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Abstract: When a traffic tunnel passes through special strata such as soft rock with high geo-stress,
expansive rock, and fault fracture zones, the traditional supporting structure is often destroyed due
to complicated loads, which threatens the construction and operation safety of tunnel engineering.
Concrete-filled steel tubular (CFST) structure gives full play to the respective advantages of steel and
concrete and has better bearing capacity and economic benefits than traditional support structure,
which has achieved good results in some underground engineering applications. In order to promote
the application of CFST in the construction of traffic tunnels with complex geological conditions and
improve the bearing capacity of the initial supporting structure of tunnels, the influencing factors of
the bearing capacity of CFST arch were studied by numerical simulation. The main achievements are
as follows: (1) The load-displacement curves of CFST members under different material parameters
are basically consistent. CFST members have significant restrictions on displacement in the elastic
stage and have high ultimate bearing capacity. Although the bearing capacity decreases obviously
after reaching the peak, it shows good extension performance. (2) The height of the steel tube section,
the thickness of the steel tube wall and the grade of the core concrete have an approximately linear
positive correlation with the bearing capacity of CFST arch, but the influence of these three factors on
the bearing capacity of CFST arch decreases in turn, and when the grade of core concrete increases
above C50, it has no significant effect on the bearing capacity of members.

Keywords: tunnel engineering; support structure; concrete filled steel tube; bearing capacity;
numerical simulation

1. Introduction

Concrete-filled steel tubular (CFST) structure is a composite structure made of steel
tube confined concrete, which gives full play to the performance advantages of steel and
concrete and has better bearing level and ductility. As the main structure, it is widely used
in high-rise, long-span, heavy load and other aboveground buildings (structures) [1,2],
promoting the development of large bridges, super high-rise buildings and other indus-
tries. The 21st century is the peak of underground space development, resource utilization
and engineering construction. In the face of complex underground engineering envi-
ronment, the common goal of underground engineering workers is to develop support
structures with superior performance. In recent years, relevant scholars have studied the
CFST support technology from the aspects of theoretical model, structural experiment,
numerical simulation and engineering test, accumulated valuable experience and impor-
tant data, and continuously promoted the popularization of CFST support in tunnel and
underground engineering.

V S Chepurnenko et al. [3] deduced the finite element equation for plane elastic calcula-
tion of CFST short columns and verified it through numerical simulation. Li Shucai et al. [4]
studied the mechanical properties and failure characteristics of U-restrained concrete arch,
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established a multi factor mechanical model, and proposed a theoretical calculation method
of straight leg semicircular arch. Zhang Xiaonan et al. [5] studied the compressive and
flexural mechanical properties of CFST circular supports through laboratory tests and
numerical simulation, which can provide a reference for the structural system. Mei Yuchun
et al. [6] used the improved numerical simulation method to analyze the support mechani-
cal properties of bolt combined support mining roadway and completed the engineering
verification in high geo-stress soft rock roadway. Hou Hetao et al. [7] studied the me-
chanical characteristics of thin-walled concrete-filled steel tubular arch in tunnel support
and developed a new type of plug-in grouting joint. Sun Huibin [8] analyzed the typical
engineering problems such as insufficient support of large section tunnel, studied the
prefabricated restrained concrete support system, and formed the supporting mechanized
construction technology. Wu Bo et al. [9,10] studied the application of CFST in the reinforce-
ment of shield segments, and the test results showed that its mechanical properties were
obviously better than those of traditional steel plates. Wang Zhichao et al. [11] studied the
construction mechanical properties of π-shaped steel-concrete composite structure in the
application of loess tunnel and put forward appropriate new structural design parameters.
Xiang song Kong et al. [12] studied the bearing performance of CFST supports through
secondary development numerical simulation and similar simulation experiments.

At present, with the continuous improvement of the traffic network, the number of
tunnels is increasing day by day. Tunnels built in special strata such as high geo-stress soft
rock and expansive rock often have problems such as distortion, dislocation and fracture of
section steel arch due to complex load, threatening the construction and operation safety
of Tunnel Engineering and increasing economic investment and time cost, Improving the
bearing capacity of initial support is of positive significance to improve the construction
level of tunnel engineering. Therefore, in order to promote the determination of design
parameters of CFST arch, the key factors affecting the bearing capacity of CFST arch are
further analyzed in this paper.

2. Research Scheme for Bearing Capacity of CFST Arch

The closed CFST arch is a composite structure. The factors affecting the bearing
performance of the main components include the strength and geometric size of the steel
tube, the type and strength grade of the core concrete. However, since the steel tube
is a standard component, the core parameters that need to be considered in the design
of the main structure of the CFST support include the outer diameter of the steel tube
section, the thickness of the steel tube wall, and the grade of the core concrete. Therefore,
according to the authors’ research results [13], the influence of core parameters on the
bearing performance of CFST arch frame is analyzed and evaluated by commercial finite
element analysis software ABAQUSTM.

2.1. Computational Analysis Model

The research object is the circular arch member within 120◦, of which the radius
(R) is 8.41 m, and section is 26 mm (BS) × 26 mm (HS) square, as shown in Figure 1.
The surrounding rock load is symmetrically distributed, and acts on the outside of the
circular arch member in the normal direction. Since the member geometry and load pattern
are symmetrical, it can be analyzed by 1/4 symmetry model. Considering that CFST is a
composite material composed of steel and concrete, core concrete, steel pipe and shotcrete
are built into different parts by ABAQUSTM, and these parts are given different material
properties. Then, the parts are assembled into the analytical model, and the 8-node 6-hedral
reduced integral elements (C3D8R) were used to mesh the model. In order to analyze
the whole process bearing state of CFST arc arch, the Concrete Damaged Plasticity model
was used to adopt the core concrete and shotcrete, and the metal Plastic model was used
to adopt the steel pipe. Static, Riks was selected as the step procedure, and the Riks
Method was used to analyze the post-buckling behavior. Ignoring the slip problem at the
interface between steel tube and concrete, the constraint type was set as Tie. The end face
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of the arch foot adopted a fixed boundary to restrict all degrees of freedom, and the two
symmetrical planes adopted symmetrical boundaries to restrict normal translation degrees
of freedom and tangential rotation degrees of freedom. The calculation model and grid
division diagram is shown in Figure 2.
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2.2. Comparative Study Conditions

The single-factor control variable method is used to study the influence of steel tube
section height (H), steel tube wall thickness (t) and core concrete grade (C) on the bearing
performance of CFST arch frame. The design for comparative study is shown in Table 1.

Table 1. Design table for comparative study.

Section
Shape

1 Research Group on Steel Tube
Section Height

2 Research Group on Steel Tube Wall
Thickness

3 Research Group on Core
Concrete Grade

H/mm t/mm C Code H/mm t/mm C Code H/mm t/mm C Code

Circle

170

10 50

C-H170 × 10-C50

220

6

50

C-H220 × 06-C50

220 10

30 C-H220 × 10-C30
180 C-H180 × 10-C50 8 C-H220 × 08-C50 40 C-H220 × 10-C40
190 C-H190 × 10-C50 10 C-H220 × 10-C50 50 C-H220 × 10-C50
200 C-H200 × 10-C50 12 C-H220 × 12-C50 60 C-H220 × 10-C60
210 C-H210 × 10-C50 14 C-H220 × 14-C50 70 C-H220 × 10-C70
220 C-H220 × 10-C50 16 C-H220 × 16-C50 80 C-H220 × 10-C80

Triangle

170

10 50

T-H170 × 10-C50

220

6

50

T-H220 × 06-C50

220 10

30 T-H220 × 10-C30
180 T-H180 × 10-C50 8 T-H220 × 08-C50 40 T-H220 × 10-C40
190 T-H190 × 10-C50 10 T-H220 × 10-C50 50 T-H220 × 10-C50
200 T-H200 × 10-C50 12 T-H220 × 12-C50 60 T-H220 × 10-C60
210 T-H210 × 10-C50 14 T-H220 × 14-C50 70 T-H220 × 10-C70
220 T-H220 × 10-C50 16 T-H220 × 16-C50 80 T-H220 × 10-C80
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2.3. Material Constitutive Parameters
2.3.1. Constitutive Model and Material Parameters of Concrete

The constitutive equation of the Concrete Damaged Plasticity model is Equation (1).

σij = (1− d)D0
ijkl

(
εkl − ε

pl
kl

)
(1)

where D0
ijkl is the component of the initial elastic stiffness tensor, d is the scalar stiffness

degradation variable, σij is the component of Cauchy stress tensor, εkl and ε
pl
kl are the

component of total strain tensor and the plastic strain tensor, respectively.
The uniaxial stress-strain curve used for parameter calibration of concrete constitutive

model is determined according to the following formula.
For the uniaxial tension:

σ =


ε

εt,r

[
1.2 ft,r − 0.2 ft,r

(
ε

εt,r

)5
]

, ε
εt,r
≤ 1

ε
εt,r

ft,r

αt

(
ε

εt,r
−1
)1.7

+ ε
εt,r

, ε
εt,r

> 1
(2)

For the uniaxial compression:

σ =


ε

εc,r

n fc,r

n−1+
(

ε
εc,r

)n , ε
εc,r
≤ 1

ε
εc,r

fc,r

αc

(
ε

εc,r −1
)2

+ ε
εc,r

, ε
εc,r

> 1
(3)

where
n =

E0εc,r

E0εc,r − fc,r
(4)

ft,r is the uniaxial tensile strength of concrete, and fc,r is the ultimate uniaxial com-
pressive strength of concrete, E0 is the elastic modulus of concrete, εt,r is the tension strain
corresponding to the tensile strength, and εc,r is the compression strain corresponding to
the ultimate compressive strength, αt and αc are shape coefficients related to the descending
section of concrete uniaxial stress-strain curve.

The damage variable can be calculated as Equations (5) and (6).

dt(ε) =
(1− ηt)E0εin

t (ε)

σt(ε) + (1− ηt)E0εin
t (ε)

, εin
t (ε) = ε− εt,r (5)

dc(ε) =
(1− ηc)E0εin

c (ε)

σc(ε) + (1− ηc)E0εin
c (ε)

, εin
c (ε) = ε− εc,ppt (6)

where ηt is the proportion of the recoverable part in the inelastic tension strain (0.50 ~ 0.95) [14],
ηc is the proportion of the recoverable part in the inelastic compression strain (0.35 ~ 0.70).

The uniaxial stress-strain curve of concrete was determined according to Chinese
Standard GB50010-2010 [15], as shown in Figure 3.

The yield function of the model is Equation (7).

F(σ) =
1

1− α

(
q− 3αp + β

〈
σ̂max

〉
− γ

〈
−σ̂max

〉)
+ σc ≤ 0 (7)
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Figure 3. Uniaxial stress-strain curve of concrete. (a) C30; (b) C40; (c) C50; (d) C60; (e) C70; (f) C80. 

The yield function of the model is Equation (7). 
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Figure 3. Uniaxial stress-strain curve of concrete. (a) C30; (b) C40; (c) C50; (d) C60; (e) C70; (f) C80.

The parameters α, β and γ in Equation (7) are given as

α =
σb0 − σc0

2σb0 − σc0
, β =

(α− 1)σc

σt
− (1 + α), γ =

3(1− Kc)

2Kc − 1
, (8)

where ε̃
pl
c and ε̃

pl
t are the hardening variables, and σc and σt are the effective uniaxial

cohesion stresses; p is the effective hydrostatic pressure, p = −σii/3; q is the Mises equiva-

lent effective stress, q =
√

3
(
SijSij

)
/2; Sij is the component of deviatoric effective stress

tensor, Sij = pδij + σij, where δij is the Kronecker delta; σ̂max is the algebraically max-
imum eigenvalue of effective stress tensor; 〈·〉 denotes the Macauley bracket, defined
by 〈x〉 = (|x|+ x)/2; σb0 and σc0 are the equibiaxial and uniaxial compressive yield
stress of the material, respectively; Kc = qTM/qCM, where qTM is the Mises equivalent
effective stress corresponding to an arbitrary point on the projection trace of yield sur-
face on the tensile meridian for any p < 0, and qCM corresponds to such a point on the
compressive meridian.

The concrete material parameters are determined as shown in Table 2.
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Table 2. Summary of concrete material parameters.

Material
Name

E0
(GPa) ν

ρ
(t/m3)

fc,r
(MPa)

εc,r
(µε) αc

ft,r
(MPa)

εt,r
(µε) αt ψ (◦) σb0/σc0 Kc κ ωc ωt

C30 Concrete 30.0 0.2 2.3 20.1 1471 0.746 2.01 95.24 1.264

15 1.16 0.67 0.1 1 0

C40 Concrete 32.5 0.2 2.3 26.8 1589 1.168 2.39 104.36 1.796
C50 Concrete 34.5 0.2 2.3 32.4 1678 1.499 2.64 110.1 2.191
C60 Concrete 36.0 0.2 2.3 38.5 1769 1.853 2.85 114.7 2.552
C70 Concrete 37.0 0.2 2.3 44.5 1844 2.183 2.99 117.8 2.793
C80 Concrete 38.0 0.2 2.3 50.2 1922 2.490 3.11 120.2 3.032
C30 Shotcrete 25.0 0.2 2.2 20.1 1471 0.746 2.01 95.24 1.264

Notes: E0, Initial elastic modulus; ν, Poisson’s ratio; ρ, Mass density; fc,r, Ultimate uniaxial compressive strength;
εc,r, Compression strain corresponding to fc,r; αc, Shape coefficient of uniaxial compression σ-ε curve; ft,r, uniaxial
tensile strength; εt,r, Tension strain corresponding to ft,r; αt, Shape coefficient of uniaxial tension σ-ε curve; ψ,
Dilation angle; σb0/σc0, Biaxial compressive strength ratio; Kc, Tensile and compressive yield ratio; κ, Eccentricity
of plastic flow potential surface; ωc, Stiffness recovery coefficients of tension-compression; ωt, Stiffness recovery
coefficients of compression-tension.

2.3.2. Constitutive Model and Material Parameters of Steel

The yield function of the Metal Plasticity model is Equation (9).

F = q− σ0 ≤ 0 (9)

where q is the Mises equivalent stress, q =
√

3J2 =
√

3SijSij/2, Sij is the component of the

deviatoric stress tensor, σ0 is the yield stress.
The uniaxial tensile stress-strain curve of ordinary low carbon steel can be expressed

by function 10 [16].

σ =



ESε, ε < εe

− ES
εe

ε2 + 3ESε− 0.8 fy, εe ≤ ε < εe1
fy, εe1 ≤ ε < εe2

fy

[
1 +

(
fu
fy
− 1
)

ε−εe2
εe3−εe2

]
, εe2 ≤ ε < εe3

fu, εe3 ≤ ε

(10)

where ES is the Young’s modulus of steel, fy and fu are the yield stress and ultimate strength
of steel, respectively, εe, εe1, εe2, εe3 are the strain measure corresponding to the four junction
point of the following five stages of deformation: linear deformation stage, elastoplastic
deformation stage, plastic flow stage, strengthening stage, necking stage. A rule-of-thumb
is that set ε = 0.8 fy/ES, εe1 = 1.5εe, εe2 = 10εe1 and εe3 = 100εe1.

By referring to the Chinese Standard GB50017-2017 [17] and literature [16], the material
parameters used in the calculation are listed in Table 3.

Table 3. Summary of steel material parameters.

Material
Name ES (GPa) ν ρ (t/m3) fy (MPa) fu (MPa)

Q235 206 0.31 7.85 279 450
Notes: ES, Young’s modulus; ν, Poisson’s ratio; ρ, Mass density; fy, Yield stress; fu, Ultimate strength.

2.4. Sensitivity Analysis of Grid Density

In order to study the influence of grid density on the simulation results, the CFST
tubular member with diameter of 180 mm and wall thickness of 10 mm was divided into
grids with different densities for comparison. The specific cases are shown in the Table 4.
The geometric dimensions of the model are shown in Figure 4.
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Table 4. Comparative analysis cases.

No.
Grid Size (mm) Number of

Nodes
Number of
ElementsS SL T TL C1 C2 CL

1 30 160 20 100 16 40 80 10,970 7117
2 28 150 19 95 15 37 75 11,554 7466
3 26 140 17 85 14 35 70 14,783 9854
4 24 130 16 80 13 32 65 18,239 12,337
5 22 120 15 75 12 30 60 21,356 14,861
6 21 110 14 70 11 27 55 26,884 19,320
7 19 100 12 60 10 25 50 37,798 27,990
8 17 90 11 55 9 22 45 44,237 32,502
9 15 80 10 50 8 20 40 61,387 46,945

10 13 70 9 45 7 17 35 90,661 71,808
11 11 60 8 40 6 15 30 140,006 115,335
12 9 50 7 35 5 12 25 234,755 200,532
13 7 40 5 25 4 10 20 456,567 399,348
14 5 30 4 20 3 8 15 1,079,513 980,260Symmetry 2022, 14, x FOR PEER REVIEW 8 of 18 
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members under most working conditions is about 1100 kPa, and the peak point of bearing 
capacity occurs when the vault settlement is about 29 mm. When the grid size is bigger, 
the ultimate bearing capacity of the member is lower, and the vault settlement is larger 
when it reaches the ultimate bearing capacity. When the grid density is higher than that 
in case 9, the ultimate bearing capacity of the member shows an obvious trend of improve-
ment, but the shape of the load displacement curve in the post peak area is significantly 
different from that in the case of lower grid density, and there is no obvious regularity 
with the further densification of the grid. 
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Figure 6. Variation curve of ultimate bearing capacity under different grid density. 

Figure 4. Grid size meaning.

The Load-Vault settlement history curves of each case is shown in the Figure 5. It can
be seen from Figure 5 that within the grid size selected for this calculation, the grid density
has no significant impact on the bearing performance of the component model, but the
change of grid density will still have a certain impact on the ultimate bearing capacity of
the component and the position of the peak point of the bearing capacity.
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Figure 5. Load-Vault settlement history curves with different grid density.

Figures 6 and 7 show the variation curve of the ultimate bearing capacity of the
member and the vault settlement value with the grid density when reaching the ultimate
bearing capacity. It can be seen from Figures 6 and 7 that the ultimate bearing capacity of
members under most working conditions is about 1100 kPa, and the peak point of bearing
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capacity occurs when the vault settlement is about 29 mm. When the grid size is bigger, the
ultimate bearing capacity of the member is lower, and the vault settlement is larger when
it reaches the ultimate bearing capacity. When the grid density is higher than that in case
9, the ultimate bearing capacity of the member shows an obvious trend of improvement,
but the shape of the load displacement curve in the post peak area is significantly different
from that in the case of lower grid density, and there is no obvious regularity with the
further densification of the grid.
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Figure 7. Variation curve of vault settlement when reaching the ultimate bearing capacity under
different grid density.

It can be inferred that although the increase of grid density will gradually make
the mechanical response of the model close to the real situation in theory, too high grid
density will also increase the overall chaos of the model, which is unfavorable for case
study. Therefore, considering the calculation accuracy, calculation cost and the main
purpose of this paper, the grid size corresponding to case 9 is selected as the benchmark for
subsequent research.

2.5. Performance Evaluation Index

In order to analyze the influence of different factors on the bearing capacity of CFST
arch, the following seven indexes are defined to comprehensively evaluate the whole
process bearing state of CFST arch [13].

(1) Ultimate bearing capacity (UBA): the load corresponding to the peak point of the
load-vault settlement curve.

(2) Elastic limit load (ELL): the load corresponding to the demarcation point when the
member changes from elastic state to elastic-plastic state.

(3) Residual bearing capacity (RBC): the load corresponding to the inflection point when
the bearing capacity of the load–vault settlement curve decreases at a steady rate.

(4) Degradation ratio of bearing capacity (DRBC): the ratio of residual bearing capacity
to ultimate bearing capacity.
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(5) Elastic stiffness (ES): the ratio of the elastic limit load to the corresponding vault
settlement value.

(6) Working stiffness (WS): the ratio of ultimate bearing capacity to corresponding
vault settlement.

(7) Post buckling plastic energy dissipation (PBPED): the cumulative plastic work when
the member reaches the residual bearing capacity.

3. Analysis Results of Bearing Capacity of Components with Different
Material Parameters
3.1. Analysis of Steel Tube Section Height

The load-vault settlement curves of CFST circular arc arch members with different
section heights are shown in Figure 8, and the variation curves of performance indexes of
each member with section height of steel tube are shown in Figure 9.

According to the analysis of Figures 8 and 9:

(1) The load-vault settlement curves of CFST members with different section heights of
steel tube are similar. The ultimate bearing capacity of each member appears when
the vault settlement is about 28 mm, and the bearing capacity decreases obviously
after reaching the peak, but it shows good elongation. With the increase of steel tube
section height, the ultimate bearing capacity of the member increases steadily, and the
post peak ductility also increases slightly.

(2) The influence of steel tube section height on the ultimate bearing capacity and residual
bearing capacity is obvious, and there is an approximate linear relationship, while
the influence on the elastic ultimate load is small. When the section height of CFST
increases from 170 mm to 220 mm, the ultimate bearing capacity of circular members
increases by 301.42 kPa, with an increase of 29.69%; The residual bearing capacity
increased by 186.13 kPa, with an increase of 54.68%; The elastic limit load is increased
by 33.75 kPa, with an increase of 5.02%. The ultimate bearing capacity of triangular
members is increased by 288.31 kPa, with an increase of 29.11%; The residual bearing
capacity increased by 216.23 kPa, with an increase of 72.25%; The elastic limit load is
increased by 2.10 kPa, with an increase of 0.45%.

(3) The bearing capacity degradation ratio of CFST members increases with the increase
of section height. Among them, the circular CFST shows monotonous increase, while
the triangular CFST tube fluctuates. However, the bearing capacity degradation ratio
of the triangular CFST is higher than that of the circular CFST, indicating that the post
buckling performance of the triangular CFST is better than that of the circular CFST.

(4) The results show that the elastic stiffness and working stiffness increase with the
increase of the section height of the steel tube. The relationship between the elastic
stiffness and the section height of the steel tube is approximately linear. The elastic
stiffness increment of the circular CFST is about 0.34 kPa·mm−1/mm, and that of the
triangular CFST is about 0.24 kPa·mm−1/mm. When the section height of steel tube
is small, the overall working stiffness of triangular CFST members is slightly lower
than that of circular CFST members with the same section height. With the increase of
section height, the difference between them is gradually reduced.

(5) The energy dissipation capacity of CFST members increases significantly with the
increase of the section height of steel tube. When the section height of the steel tube
increases from 170 mm to 220 mm, the plastic deformation energy consumption of
the circular member increases from 7.32 kJ to 12.51 kJ, with an increase of 70.90%;
The plastic deformation energy consumption of triangular members increased from
8.61 kJ to 10.83 kJ, with an increase of 25.78%. The energy dissipation capacity of
circular CFST members is generally higher than that of triangular CFST members at
the same section height.
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Figure 8. Load-vault settlement curve of CFST members with different section heights of steel tube. 
(a) Circular section CFST; (b) Triangular section CFST. 

170 180 190 200 210 220
200

400

600

800

1000

1200

1400

Circle-UBA    Triangle-UBA
Circle-ELL     Triangle-ELL
Circle-RBC    Triangle-RBC

Section height of steel tube (mm)

B
ea

rin
g 

ca
pa

ci
ty

 (k
Pa

)

 

170 180 190 200 210 220
20

30

40

50

60

70

80

90
Circle-WS  triangle-WS
Circle-ES   triangle-ES

Section height of steel tube (mm)

St
iff

ne
ss

 (k
Pa

/m
m

)

 

(a) (b) 

170 180 190 200 210 220
0.28

0.32

0.36

0.40

0.44

Circle-DRBC  Triangle-DRBC

Section height of steel tube (mm)

D
RB

C

 

170 180 190 200 210 220
4

6

8

10

12

Circle-PBPED  Triangle-PBPED

Section height of steel tube (mm)

PB
PE

D
 (k

J)

 
(c) (d) 

Figure 9. Performance curve of CFST members with different section heights of steel tube. (a) 
Change curve of earing capacity; (b) Change curve of stiffness; (c) Change curve of DRBC; (d) 
Change curve of PBPED. 
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Figure 9. Performance curve of CFST members with different section heights of steel tube. (a) 
Change curve of earing capacity; (b) Change curve of stiffness; (c) Change curve of DRBC; (d) 
Change curve of PBPED. 
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of PBPED.

3.2. Analysis of Wall Steel Tube Thickness

The load-vault settlement curves of CFST circular arch members with different steel
tube wall thickness are shown in Figure 10, and the variation curves of performance indexes
of each member with steel tube wall thickness are shown in Figure 11.
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Figure 10. Load-vault settlement curve of CFST members with different wall thickness of steel tube. 
(a) Circular section CFST; (b) Triangular section CFST. 
Figure 10. Load-vault settlement curve of CFST members with different wall thickness of steel tube.
(a) Circular section CFST; (b) Triangular section CFST.
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of PBPED.

By analyzing Figures 10 and 11, we can see that:

(1) The wall thickness of steel tube has a significant effect on the ultimate bearing capacity
and the post peak bearing capacity decay rate. The larger the steel tube wall thickness
is, the higher the peak value of load vault settlement curve is, and the slower the
decline rate of the bearing capacity of the member after the peak value is. The decline
rate of the bearing capacity of the triangular CFST member is slightly faster than that
of the circular CFST member after the peak value is reached.

(2) Increasing the wall thickness of the steel tube will significantly improve the ultimate
bearing capacity and residual bearing capacity of the member, and slightly increase
the elastic ultimate load of the member. When the wall thickness of steel tube increases
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from 6 mm to 16 mm, the ultimate bearing capacity of circular members increases by
586.47 kPa, with an increase of 54.77%; The residual bearing capacity increased by
360.94 kPa, with an increase of 91.83%; The elastic limit load is increased by 28.06 kPa,
with an increase of 4.09%. The ultimate bearing capacity of triangular member is
increased by 518.71 kPa, with an increase of 49.51%; The residual bearing capacity
increased by 309.22 kPa, with an increase of 90.55%; The elastic limit load is increased
by 1.62 kPa, with an increase of 0.35%.

(3) The wall thickness of steel tube has a significant effect on the overall stiffness of mem-
bers. When the wall thickness of the steel tube increases from 6 mm to 16 mm, the elas-
tic stiffness and working stiffness of the circular member increase by 34.15 kPa/mm
and 20.9 kPa/mm, respectively, and the increase range is 48.32% and 58.81%, re-
spectively; The elastic stiffness and working stiffness of the triangular member are
increased by 28.2 kPa/mm and 17.52 kPa/mm, respectively, and the increase range
is 38.14% and 47.99%, respectively. It can be seen that the contribution of the wall
thickness of steel tube to the overall stiffness of circular section is greater than that of
triangular section.

(4) With the increase of the wall thickness of steel tube, the bearing capacity degradation
ratio of CFST members increases as a whole, and the performance of circular CFST
is the most obvious. The degradation ratio of the bearing capacity of circular CFST
members increases slightly when the wall thickness of the steel tube is 6 ~ 8 mm,
decreases gradually when the thickness is 8 ~ 14 mm, and increases again when the
thickness is 14 ~ 16 mm; When the wall thickness of steel tube is 6 ~ 12 mm, the
degradation ratio of bearing capacity of triangular CFST members increases linearly.
There is a decline section between 12 ~ 14 mm, and a slight increase again when the
thickness is 14 ~ 16 mm. Therefore, sufficient wall thickness of steel tube can maintain
a certain bearing capacity after buckling.

(5) Since concrete is brittle material, when the CFST members enter the plastic working
state, the concrete (especially the concrete in the tension zone) will soon reach the
limit of its plastic deformation and failure, so as to withdraw from the work. The
steel tube has a strong stiffness and ductility, can withstand greater deformation
without damage. Therefore, with the increase of steel tube wall thickness, the energy
dissipation capacity of CFST members is significantly improved. When the concrete
is partially out of service, the main load-bearing body of the member will shift to
the steel tube, and the mechanical performance of the steel tube will significantly
affect the energy consumption of the member through plastic deformation before it
completely loses its bearing capacity. In general, the energy dissipation capacity of
triangular CFST members is significantly lower than that of circular CFST members,
and this phenomenon is gradually enlarged with the increasing wall thickness of
steel tube.

3.3. Analysis of Core Concrete Grade

The load-vault settlement curves of CFST members with different core concrete grades
are shown in Figure 12, and the performance change curves of each member are shown in
Figure 13.
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Figure 12. Load-vault settlement curve of CFST members with different core concrete grades. (a) 
Circular section CFST; (b) Triangular section CFST. 
Figure 12. Load-vault settlement curve of CFST members with different core concrete grades.
(a) Circular section CFST; (b) Triangular section CFST.
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By analyzing Figures 12 and 13, we can see that:

(1) With the improvement of core concrete grade, the peak value of load-vault settlement
curve of CFST members increases continuously, but the curve within a certain range
before and after the peak value has a higher coincidence degree, and the circular
CFST member is more obvious, which indicates that the core concrete grade has less
influence on other properties of CFST members except the bearing capacity.

(2) The improvement of core concrete grade has more obvious effect on the ultimate bear-
ing capacity of CFST members than the residual bearing capacity and elastic ultimate
load, and the improvement effect on the bearing capacity of circular CFST members is
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also better than that of triangular CFST members. The improvement of core concrete
grade has no obvious effect on the overall bearing capacity of CFST members.

(3) With the improvement of core concrete grade, the working stiffness and elastic stiffness
of CFST members show an upward trend, but the overall change range is small.
In terms of working stiffness, circular CFST members are generally higher than
triangular CFST members; For the elastic stiffness, when the core concrete grade
is lower than C50, the circular CFST member is lower than the triangular CFST
member, but with the improvement of the concrete grade, the gap between the two is
gradually narrowing. When the concrete grade is higher than C50, the circular CFST
member is slightly higher than the triangular CFST member, but the difference is not
significant. The influence of concrete grade on the elastic stiffness of CFST members is
not obvious. It can be seen that when the core concrete grade reaches a certain degree,
the improvement of member stiffness will be very limited by continuously improving
the core concrete grade.

(4) The influence of core concrete grade on the bearing capacity degradation ratio of
CFST members has no obvious regularity, but with the improvement of core concrete
grade, circular CFST members mainly show a downward trend, while triangular
CFST members mainly show an upward trend. The reason for this phenomenon
is that although the high-grade concrete has high strength, its ductility decreases
and brittleness increases. When the member buckles, the core concrete with larger
curvature will appear tensile stress, which will prompt the high-grade concrete to
withdraw from work earlier and reduce the bearing capacity of the member at the
post peak stage, and because of the different section form and material parameters,
there are some differences in the buckling parts.

(5) With the continuous improvement of the core concrete grade, the energy dissipation
capacity of circular members gradually increases, but the higher the concrete grade is,
the smaller the enhancement amplitude. When the concrete grade is C60, it tends to
be stable, even when the concrete grade is C80, there is a downward trend; when the
core concrete grade is lower than C70, the concrete grade has little effect on the energy
dissipation capacity of triangular members. Only when the core concrete grade is
higher than C70, the improvement of concrete grade will significantly increase the
energy dissipation capacity of members.

3.4. Analysis of Steel Cross-Sectional Area

Different design parameters, such as steel tube section height, steel tube wall thickness
and core concrete grade, affect the bearing capacity of the supporting structure on the
one hand and the economic benefit of the supporting structure on the other hand, and
the influence of steel tube section height and steel tube wall thickness is more significant.
Therefore, the influence of steel tube section parameters on the bearing capacity of concrete
filled steel tube members is analyzed from the perspective of steel consumption, as shown
in Figure 14.

Analysis of Figure 14 shows that:

(1) The results show that there is a general positive correlation between the bearing
performance indexes and the steel cross-sectional area of CFST members, and the
circular CFST member is the most significant.

(2) The slope of the curve affected by the section height of steel tube is obviously larger
than that affected by the wall thickness of steel tube, which indicates that the bearing
capacity of CFST members is more sensitive to the section height of steel tube.

(3) When reaching the same ultimate bearing capacity, the steel cross-sectional area of
triangular member is obviously less than that of circular member, which indicates
that the steel utilization ratio of triangular CFST support is higher than that of circular
CFST support.
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Figure 14. General distribution of bearing capacity index of components. (a) Ultimate bearing
capacity; (b) Working stiffness; (c) Residual bearing capacity; (d) Energy consumption capacity.

4. Conclusions

In this paper, the bearing process of CFST arch frame for tunnel was simulated by
finite element analysis software, and the complete process curves from elastic deformation
to buckling of 36 research cases were obtained. The three calculation parameters: steel
tube section height, steel tube wall thickness and core concrete grade of these cases were
different. In order to make statistical analysis for these case curves, the Ultimate Bearing
Capacity, Elastic Limit Load, Residual Bearing Capacity, Degradation Ratio of Bearing
Capacity, Elastic Stiffness, Working Stiffness and Post Buckling Plastic Energy Dissipation
were defined as indicators, then the influence law of the three calculation parameters on
the bearing performance of CFST could be comprehensively evaluated by the indicators.
The main conclusions are as follows.

The section height of steel tube, the wall thickness of steel tube and the grade of core
concrete are positively correlated with the bearing capacity of CFST arch, but the sensitivity
of these three factors to the bearing capacity of CFST arch decreases in turn.

With the increase of steel tube cross-section area, the bearing capacity of CFST arch
is approximately linear, and the indexes of circular cross-section members are the most
significant. It is more economical to improve the bearing capacity of the CFST arch by
increasing the height of the steel tube cross-section.

The bearing capacity of CFST arch core concrete depends largely on the restraint
of steel tube. The effect of enhancing the bearing capacity of CFST members only by
improving the core concrete grade is limited, and when the core concrete grade reaches
C50, the strengthening effect is significantly reduced.

5. Discussion

Through numerical simulation, according to the control factor method, the influence
of steel pipe section height, steel pipe wall thickness and core concrete grade on the
bearing performance of CFST as the supporting structure of traffic tunnel is analyzed in
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this paper. However, it is worth noting that the calculation model in this paper is based on
the conventional simplified assumptions, which is not the case. For example: (1) Tunnel
support is not an independent bearing structure. The reinforced anchor connected with the
steel frame and the longitudinal connecting members between the steel frame will divide
the CFST support into different bearing units. (2) The distribution form of surrounding rock
load is not ideal and has strong discreteness. The surrounding rock load used in calculation
and analysis is based on the assumption of rock and soil theory. (3) The geometric boundary
of the research object is not smooth and uniform, and the structure itself also has the defects
of reserved grouting holes, connectors between pipe joints and solid materials. The above
factors will affect the buckling shape and bearing performance of CFST supports. The main
purpose of this paper is to compare and analyze the influence of CFST material parameters
on the bearing performance of steel frames, and these factors have not been deeply studied.

Compared with the single section steel skeleton, a CFST skeleton has significant bear-
ing performance and economic benefits. In order to better promote its application in the
supporting structure of traffic tunnel engineering, there are still many design and construc-
tion problems worthy of study. For example: (1) Several factors have significant effects
on the buckling shape and bearing performance of CFST arch frame, such as surrounding
rock load modes, tunnel section shapes, design parameters of CFST members (reinforcing
elements, reserved grouting holes, pipe joint connection, etc.), which will be further investi-
gated. (2) The prefabrication and assembly technology of CFST arch frame will be studied
in order to improve the overall construction efficiency and reduce the structural defects
caused by construction factors.
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