformation of the stacked arch and to verify the reliability of the structure under half-span
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loading. For structural analysis of the vault, both the classical elastic center method and
numerical simulation were employed to evaluate the internal forces of the circular arch
under asymmetric loading, and the results were compared with experimental monitoring
data. The analytical solutions based on the linear theory of circular arches greatly facilitated
the structural analysis of underground vaults.

2. Engineering Background

The vault of the Wuzhong Road Metro Station on Line 15 in Shanghai, China, is a
composite structure consisting of precast and cast in situ layers. As shown in Figure 1, the
station is located near the intersection of Guilin Road and Wuzhong Road, with its north
side adjacent to Wuzhong Road. The station measures 170 m in length and 20 m in width,
and is designed as a two-story column-free structure. The vault comprises two layers—the
precast layer and the cast in situ layer—as illustrated in Figure 2. This study focuses
primarily on the structural analysis of the vault.

Wuzhong Road kg ’
Metro station— |°

Figure 1. Location of metro station project in Shanghai, China. (Created by the author through
aerial photography and modeling). The red dashed line indicates Shanghai Metro Line 15; red boxes
indicate metro stations, and green boxes indicate exits.
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Figure 2. Profile of the investigated arched metro station without column.
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The prefabricated structure consists of two segments, as shown in Figure 3a. Segments
A and B are upper double-ribbed sections (Figure 3b), which enhance the bending stiffness
of the precast layer and increase the contact area with the cast in situ concrete [24]. The
total longitudinal length of the precast arch segments is 93.6 m. The composite arch is
assembled from 62 components, with each component having a width of w = 2.95 m.
This dimension meets the requirements for standardized precast components, facilitating
transportation and assembly, and conforms to the transportation and installation require-
ments of precast components, which helps improve construction efficiency and reduce
project costs. The thicknesses of the precast arch segments (t,) and the integral arch (t;)
are 0.1 m and 1 m, respectively. The rib height (/;) and width (b;) of the precast segments
are 0.5 m and 0.25 m, respectively [10]. Stirrups at the ribs and partially embedded truss
rebars in the prefabricated structure improve the superposition effect with the cast in situ
concrete [25,26].
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Figure 3. Composite arch structure: (a) 3D model of the precast segments; (b) A-A section of the
investigated metro station.

The vault is designed as a clamped circular arch with radius R =15.1 m, span/ = 18.6 m,
and rise f = 3.2 m. The arch concrete is of strength class C40. The covering soil above the
crown of the arch has a height H; = 2.65 m, with an additional overload of py = 20 kPa. The
soil unit weight is 20 KN/ m?3. The elastic modulus of concrete (E,) is 32.5 GPa, while that
of reinforcement (Es) is 200 GPa. The overall station structure has a height H = 17 m, and
its width L ranges from 19.8 m to 21.6 m.

The segments were prefabricated in a factory and transported to the construction site.
After installation, two precast arch shells formed a three-hinged arch. Reinforcement bars and
cast in situ concrete were then placed on the bottom formwork of the cast in situ layer. Upon
concrete hardening, the three-hinged arch was transformed into a clamped integral arch.

3. Experimental Method and Results

To study the impact of asymmetric loading on the column-free long-span subway
station arch crown, a full-scale model of a 2.95 m isolated segment was selected as the
transverse representative unit in this paper, and the impact of loads on its interface was
analyzed. Before conducting the test, the key installation procedures for the precast arch
segments are arranged as follows:

e Arch segments A and B were precast in a factory. After reaching the required concrete
strength, they were transported to the construction site.

e  The precast segments were assembled on site to form a three-hinged arch, as shown in
Figure 3a. Cast in situ concrete was then placed on top of the precast layer to form an
integral arch.
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e  The test was carried out using a force-displacement hybrid control method [27]. In
this test, the horizontal ground pressure was set to zero, while the vertical ground
pressure was increased by a safety factor of 1.35. A total of 46 iron blocks were placed
on the upper surface of the arch to simulate vertical ground pressure, as illustrated in
Figure 4c. By adjusting both the applied load and the prescribed displacement, the
internal forces and deformations of the stacked arch were analyzed.

______________ Stacked
T - arch Clamped
Sliding foot(L) T ’ foot(R)

/ \ Cable
2N 2N 2N

Hydraulic
jack

Diaphragm L

wall

}+1.35p,
1.85p,
3.0mm
0% / ELX s
Cable

(c)

Figure 4. Cont.
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Figure 4. A full-scale test of the arch element: (a) schematic diagram of stacked arch test (The light
blue line indicates the outline of the vault structure, and the dark blue line indicates the roller of
the sliding support); (b) Schematic diagram of half-span loading sequence (The red line indicates
the roller of the sliding support); (c) sketch of the tested arch; (d) photo of simulation test set-up;
(e) photo of the sliding foot, cable and jack.

3.1. Test Scheme

Since boundary conditions have a significant impact on the response of the arch crown
structure, they must be strictly controlled during the test. In underground structures,
the displacement of the arch feet is usually constrained by the side walls. However,
even with such constraints, a certain degree of displacement still occurs at the arch feet
when a load is applied to the arch crown; thus, the load and displacement take place
simultaneously. To more realistically simulate the impact of asymmetric loading on the
arch crown of a column-free long-span subway station and considering the operability
of the experiment, the load application and arch foot displacement were divided into
two steps in the experimental design of this study, and the sliding displacement method
was adopted at the arch feet: before the completion of loading, the displacement of the
arch feet was controlled within a specific range, with only the impact of the load on the
structure considered; after the completion of loading, the corresponding displacement of
the arch feet was then controlled.

The half-span loading scheme of this study is specifically divided into three main
steps: first, applying half-span (south half-span, close to the fixed support) stacking load;
second, controlling the support sliding; and finally, performing unloading. In each step, the
sliding distance of the support was strictly controlled to ensure the accurate limitation of
boundary conditions during the test. The specific implementation methods are as follows:

e A crane was used to stack 46 iron blocks in sequence from the fixed arch foot to the
arch crown according to the numbering (see Figure 4b for the stacking order). By
adjusting the jack load, the displacement of the sliding support was controlled to
remain within the range of 1 mm from the initial position during the reloading process
until the half-span stacking load was completed.

e  After the completion of the half-span stacking load, the horizontal sliding of the left
arch foot was achieved by controlling the jack, with an average speed of 0.3 mm
per loading level, and the total displacement could reach 3 mm (see Figure 4b). The
right arch foot was clamped. The sliding displacement was applied by adjusting the
cable tension. Finally, the sliding arch foot was fixed with a restraint, marking the
completion of the experiment.
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e  The counterweight blocks were unloaded in the reverse order of the stacking order,
and the support displacement was adjusted back to the initial position.

3.2. Test Equipment

The experimental set-up consisted of the stacked arch, clamped foot, sliding foot, ca-
bles, hydraulicjack, stairs, and steel blocks, as illustrated in Figure 4a,d. Three different spec-
ifications of steel blocks were used to simulate vertical ground pressure. Their dimensions
and weights are as follows: Specification 1: Dimensions of 2.84 m x 1.0 m x 0.56 m, weight
of 10 t, with a total of 26 blocks used; Specification 2: Dimensions of 2.5 m x 1.6 m x 0.46 m,
weight of 10 t, with a total of 12 blocks used; and Specification 3: Dimensions of
0.9m x 0.9 m x 0.516 m, weight of 2.8 t, with a total of 8 blocks used. The arrangement of
these steel blocks is shown in Figure 4c. As shown in Figure 4e, the tension of the cable was
adjusted by controlling the load applied through a hydraulic jack at one end of the sliding
foot, thereby modifying the boundary constraint of the arch foot.

3.3. Monitoring Items

To study the structural behavior under half-span loading, key positions such as the arch
feet, arch crown, and sliding interface were selected for displacement measurement. During
the test, data on vertical displacement, stagger, and joint opening were recorded. At each
selected position of the arch, two instruments of the same type were installed, numbered
starting from the left side of the arch structure. Along the entire span, 6 cross-sections
were selected for steel bar strain measurement. The left and right sides of the arch were
arranged symmetrically, as shown in Figure 5. The monitored parts were located at the arch
crown, arch feet, and quarter points of the entire arch. Among the monitoring instruments,
the measurement precision of deflection, stagger, and displacement sensors was 0.001 mm,
and the effective data precision adopted in this study was 0.01 mm, both of which were
within the measurement precision range of the sensors.

In situ cast layer

Precast layer

- =
3
C4(3)
’

N e By

® - N

b %
-'/mrebars strain gauge «—Qéléisplacement sensor 1

L«:'vaj'lgle measurement H}ngger measurement

Figure 5. Overview of measuring instruments layout. (The light blue line indicates the outline of the
top of the vault structure; the pink line indicates the outline of the bottom of the vault structure; the
dark blue line indicates the cable and hydraulic jack; and the diagonal dividing line indicates the
roller of the sliding support).

3.4. Structural Deformation

To simulate the real underground load on the arch crown member, jacks and loading
blocks were used to adjust its stress state, while the displacement at the arch springing
was strictly controlled; after the completion of loading, the arch springing was moved by
controlling the jacks, and unloading was carried out once the specified distance was reached.
The loading process and the arch springing displacement process are shown in Figures 6a,b,
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respectively: loading was completed at the 4.45th hour, support adjustment was finished
at the 5.2nd hour (at this point, the stacking load was terminated, the release of support
displacement was initiated, the support displacement was 0.445 mm, and the arch springing
displacement was maintained within 1 mm throughout this period), the release of the support
was completed at the 5.5th hour (with a support displacement of 3.613 mm, and unloading
was started at this moment), and finally, the unloading of the loading blocks was completed
at the 8.4th hour, with the support displacement reaching 0.3 mm.
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Figure 6. (a) Diagram of Arch Crown Loading Process; (b) Diagram of Arch Foot Displacement
Process; Structure deformation process curve of half span loading: (c) Vertical displacement of the arch
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crown and arch feet: D1 and D5 represent the vertical displacement of the arch feet; D3 represents
the vertical displacement of the arch crown; (d) Joint opening displacement: Z2 and Z6 represent
the joint opening at the arch feet; Z4 represents the joint opening at the arch crown; (e) Joint stagger
displacement (note: parameters denote stress-related data): C2 and C5 represent the steel bar stress at
the arch feet; C3 represents the steel bar stress at the arch crown.

As shown in Figure 6¢, the test began at 0 h and unloading was completed at 8.37 h.
Loading commenced at 0.48 h with an initial deflection of 0 mm. At 4.26 h, when the load
reached 1.35 times the ground pressure, the maximum deflection increment at the crown
was —1.61 mm. During this stage, the crown exhibited a downward displacement trend,
though the magnitude was small, indicating that the stacked vault possesses high bending
stiffness. When displacement control of the sliding foot started at 5.23 h, the crown deflection
reached —2.09 mm. As the displacement of the sliding foot increased, the crown deflection
showed a linear relationship with the sliding foot movement. At 5.51 h, when the sliding foot
displacement reached 3 mm, the test was terminated, and the maximum crown deflection
increment was —3.79 mm. Unloading began at 5.62 h and concluded at 8.37 h. Notably,
the maximum deflection of 3.79 mm corresponded to only 0.02% of the vault span.

Before 5.23 h, the effect of half-span loading on the crown deflection was evident; how-
ever, the loading operation had little influence on the vertical displacement of the two arch
feet, as shown in Figure 6¢. After 5.23 h, as the sliding foot displacement was gradually
increased, the arch axis became slightly flatter and its radius of curvature increased, result-
ing in downward movement at all points. By geometric relation, the maximum vertical
displacement occurred at the crown. The vertical displacements of both arch feet also
increased with the bearing displacement, though their maximum values remained similar
and below 3 mm.

Throughout the test, the joint opening and stagger values remained small. The open-
ing displacements at the arch crown and feet are shown in Figure 6d, with final measured
values below 1 mm. The stagger displacements are presented in Figure 6e, with final values
below 0.2 mm. These results demonstrate that once the concrete hardened, the three-hinged
precast arch segments, cast in situ layer, and side walls formed an integral structure. Conse-
quently, the joint connections exhibited good performance, and the side walls provided
strong constraints on the deformation of the precast arch structure. Therefore, the stacked
arch demonstrated excellent stiffness and structural integrity under asymmetric loading.

3.5. Structural Stresses
3.5.1. Precast Layer

After completion of the half-span loading test, the strain in the bottom-row reinforce-
ment near the mid-span of the precast layer was close to zero, indicating that the maximum
bending moment occurred near the left and right arch waists. According to the test results,
the maximum tensile strain and maximum compressive strain in the reinforcement of the
loaded right half-span were 250 pe and —100 pe, corresponding to reinforcement stresses of
50 MPa and —20 MPa, respectively. A preliminary assessment suggests that the mid-span
section of the right half-arch was subjected to positive bending moment, whereas the mid-
span section of the left half-arch experienced negative bending moment. At the clamped
arch foot, the maximum compressive strain of the bottom-row reinforcement in the precast
layer was —150 pe, and the calculated compressive stress in the concrete was about 4.8 MPa,
which is below the compressive strength of the C40 precast concrete. Therefore, the precast
concrete layer did not fracture, and the arch foot joint remained safe under load.

As the sliding foot displacement increased, the stress in the bottom-row reinforcement
near the mid-span showed a positive trend, indicating tension. However, the tensile stress
increment was small (approximately 21 pe), corresponding to an equivalent concrete tensile
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stress of 0.68 MPa, which is lower than the tensile strength of concrete. Thus, cracking at
the arch bottom did not occur. At the clamped arch foot, the bottom-row reinforcement
of the precast layer was gradually compressed, though the compressive stress increment
remained small, with a value of about 7.6 MPa. At the sliding foot, the stress in the bottom
reinforcement exhibited a slight increase in compressive stress, though the increment was
negligible, and the final trend indicated a shift toward tension.

3.5.2. Cast In Situ Layer

During the first 4.26 h of the test, when the structure was primarily subjected to vertical
loading, the internal force of the composite arch was dominated by axial force [28]. As
shown in Figure 4b, under half-span loading, all sections of the cast in situ layer remained
in compression, and the tensile and compressive stress increments in the reinforcement
were both small, ranging between —30 MPa and 20 MPa.

When the sliding foot displacement reached 3 mm, the clamped arch foot remained
under compression, and the compressive stress increment of the cast in situ reinforcement at
this location was small. The maximum increment, about 5 MPa, was observed in the bottom
reinforcement. The stresses in the rebars at the sliding foot essentially remained unchanged.
Throughout the test, the total stress values in the reinforcement of the composite arch
remained far below the yield stress.

4. Structural Analysis
4.1. Deflection Analysis of the Arch Element

The boundary conditions and ground pressure of the tested arch differed from those
of the vault element in the metro station. The boundary conditions of the validation case
were described in Section 3.1.

To verify the reliability of the finite element calculation results, the crown deflec-
tions obtained from numerical simulations were compared with those measured in the
experiment. Notably, the simulated deflections were slightly larger than the experimental
values, as summarized in Table 1. This difference can be attributed to the presence of
concrete stairs for placing the steel blocks on the top surface of the tested arch, as well
as the supporting platforms, both of which increased the cross-sectional stiffness of the
vault. As a result, the maximum simulated deflection exceeded the experimental value by
13.67%. Nevertheless, the finite element calculation results were considered reliable, and
the verification method was deemed acceptable.

Table 1. Comparison of the deflection at the arch crown.

Control Variable Deflection at the Crown
Load Form Prescribed Experimental Numerical
Displacement of the Load (kN) Measurement Simulation
Sliding Foot (mm) (mm) (mm)
Half span load 3.0 Vertical ground 3.79 439

pressure x 1.35

4.2. Analytical Solution of the Clamped Circular Arch Under Asymmetric Loads

In this study, the final integral arch was idealized as a clamped circular arch subjected
to vertical asymmetric loading, as shown in Figure 7. Here, § denotes the angle between
the arch foot section and the y-axis, and R represents the radius of the arch. Additionally,
EA refers to the extensional stiffness, while EI denotes the bending stiffness. Because a
clamped arch is a statically indeterminate structure, the force method equation is expressed
based on the definition of the elastic center method as follows:
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Mod11 +Ap =0
Hopdyp +Myp =0 1)
Vod3z + Azp =0

F1.35p,

1.35p,

Figure 7. Structural analysis of the clamped arch element of elastic center method.

The internal forces at the elastic center of the clamped circular arch follow from

Equation (1) as

— _ANp

Mo = on
— _Dop

HO - 320 (2)
— _Dsp

Vo = 033

In order to derive analytical solutions for Mp, Hp, Vp from Equation (2), A1p, Azp,
Asp, 011, 622, and J33 need to be calculated, respectively. Mo, Hp, and Vp stand for the
bending moment, horizontal force, and the shear force at the elastic center, respectively.
411, 022, and d33 denote shape constants, respectively, Aip, Ayp, and Aszp represent load
constants, respectively. The shape constant and load constant at the elastic center of the
clamped circular arch are expressed by Equations (3) and (4):

MpMy
AlP = fs El ds
MpM
Aop = [, ]I;I 2 ds 3)

MpM
A3p=fs ZI ?’ds

M;?

511 = fs ?ds
My? N,?

on = | 4]521 ds+ Eil ds @
M 2

(533 = fs 71;} ds

The width of the element of the arch is equal to 1 m. Herein, oy is the sum of the
distributed external loading. In order to simplify the calculation, the vertical pressure is
divided into two load forms, and q; and g, denote the vertical uniformly distributed line
loading and vertical distributed line loading in the circumferential direction, respectively.
Above formula coefficients’ specific calculation methods are in Appendix A.

By substituting Equations (A1), (A3) and (A5) into Equation (2), respectively, Mo, Hp
and Vj of the clamped circular arch can be obtained. The formulas for bending moment,
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= ® = Analytical solution
—e— Finite element solution

M(6), axial force, N(0), and shear force, V() in each specified section of the clamped
circular arch are as follows, respectively:

M(0) = Mo + Ho[r(1 — cos8) — c] F Vorsin6 + Mp
N(8) = (Ho + Hp) cos 0 + (Pp & V) sin§ )
V(@) = F(Hp + Hp) sinf + (Pp + Vp) cos 6

4.3. Internal Force Analysis of the Arch Element

The vertical uniformly distributed line load g; was 99.78 kN/m, and the vertical
circularly distributed line load g, was 120.48 kIN/m. To comprehensively verify the accuracy
of the calculation formula derived for the tested arch, a finite element analysis model was
established using a commercial software, as shown in Figure 8. The model adopted
beam elements and elastic material properties, as summarized in Table 2. The boundary
conditions were defined as fixed constraints, and linear loading was applied.

Figure 8. FEM model of the tested arch. The boundary condition of this model is fixed arch foot, solid
element is adopted, and the mesh sizeis 1 m x 1 m x 0.833 m.

Table 2. Input parameters of finite element model.

Cross-Section Uniformly Distributed  Circular Distributed
(m?) Line Load (kN/m) Line Load (kN/m)

Concrete (C40) 1.0 fixed constraints 99.78 120.48

Material Constraint Condition

The comparison between the analytical solution and the finite element calculation
results is presented in Figure 9. The maximum errors were 17.74% for bending moment,
7.32% for axial force, and 30.14% for shear force. These results indicate that the analytical
solution derived from this test is reliable and can be applied with confidence in practical

engineering analysis.

— ® — Analytical solution
6\‘\% —e— Finite element solution

(a) (b)

Figure 9. Cont.
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—— Finite element solutiort

(©)

Figure 9. Comparison of analytical solution and numerical simulation: (a) bending moments; (b) axial
force; (c) shear force.

5. Discussion

This discussion focuses on the cracking behavior of the concrete arch structure under
asymmetric loads. Specifically, the prescribed displacement of the sliding foot at the onset of
cracking is defined as the safety threshold. According to test observations, vault deflection
increases significantly as the sliding foot displacement grows. Moreover, cracks are most
likely to occur at the crown, and the crack width directly affects reinforcement corrosion
within the concrete [29-31]. Therefore, it is necessary to evaluate cracking of the vault
through both numerical simulation and analytical solutions.

The reinforcement in the tensile region of the cross-section consists of 32 mm diameter
bars, spaced at 150 mm, and arranged in two layers. The safety threshold displacement
of the arch foot was obtained through numerical simulation and Equations (6)—(9). The
safety threshold for concrete crack width includes two prescribed values, as summarized
in Table 3. When the estimated sliding foot displacement reached 2.29 mm, visible cracking
of the concrete was predicted. The initial boundary value for visible cracks was taken as
0.02 mm [32]. However, even when the sliding foot displacement was increased to 3 mm,
no cracks were observed on the concrete surface during the test. This finding suggests that
the combined precast and cast in situ approach reduces bending moments at the crown.
Although the slip distance exceeded the expected value, which was inconsistent with the
expectation, it indicates that the structure of this process after pouring cannot be simply
regarded as a fixed-end arch. When the crack width at the crown reached 0.2 mm [33], the
calculated displacement of the sliding foot was 2.29 mm, which may be regarded as the
safety threshold for the arch structure under asymmetric loading.

Table 3. Safety threshold for cracking of the crown.

Safety Threshold Internal Force ]
Crack Width
Displacement Calculation Bending Moment Axial Force (mm)
Value (mm) (KN-m) (kN)
2.29 244.38 224.92 0.02 Cracks visible
6.76 723.00 665.40 0.20 Maximum limit [33]

Thus, the proposed construction method enhances both the crack resistance and
long-term durability of the arch structure under asymmetric loading.

d
Winax = Wp% <1.9c5 + 0.08“’) ©6)
S
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6. Conclusions

In this paper, the structure behavior of the arch of column-free large span underground
station under asymmetric loads is studied. It mainly refers to (i) a full-scale test of an element
of the vault at metro station, (ii) structural analysis of a full-scale test. In order to explain
the structural behavior of the vault under asymmetric loads, a real-scale test of the vault
element was carried out in the spot. Analytical solutions of the clamped circular arch under
asymmetric load were proved. From this full-scale test, the following conclusions were drawn:

o  When the weight of the steel blocks reaches 1.35 times of the vertical ground pressure,
the vertical displacement of the arch crown and arch foot, as well as the staggered
value and opening value of the joint change slightly. It indicates that the precast layer
and cast in situ layer can work together as a whole. When the prescribed displacement
of the arch foot is increased to 3 mm, this deflection of the vault crown of 3.79 mm is
only 0.02% of the span of the vault. Cross sectional stiffness of the vault combined
with precast and cast in situ method is acceptable.

e In the half span loading stage, the full section is compressed, and the arching effect is
obvious. When the prescribed displacement of sliding foot is increased further, the
arch effect gradually weakened. The maximum tensile stress and compressive stress
of the rebars occur at one half of the left and right arches. The change in-internal force
of the rebars is basically within the range of —30 MPa and 20 MPa. The results are less
than the yield stress of the rebars. It is proven that the stacked arch has a large safety
reserve, and there is room for optimal design of the structure.

e  The computed value results in an increase in the maximum deflection of the arch by
13.67%, compared to the experimental results, which indicates that the reliability of
the numerical simulation method is verified under the same boundary conditions.

e In order to check the validity of the derived analytical solutions of the clamped arch
for ground pressure resulting from the vertical ground pressure. Compared to the
numerical simulation, the maximum error range is 7.32% to 30.14%. The results are in
good agreement with each other. It is verified the reliability of the analytical solution
of the clamped circular arch under the asymmetric loads derived from the tested
arch. The consistency demonstrated by the mutual verification of full-scale test results,
numerical simulation results, and analytical solutions also provides strong support for
the reliability of the numerical model and the general applicability of the conclusions.

e  During this test, the response of the stacked arch structure to the arch feet displacement
is obvious. Therefore, the lateral displacement of arch feet is an important index to
control the safety of underground arch structures.

This study has basically clarified the mechanical characteristics of the arch slab under
asymmetric loads, yet it still has the following limitations: restricted by objective factors
such as cost and time, the full-scale test was only conducted once, and it did not involve tests
on dynamic loads like cyclic loads and seismic loads. Meanwhile, there is a lack of research
on how long-term loads and environmental factors (e.g., temperature and humidity changes,
corrosion, etc.) affect the long-term performance of the structure [34-36]. Additionally,
the numerical model does not take into account the process of the structure transforming
from a three-hinged arch to a fixed-end arch, which is caused by the “precast + cast in
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situ” construction technology. The above issues will be gradually improved in future
research work.
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Appendix A

This appendix is used to supplement and explain the specific derivation formulas of
load constants under different loads in Sections 4.1 and 4.2 of the article.

2Rgo
fs EI EI
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R ((p+singocosgo—28m (P>R2
fs d +f = ; ¢ (A1)
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When the clamped arch is subjected to vertical uniformly distributed line load, ¢q;, the
deducing formulas of load constants are as follows:

= g1Rsinf
Pp=m (A2)
Mp = —7q1R2 sin? 0
3
AMp = —1(¢ —singcos (p)%
App = —%(¢ —singcos¢)(R —c) + tRsin® ¢ (A3)

A3p:(%COSS¢ cos ¢ + )qE—

When the clamped arch is subjected to vertical circumferential line load, g, the
deducing formulas of load constants are as follows:
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