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Abstract

To investigate the load-bearing mechanism of concrete-filled steel tube (CFST) combined 
arches under localized additional loads, numerical simulations were conducted comparing 
shaped steel combined arches and CFST combined arches. The CFST section contains about 
25% more steel and has a lower in-plane EI than I20a but a much higher axial stiffness. The 
results show that the CFST combined arch can withstand a localized additional load of 
235.1 kN at the vault, which is 99.6% higher than that of the shaped steel combined arch. 
The initial vault settlement of the CFST arch is reduced by 15.7% compared to the shaped 
steel arch. The load-transfer mechanism is clarified: the localized additional load applied 
to the middle arch is transferred to adjacent arches through longitudinal connections, and 
the middle arch carries the major share while the adjacent arches provide spatial coupling 
support. The deformation and failure modes are dominated by local buckling of the steel 
tube and crushing of the core concrete at the vault. Based on the simulation findings, 
practical engineering suggestions are provided for the application of CFST arches.

Keywords: large-section tunnel; CFST combined arch; localized additional load; load-
bearing behavior; load-transfer mechanism

1. Introduction
With rapid economic growth and increasing urban populations, the demand for faster 

and larger movement of people and goods is driving the expansion of tunnel construction. 
There is a growing trend of constructing and renovating large cross-section tunnels, in-
cluding those designed for two-way six-lane or eight-lane traffic [1–3]. However, when 
these tunnels navigate through challenging geological conditions such as high mountains, 
deep-sea regions, and sensitive urban areas, the difficulties associated with the surrounding 
rock become more significant. This raises the risk of severe deformation incidents, like 
rock collapse and slides, which can endanger the safety of construction workers [4–6]. The 
irregularity and anisotropic nature of the rock mass lead to a distinctly nonlinear load 
distribution, making it susceptible to stress concentration from unforeseen loads, such as 
falling boulders, especially in large cross-section tunnels. This non-uniform pressure distri-
bution is a well-recognized characteristic of large-span tunnels; moreover, the magnitude 
and location of localized stress concentrations can be significantly exacerbated by joints and 
fissures in rocks. This can cause a dramatic increase in torque on the arches, and if local 
buckling occurs, it may initiate a barrel effect, potentially leading to a progressive failure of 
the entire support system.
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Arches maintain the self-supporting integrity and effectiveness of the surrounding rock, 
which is crucial for managing rock behavior in complex geological conditions. This makes them 
vital for ensuring safety in the construction of large-section tunnels [5]. In the clay section of the 
Yuxi Tunnel, significant deformation of the surrounding rock occurred due to rainfall, which 
quickly increased the rock mass’s convexity. This resulted in severe buckling of the arch and 
spalling of the concrete. As deformation continued, local collapse was noted at the vault [7]. 
Similarly, in the Muzhailing Highway Tunnel, local deformation exceeded 3000 mm, leading to 
substantial collapse of the surrounding rock at the tunnel face. During construction, the arch 
replacement rate exceeded 30% [8]. In the Baozhen Tunnel, high ground stress distorted the 
steel arch on the side walls, resulting in cracking of the shotcrete. The deformation was greater 
on the right side than on the left, indicating an uneven distribution [9,10]. Support arches for 
large cross-section tunnels must possess sufficient strength and safety margins to withstand 
localized additional loads. The concrete-filled steel tube (CFST) arch is known for its high 
bearing capacity and stiffness. A CFST arch refers to a composite arch member formed by 
filling a steel tube with concrete. The steel tube confines the core concrete, while the concrete 
restrains local buckling of the steel tube. When compared to a traditional shaped steel arch (a 
conventional tunnel support arch made of hot-rolled I-section steel, which is widely used as 
initial support in tunnels), a CFST arch can have a bearing capacity that is roughly two to three 
times greater when using an equivalent amount of steel [11]. This structure shows remarkable 
bearing performance when faced with loads from the surrounding rock. Li et al. [12] conducted 
laboratory mechanical tests on CFST arches under uniform pressure and analyzed the bearing 
performance of such arch structures. Wang et al. [11,13] carried out experiments on the 
mechanical properties of CFST arches, investigating the failure mechanisms and mechanical 
behavior of this type of arch. Huang et al. [14] performed a comparative analysis of the bearing 
capacity and structural stability between CFST arches and shaped steel arches. Currently, the 
bearing behavior and failure mechanism of shaped steel arches under uniform loading have 
been studied [10], and the load-bearing behavior of CFST arches under uniform pressure 
with localized static load superposition remains poorly understood, especially regarding the 
load-transfer mechanisms in spatially coupled arch systems. To ensure safe construction in 
large cross-section tunnels, it is crucial to study not only the mechanical properties of support 
arches under uniform loads but also to clarify their bearing capacity under localized additional 
loads. Therefore, this study aims to address this gap by employing a simplified yet practical 
structural model to investigate the fundamental load-bearing mechanisms of CFST arches 
under localized additional loads. While we acknowledge that a full continuum simulation of 
the surrounding rock is beyond the scope of this study, the adopted approach provides an 
analysis method for the support bearing capacity and offers suggestions for its design.

In this paper, localized loads are modeled as static equivalent forces superimposed on 
the uniform surrounding rock pressure, following conventional limit state design practice. 
To clarify the load-bearing mechanisms of CFST arches under localized additional loading 
conditions, this study conducts numerical simulations on the shaped steel and CFST arches. 
This study compares and analyzes the bearing performance of those arches under various 
loading scenarios, examines the deformation and failure modes of CFST arches under 
localized pressure, and elucidates the load transfer mechanism of the arches in spatially 
coupled systems. Through these analyses, the ultimate load-bearing capacity of the CFST 
arches under localized additional load is determined.

2. Features of Load Distribution
To examine the load distribution on the support arch at the location, a literature review 

was performed on the surrounding rock loads of 20 tunnels in the area, encompassing a 
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total of 41 tunnel sections. Key areas for analysis included the vault, left and right spandrels, 
and waists. The load distribution of the surrounding rock is presented in Table 1.

Table 1. Load distribution of the surrounding rock.

No Tunnel Data Source Section 
Number

Surrounding Rock Pressure/kPa

Left Waist Left 
Spandrel Vault Right 

Spandrel
Right 
Waist

1
Wuduxi Tunnel Wu et al., 2022 [15] ZK86 + 045 170 610 130 230 80

2 YK86 + 120 60 160 30 150 200

3
Yulong Tunnel Zhou et al., 2023 [16]

Section I 584 655 1308 465 539
4 Section II 685 788 1502 — 631
5 Section III 598 983 1804 883 761

6

Dongtianshan Tunnel Yang et al., 2020 [17]

K9 + 230 147 335 627 162 159
7 K9 + 250 184 133 627 310 157
8 K9 + 260 98 — 590 479 277
9 K9 + 270 149 189 314 393 —

10 Jianzicha No. 2 
Tunnel

Luo et al., 2020 [18] ZK80 + 960 — 40 30 50 20
11 ZK80 + 977 6 10 2 9 11

12 Haba Sown 
Mountain Tunnel

Zhao et al., 2024 [19] DK55 + 714 1680 2211 1938 1489 1655
13 DK55 + 750 2966 2874 2553 2977 1889

14 Liujiaping 2# Tunnel Chen et al., 2008 [20] YK49 + 670 100 158 — 285 160
15 YK49 + 676 26 243 139 89 65

16
Yuanbaoshan Tunnel Chen et al., 2020 [21] DK67 + 236 38 218 — 293 76

17 DK67 + 287 48 141 — 168 41

18 Taihangshan Tunnel He et al., 2012 [22] DK88 + 325 94 42 171 152 17
19 DK85 + 244 121 209 189 213 40

20 Beijing–Zhangjiakou 
High-speed Railway Liu et al., 2020 [23] — 317 409 124 182 210

21 Lexing Tunnel Yue et al., 2024 [24] YK280 + 65 411 198 77 133 415

22 Xiedipo Tunnel Shen and Gao, 2006 [25] — 11 31 91 52 —

23
Baozhen Tunnel Sun et al., 2024 [26]

Section A 102 193 169 370 231
24 Section B 178 295 404 659 201
25 Section C 191 276 287 354 216

26 New Badaling Tunnel Sun et al., 2023 [27] DK70 + 829 133 161 214 136 138
27 DK70 + 859 83 165 130 119 57

28
Panchen Tunnel Chen et al., 2024 [28] K1 + 496 118 255 306 343 274

29 K1 + 546 103 294 413 — 384

30
Paomashan Tunnel Chen et al., 2024 [29]

Section A 593 484 457 668 540
31 Section B 425 357 382 577 406
32 Section C 219 239 255 313 284

33 Dayingpo Tunnel Zhang et al., 2024 [30] DK65 + 465 55 42 88 52 69
34 DK65 + 470 39 56 104 42 164

35 Xinggongjie Station 
Tunnel Tu et al., 2019 [31] — 16 39 12 125 —

36 Paoma Tunnel Chen et al., 2023 [32] K81 + 135 135 227 257 214 154

37
Dayoushan Tunnel Wang et al., 2022 [33]

C1-section 107 99 282 128 63
38 C2-section 36 34 94 40 21
39 C3-section 46 51 119 60 33

40 Hejiazhuang Tunnel Zhao et al., 2018 [34] DK270 + 525 112 52 58 165 137
41 DK242 + 960 27 147 32 79 13

The mean ratio R is defined as the ratio of the pressure at a particular measurement 
location to the average pressure at the corresponding section. Furthermore, frequency 
statistics are performed on both the mean ratio R and the mean ratio of peak value Rp, 
as demonstrated in Figure 1a,b. A load distribution diagram is created to examine the 
distribution characteristics of local pressure, as depicted in Figure 1c.
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Figure 1. Load distribution of the surrounding rock.

The analysis presented in Table 1 and Figure 1 reveals the following insights:
(1) Discrete Analysis: The mean ratio mainly ranges from 0.8 to 1.2, with 25 sections 

showing peak values above 1.5 (as shown in Figure 1a), accounting for 61.0% of the 
sections analyzed. This indicates a significant unevenness in the distribution of the 
surrounding rock load. Specifically, the mean ratio at the vault and spandrel locations 
is considerably higher than that at the arch waist position (refer to Figure 1b). The 
average load value at the vault is recorded at 430.0 kPa, which is significantly greater 
than the loads at other locations. Additionally, the standard deviation of the mean 
ratio at the vault is 0.653, highlighting its distinct characteristics.

(2) Load Distribution Analysis: A review of the monitoring sections where load values 
exceed 30% of the mean value identifies 32 sections. Among these, 13 sections show 
loads exceeding 30% of the mean value solely at the vault, while 14 sections do so at 
the spandrel. Additionally, 5 sections demonstrate that loads at both the vault and 
spandrel surpass 30% of the mean value. This implies that localized additional loads 
may affect various points within the arches. The local pressure patterns, as depicted 
in Figure 1c, encompass the six non-uniform pressure distribution patterns: M1 , local 
additional load at the vault; M2 , at the spandrel; M3 , at the waist; M4 , combined 
vault–spandrel loading; M5 , combined left–right spandrel loading; and M6 , combined 
left–right waist loading.
Based on the statistical analysis, six typical patterns of non-uniform pressure distribu-

tion (M1  to M6  in Figure 1c) are identified. These patterns are reproduced by first applying 
a uniform surrounding rock pressure, then superimposing a localized additional static 
load at the corresponding location in the numerical simulations. Different cross-sections 
(e.g., circular or different invert shapes) may alter the load distribution patterns and the 
structural response. The data come from tunnels with different geology, size, and measure-
ment methods. The resulting patterns are therefore used as a qualitative guide, not as a 
quantitative design rule.

3. Numerical Model for Local Pressure
To analyze the bearing performance of multiple arches under localized additional loads 

and ensure the stability of the support system, a numerical model of a three-frame combined 
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arch was constructed. By conducting simulations on the mechanical performance of CFST 
arches and shaped steel arches under localized additional loads, a comparative analysis 
was carried out on the deformation characteristics and mechanical responses of the two 
types of arches. A combined arch is defined as a spatial tunnel support system composed 
of multiple arches connected by longitudinal connectors, which is not a single arch.

3.1. General Description
This study considered the Longding Tunnel in Shandong, China, with the maximum 

excavation section of 245.5 m2  as background. The surrounding rock mainly consists of 
grade IV and V limestone and marl. The rock mass is notably fragmented, featuring well-
defined structural planes and poor interlayer cohesion, leading to a loose and fractured 
composition. The uniaxial compressive strength of the rock is between 15.5 MPa and 
34.2 MPa.

In the construction process involving three arches within a single cycle, three arches 
were chosen as the focus of the study, with a schematic representation of the CFST arch 
shown in Figure 2. The arch has a span of 21.40 m and a total height of 14.21 m. The current 
construction utilizes a shaped steel arch with a cross-section of I20a, with a spacing of 1.2 m. 
I20a refers to a Chinese standard I-section steel with a height of 200 mm, a flange width 
of 100 mm, a web thickness of 7 mm, a flange thickness of 11.4 mm, and a linear mass of 
27.9 kg/m. The cross-sectional area of I20a is 35.5 cm2 , and its strong-axis moment of inertia 
is 2369 cm4 . The arches are longitudinally connected by Φ25 reinforcements with a ring 
spacing of 1.5 m. The chosen cross-section for the CFST combined arch is a square steel 
pipe with a width (B) of 150 mm and a wall thickness (t) of 8 mm. The cross-sectional area 
of the CFST section is 44.56 cm2 , which is 1.25 times the cross-sectional area of the steel 
section; its theoretical linear mass is 34.96 kg/m, and its moment of inertia is 1530 cm4 . The 
materials selected for the steel and core concrete are Q355 and C40, respectively, both of 
which are commonly used in construction.

Figure 2. Schematic diagram of arch dimensions (unit: cm).

Figure 3 illustrates a schematic representation of the FEA modeling. The simulation 
utilized reduced integration 8-node linear brick elements (C3D8R) to represent the steel 
tube, core concrete, shaped steel, and the longitudinal connections between the arches. The 
steel tube is discretized with two layers of C3D8R elements through the wall thickness to 
analyze the local bending and buckling response. The arches are linked to the longitudinal 
connections using the Tie command, which also constrains the splicing between arch seg-
ments. For the steel–concrete interface simulation, a Coulomb friction model was employed, 
with surface-based interaction as the method. A sensitivity analysis of the steel–concrete in-
terface friction coefficient was conducted. The allowable localized additional load changed 
by less than 5% across these values, confirming that the main conclusions are not critically 
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dependent on the assumed friction coefficient. The friction coefficient for tangential behav-
ior was set at 0.6 [35], while Hard Contact was applied for normal direction behavior. A 
mesh convergence study was performed. Considering computational accuracy and cost, an 
element size of 50 mm was selected for the parametric study.

Figure 3. Schematic view of the FEA model.

It is important to acknowledge the simplifications inherent in this numerical approach. 
The surrounding rock mass is idealized as a series of independent Winkler springs, and 
the localized additional loads are applied directly as static forces. This modeling strategy 
neglects the complex continuum behavior, stress redistribution, and nonlinear ground–
structure interaction that occur in reality. However, the primary objective of this study is 
to isolate and evaluate the fundamental structural response and ultimate capacity of the 
CFST arch system under a well-defined loading regime. The Winkler spring model is a 
simplified representation that neglects plastic stress redistribution, arching effects, and the 
explicit contribution of the shotcrete layer. It should therefore be regarded as a compar-
ative structural model for evaluating the relative performance of CFST and shaped steel 
arches under defined loading conditions, rather than a model that provides a demonstrated 
conservative bound.

3.2. Constitutive Models for Concrete and Steel
ABAQUS is used to create a numerical model of the arch, implementing a five-stage 

model for the steel component within the concrete-filled steel tube structure, as referred to 
by Han et al. (2001) [36]. The relevant equation is as follows:

𝜎  = Es ·𝜀 (𝜀 ≤ 𝜀1 ) (1a)

𝜎  = −A·𝜀2  + B·𝜀 + C (𝜀1  < 𝜀 ≤ 𝜀2 ) (1b)

𝜎  = f sy  (𝜀2  < 𝜀 ≤ 𝜀3 ) (1c)

𝜎  = f sy ·[1 + 0.6·(𝜀 − 𝜀3 )/(𝜀4 − 𝜀3 )] (𝜀3  < 𝜀 ≤ 𝜀4 ) (1d)

𝜎  = 1.6·f sy  (𝜀 > 𝜀4 ) (1e)

 where, Es  = 2.06 × 105  MPa, 𝜀1  = 0.8·f sy /Es , 𝜀2  = 1.5·𝜀1 , 𝜀3  = 1.5·𝜀2 , 𝜀4  = 100·𝜀2 , A = 2·f sy /(𝜀2  −
𝜀1 )2 , B = 2·A·𝜀2 , and C = 0.8·f sy  + A·𝜀2 − B·𝜀1 ; f sy  is the yield strength of the steel. The Poisson’s 
ratio of the steel 𝜇s  is 0.3.
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To simulate the plastic behavior of core concrete subjected to compression and bending 
forces, the stress–strain curve was derived from the research of Han et al. (2007) [35], and 
the Concrete Damage Plasticity (CDP) model was selected for this study. The CDP model 
parameters adopted in this study are summarized as follows: a dilation angle of 30°, an 
eccentricity of 0.1, a biaxial-to-uniaxial compressive strength ratio of 1.16, a shape factor of 
0.667, and a viscosity parameter of 0.0001. The equivalent stress–strain model is presented 
as follows:

y = 2x − x2  (x ≤ 1) (2a)

y = x/[𝛽0  (x − 1)𝜂  + x] (x > 1) (2b)

where x = 𝜀/𝜀0 , y = 𝜎/𝜎0 , 𝜎0  = f c , 𝜀0  = 𝜀c  + 0.0008 𝜉 0.2 , 𝜀c  = (1300 + 12.5 f c ) × 10−6 , 𝜂 = 1.6 
+ 1.5/x (square section), 𝛽0  = f c 0.1 /[1.2·(1 + 𝜉)0.5 ] (square section), and 𝜉  = As ·f sy /(Ac ·fc ). 
f c  is the cylinder strength of the concrete. As  and Ac  are the cross-sectional areas of the steel 
tube and concrete, respectively. Elastic properties such as modulus Ec  and Poisson’s ratio 
𝜇c  are set as 4730 f c 0.5  and 0.2, respectively.

3.3. Boundary Conditions and Loading Procedure
The interaction between the surrounding rock and the arch is modeled using 

compression-only nonlinear springs (Winkler springs) distributed along the arch perime-
ter [37,38], as illustrated in Figure 3. The stiffness K of these springs is calculated based on 
the Winkler Elastic Foundation Beam Theory [39] as

K = E/[(1 + 𝜇r ) R0 ] (3)

where E = 2.2 GPa is the deformation modulus of the surrounding rock; Poisson’s rate of 
the surrounding rock μr  = 0.36 is Poisson’s ratio; and R0  = S/2 is the equivalent radius with 
S being the arch span.

To evaluate the sensitivity of the numerical results to this assumed stiffness, a paramet-
ric study was conducted where the spring stiffness K was varied by ±50% of its nominal 
value. The results indicated that the predicted ultimate localized load capacity of the CFST 
arch changed by less than 8%. This relatively low sensitivity confirms that the main con-
clusions regarding the comparative performance of CFST versus shaped steel arches are 
robust and not critically dependent on the exact value of the spring stiffness.

The loading procedure consists of two sequential phases. In the first phase, the initial 
surrounding rock pressure, comprising vertical pressure q = 253.3 kPa and lateral pressures 
e1  = 76.0 kPa (at the spring line) and e2  = 145.7 kPa (at the invert), is applied uniformly to 
the arch in accordance with the Chinese highway tunnel design specification (JTG 3370.1-
2018 [40]). During this phase, the longitudinal connections at both ends of the arch are 
restrained against translation. Following conventional limit state design practice in JTG 
3370.1-2018, the localized load is treated as a static equivalent force superimposed on the 
uniform surrounding rock pressure. In the second phase, a monotonically increasing local-
ized additional load is applied as a concentrated force at specified locations on the middle 
arch (see Table 2 for load patterns M1  to M6 ). The load is increased incrementally under 
displacement control until the arch reaches its deformation-controlled bearing capacity, 
defined as the point at which either the load–displacement curve attains a peak value or the 
maximum settlement exceeds the design reserved deformation of 120 mm in Clause 9.2.9 
of JTG 3370.1-2018. The parametric study cases (C-F) vary the steel tube wall thickness, 
concrete core strength, arch spacing, and longitudinal connection spacing, while keeping 
all other parameters constant.
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Table 2. Load combination scheme.

Schemes No. Initial Load Load Mode
Steel Pipe 

Wall Thick-
ness/mm

Concrete Core 
Strength 

Grade

Arch Spac-
ing/m

Longitudinal 
Connection 

Ring 
Spacing/m

Load 
application 

modes

A1 

100% q and 100% e

Vault (M1 )

8 C40

1.2

1.5

A2 Spandrel (M2 )
A3 Waist (M3 )
A4 Vault–spandrel (M4 )
A5 Left–right spandrel (M5 )
A6 Left–right waist (M6 )

Initial load 
levels

B1 50% q and 50% e
The most unfavorable 

load obtained from 
scheme A

B2 75% q and 75% e
B3 100% q and 100% e
B4 125% q and 125% e
B5 150% q and 150% e

Steel tube 
thickness

C1 

100% q and 100% e
The most unfavorable 

load obtained from 
scheme A

6

C40
C2 7
C3 8
C4 9
C5 10

Concrete core 
strength

D1 

8

C20
D2 C30
D3 C40
D4 C50
D5 C60

Arch spacing

E1 

C40

0.6
E2 0.8
E3 1.0
E4 1.2
E5 1.4

Longitudinal 
connection 

ring spacing

F1 

1.2

0.75
F2 1.0
F3 1.25
F4 1.5
F5 1.75

In the numerical model, the shotcrete layer was not explicitly included as a composite 
element. The main purpose of this model is to isolate the structural response of the CFST 
combined arch itself and to compare it with the shaped steel combined arch under the 
same localized additional loading conditions. If the shotcrete layer were included, the 
additional composite action and load sharing would make it difficult to identify the intrinsic 
contribution of the arch itself to the overall bearing capacity.

4. Analysis of Load-Bearing Behavior Under Local Pressure
Using the aforementioned local pressure model, numerical simulations of CFST arches 

subjected to local pressure in large-section tunnels are conducted to examine their load-
bearing behavior.

4.1. Bearing Performance Under Different Patterns of Localized Additional Load
4.1.1. Analysis of Deformation Characteristics

Taking the A1 scheme as an example, the stress behavior of the arches subjected to 
local pressure at the vault is analyzed. The settlement and contour plot at critical positions 
are shown in Figure 4. The green dashed line in the graph represents the vault settlement 
of the side arch. According to the requirements of the Design Specification for Highway 
Tunnels (JTG 3370.1-2018) for reserved deformation of large section tunnels, combined 
with engineering experience, the allowable localized additional load is defined as the local 
pressure at which the maximum settlement reaches 120 mm.
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Figure 4. Settlement of key positions and contour plot of the arches.

The analysis in Figure 4 shows the following:
(1) Following the initial load application, the greatest settlement occurs at the vault, mea-

suring 62.8 mm. The key positions at the shoulder and waist settle by 39.1 mm and 
21.2 mm, respectively. All settlements remain within the design reserved deformation 
of 120 mm. The three arches experience simultaneous deformation, and the longitudi-
nal connections do not face significant forces. It is calculated that, based on the ratio of 
the vertical load (253.3 kPa) to the deformation (62.8 mm) at the vault position, the 
deformation stiffness at the vault position is 4.03 kPa/mm.

(2) When a localized additional load is applied, the settlement at the vault of the middle 
arch increases rapidly. The front and rear arches deform in response to the middle 
arch’s deformation due to the influence of the longitudinal connections, which expe-
rience considerable stress. The local load that corresponds to the magnitude of the 
superimposed localized load is 235.1 kN. The arch can withstand a volume of loose 
rock mass of 9.8 m3 , based on a rock mass density of 24 kN/m3 .

(3) Under the localized additional load applied at the vault, the maximum von Mises stress 
is concentrated at the vault of the middle arch, reaching 360.2 MPa, which is higher 
than the yield strength of Q355 steel (355 MPa). This indicates that the steel tube in 
the vault is close to yielding and that local yielding may occur as the load increases. 
In contrast, the adjacent arches and the regions away from the vault exhibit much 
lower stress levels (roughly 100–200 MPa), as shown by the blue and green colors 
in the contour plot. This non-uniform stress distribution confirms that the middle 
arch carries the major share of the localized additional load, while the adjacent arches 
participate in load sharing through the longitudinal connections.

(4) The stress gradient at the longitudinal connections is also visible in the enlarged view, 
indicating that connection forces are significant and that load transfer occurs between 
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adjacent arches. Based on these results, the failure mechanism can be described as 
follows: the localized additional load first causes high compressive stress and local 
bending in the vault of the middle arch; with increasing load, the steel tube in the 
vault approaches yielding, and local buckling may occur, accompanied by crushing of 
the core concrete. The load is partially transferred to the adjacent arches through the 
longitudinal connections, which delays the overall failure of the combined arch system.

4.1.2. Comparison of Bearing Capacity
To evaluate how arches perform under localized additional loads, the load–deformation 

curves for key positions in each scheme were examined, as illustrated in Figure 5. The 
key positions of the arches related to Schemes M1 ~M6  represent the points of localized 
additional load application. 

Figure 5. Allowable localized additional load under different loading modes.

The analysis in Figure 5 shows the following:
The core concrete inside the steel tube restrains local buckling of the steel wall, while 

the steel tube confines the concrete, enhancing its compressive strength. This synergistic 
interaction significantly improves the overall stiffness and ductility of the CFST combined 
arch. Among the different loading schemes, Scheme M1  exhibits the lowest bearing capacity, 
while the CFST and shaped steel combined arches have bearing capacities of 235.1 kN and 
117.8 kN, respectively. The CFST arch can withstand localized additional loads that are 
99.6% greater than those of the shaped steel arch. After the initial loading phase, the initial 
vault settlements for the CFST and shaped steel arches in Scheme M1  were recorded at 
62.8 mm and 74.5 mm, respectively. The CFST arch’s greater stiffness resulted in a 15.7% 
reduction in initial vault settlement compared to the shaped steel arch.

4.2. Influence of the Initial Uniform Pressure Level on the Resistance
To evaluate the bearing capacity of the arches in response to localized additional 

loads under various initial load scenarios, the settlement–load curves of each scheme were 
examined, as illustrated in Figure 6. A statistical analysis was conducted to determine the 
permissible localized additional load that the CFST and shaped steel arches can support 
under different initial loads. The coefficient α is introduced as the amplification factor for 
the initial load, and the relationships between this amplification factor and the allowable 
localized additional load were graphed.
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Figure 6. Statistics of allowable localized additional loads under different initial loads.

The analysis in Figure 6 shows the following:
The allowable localized additional load that the CFST and shaped steel combined 

arches can support diminishes progressively as the initial load increases. In the CFST arch 
simulation, there is a linear correlation between the allowable localized additional load and 
the initial load, whereas in the shaped steel combined arch simulation, this relationship 
is distinctly nonlinear. The CFST combined arch exhibits a greater capacity to withstand 
localized additional loads compared to shaped steel arches when both are subjected to 
the same allowable localized additional load. This synergistic interaction of CFST arches 
maintains a stable stiffness and ductility even under increasing initial load. In contrast, 
shaped steel arches rely solely on the steel section, which is more susceptible to local 
buckling and plastic hinge formation, leading to a nonlinear degradation of capacity.

Specifically, the allowable localized additional load for the CFST combined arch at a 
magnification factor of 1.25 is roughly equivalent to that of the shaped steel combined arch 
at a magnification factor of 0.75. Additionally, CFST arches demonstrate a more consistent 
bearing capacity under localized additional loads. When the amplification factor is 1.5, the 
settlement at the arch position has exceeded the reserved deformation, which does not meet 
the design requirements.

4.3. Parametric Study on the Resistance to Localized Additional Load
The load-bearing behavior of CFST arches under various design parameters was ob-

tained through numerical simulations. In comparison with shaped steel arches, the load-
transfer mechanisms of different parameters under localized additional load of CFST arches 
were analyzed. The bearing capacity of CFST arches derived from numerical calculations is 
shown in Figure 7, with the corresponding percentage increase, defined as the percentage 
increase in the bearing capacity of CFST arches relative to that of shaped steel arches.
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Figure 7. Bearing capacity of CFST arches under localized additional load.

The analysis in Figure 7 shows the following:
(1) Steel tube wall thickness (C1 –C5 ): Bearing capacity increases significantly with wall 

thickness. For example, from 6 mm to 10 mm, the capacity rises from 136.7 kN to 
349.6 kN, with an increased ratio from 16.1% to 196.8%.

(2) Concrete strength (D1 –D5 ): Higher concrete strength enhances bearing capacity, 
though the effect is less pronounced than wall thickness. C40 to C60 increases ca-
pacity by about 8.8%.

(3) Arch spacing (E1 –E5 ): Closer arch spacing improves bearing capacity. At 0.6 m spacing, 
capacity reaches 263.6 kN, 12.1% higher than at 1.2 m.

(4) Longitudinal connection spacing (F1 –F5 ): Reduced spacing enhances load distribution 
and bearing capacity. At 0.75 m spacing, capacity is 309.9 kN, 31.8% higher than at 
1.5 m. While closer spacing improves overall load distribution, it may also introduce 
local stress concentrations and potential concrete crushing at the connection points.
The most influential parameter is steel tube wall thickness, followed by longitudinal 

connection spacing. For optimal performance in large-section tunnels under localized 
additional loads, it is recommended to use steel tube wall thickness ≥ 8 mm, concrete 
strength ≥ C40, arch spacing ≤ 1.0 m, and longitudinal connection spacing ≤ 1.0 m under 
surrounding rock grades IV and V at the Longding Tunnel.

4.4. Engineering Suggestions and Field Application
4.4.1. Engineering Suggestions

Based on the results of the FEA simulation, the following engineering suggestions are 
proposed:
(1) It is advisable to replace shaped steel arches with CFST arches in large-section tunnels 

traversing jointed and fractured rock masses to ensure construction safety. Based on 
the parametric study, the use of CFST arches is recommended, particularly in sections 
identified as high-risk due to potential localized overloading.

(2) Based on the parametric study in Section 4.3, vault settlement and spandrel pressure 
difference are identified as key monitoring indicators for detecting local overloading. 

https://doi.org/10.3390/app162110919

https://doi.org/10.3390/app162110919


Appl. Sci. 2026, 16, 10919 13 of 16

To ensure construction safety, the following monitoring thresholds are proposed: (a) if 
the daily vault settlement rate exceeds 5 mm/d for three consecutive days according 
to the Chinese highway tunnel design specification, or (b) if the difference between 
left and right spandrel pressures exceeds 35% of their average value, an early warning 
should be issued and reinforcement measures implemented immediately.

4.4.2. Field Application
In the field application, the surrounding rock pressure is naturally non-uniform and 

random, and it is difficult to control or reproduce a prescribed localized overload condition. 
Therefore, field monitoring is used to verify the field application of the CFST arch and to 
check the reasonableness of the numerical model. The continuous monitoring of field arch 
pressure and tunnel deformation was carried out, as shown in Figure 8. The key positions, 
such as the vault, the spandrel, and the waist, were selected for pressure monitoring on the 
arch. The designed CFST arch is a square steel pipe with a width (B) of 150 mm and a wall 
thickness (t) of 8 mm, with a spacing of 1.2 m and a ring spacing of 1.5 m. The materials 
selected for the steel and core concrete are Q355 and C40.

Figure 8. Field application in Longding Tunnel.

As illustrated in Figure 8, the deformation of the on-site arch support underwent three 
distinct phases: a rapid growth phase, a slow growth phase, and a basically stable phase. 
The maximum vault settlement and pressure were 23.3 mm and 764.3 kPa, respectively. The 
pressure exerted on the vault is jointly borne by the arch support and the shotcrete layer. 
The thickness of the concrete spray layer is 240 mm. Based on calculations using the flexural 
stiffness of the two components, the pressure shares undertaken by the arch support and 
the shotcrete layer are 79.6 kPa and 684.7 kPa, respectively. From this, the deformation 
stiffness at the vault position of the arch support is calculated as 3.41 kPa/mm, derived from 
the ratio of the maximum vault settlement (23.3 mm) to the corresponding undertaken 
pressure (79.6 kPa). The discrepancy between this value and the vault deformation stiffness 
obtained from numerical simulation is 18.3%. This discrepancy, being within 20%, provides 
an overall consistency check of the numerical simulation model.

To provide a more direct validation, a simplified numerical model of the Longding 
Tunnel section was developed. The model explicitly included the CFST arch, the 240 mm 
thick shotcrete layer, and the surrounding rock, simulated using the same Winkler spring 
approach. The in situ stress state and excavation sequence were not modeled; instead, 
the measured final pressure on the support system was applied as the load. While this 
simplified validation is not exhaustive, it provides a reasonable check on the model’s ability 
to capture the overall structural response of the support system under the given loads. 
Further independent validation using different loading cases is needed in future work.
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5. Conclusions
(1) The combined arches exhibit their lowest bearing capacity when subjected to local 

loading at the vault. Specifically, the bearing capacities for CFST and shaped steel 
combined arches are 235.1 kN and 117.8 kN, respectively. The CFST combined arches 
demonstrate greater stiffness, resulting in a 15.7% reduction in initial vault settlement 
compared to the shaped steel combined arches.

(2) In the CFST arch simulation, there is a linear correlation between the allowable local-
ized additional load and the initial load, whereas in the shaped steel arch simulation, 
this relationship is distinctly nonlinear. This synergistic interaction of CFST arches 
maintains a stable stiffness and ductility even under increasing initial load. In contrast, 
shaped steel arches rely solely on the steel section, which is more susceptible to local 
buckling and plastic hinge formation, leading to a nonlinear degradation of capacity. 
The allowable localized additional load for the CFST arch at an initial load magnifi-
cation factor of 1.25 is approximately equivalent to that of the shaped steel arch at a 
magnification factor of 0.75.

(3) Within the limitations of the simplified Winkler-spring model, a mechanical model for 
arches in a large-section tunnel was developed. The analysis focused on the various 
stress stages experienced by the tunnel arches under localized additional load, leading 
to the formulation of relevant engineering suggestions based on the comprehensive 
findings; further validation is needed before final design.
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