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In recent years, the construction of a CFST arch bridge has developed rapidly; however, as a kind of structural system dominated
by compression, with the increase of material strength and span, the stability of the main arch of the CFST arch bridge has become
more and more important. In this paper, the finite element method is used to analyze the hanger force and the main arch stability
of the long-span CFST arch bridge. Combined with the Shenzhen Rainbow Bridge project, the axial force of the hanger, the
internal force, and stability of the main arch of the arch bridge are studied. In the establishment of the finite element model,
considering the actual operation of the arch bridge, the model simulates the interaction between steel pipe and concrete, it
studies the large deformation of CFST arch bridges, and the stress distribution and overall stability of the arch bridge are
analyzed. The results show that the main deformation of the CFST arch bridge is the vertical displacement of the deck, and the
axial force of most members of the upper arch ribs is greater than that of the lower arch ribs. The axial force and bending
moment of the lower arch rib near the arch foot are larger, and the compressive stress of the arch foot is greater than that of
other positions. The axial force of the suspender of the arch bridge is the largest at both ends of the hanger and the middle
hanger, and the axial force of the other hanger is close to each other, and the axial force changes little under the same case.
The buckling modes of the arch are mainly the lateral buckling or flexural buckling of the arch rib outside the plane, which
indicates that the vertical stiffness of the arch bridge structure is larger than that of the transverse stiffness. The research results
make the load-bearing mechanism of the CFST arch bridge more clear and also provide a certain reference for the design and
construction of the CFST arch bridge.

1. Introduction

The strength and performance of steel tube and concrete in
the CFST arch bridge should be supplemented and
improved [1]. First, the steel tube wall is reinforced by filling
it with concrete [2]. Secondly, with the help of the steel
tube’s hoop effect on the core concrete, the core concrete is
in a three-way compression state, so that the core concrete
has higher compressive strength and antideformation ability,
thus greatly improving the bearing capacity of the arch rib
[3]. In addition, the steel tube ribbed arch can make the
main arch ring itself a template for a self-erecting system
and pouring concrete in the tube, which is convenient for
the realization of the construction without support, thus

solving the two major problems of the application and con-
struction of the high strength material of the arch bridge [4].
And its economic benefits are more in line with the existing
national conditions of our country, and it has become a new
hot bridge type and is considered to be a relatively ideal
structure for the construction of long-span arch bridges
[5]. For the structure of the CFST arch bridge, the stability
problem is particularly prominent, as the structure of the
arch bridge is more complex; once the instability failure
occurs, it will cause a chain reaction, resulting in huge losses.
The stress of the CFST arch bridge is complicated, and it is
difficult to calculate with the existing analytical methods,
the finite element method is an effective method to solve
complex problems, so the finite element method to analyze
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the stability of the CFST arch bridge has the value of popu-
larization and application.

The stability of long-span CFST arch bridges has been
studied by many scholars at home and abroad. In order to
study the structural stability and dynamic performance of
the long-span CFST arch bridge, from the design form of
the arch bridge hanger and different dynamic models, the
influence line characteristics of the tie arch bridge and
impact coefficient of bridge span under different train excita-
tion are studied [6]. Some scholars have studied the influ-
ence of different filling schemes on the stability of CFST
arch bridges from the perspective of construction [7]. For
in-plane stability of a single round tubular concrete-filled
steel tube arch bridge, considering the effects of equivalent
slenderness ratio, span ratio, and longitudinal stiffness, the
ultimate bearing capacity coefficient of the arch bridge is cal-
culated [8]. The homogeneous generalized yield function for
the compression and flexural stability analysis of CFST
members was established by a comprehensive test method
and regression analysis method; using a linear elastic itera-
tive method to calculate the ultimate bearing capacity of
the structure, it overcomes the limitation of the incremental
nonlinear finite element method and can obtain higher cal-
culation accuracy and efficiency [9]. Some scholars have
studied the stability of the inclined concrete-filled steel tube
arch bridge, the inclined arch can significantly improve the
stability of the arch rib, but the bearing capacity of the arch
rib should be matched with the CFST arch rib, so as not to
be destroyed and lead to the overall instability of the arch
rib under the ultimate load [10]. In order to study the influ-
ence of transverse braces on the concrete-filled steel tubular
arch bridge, the effect of the parameters such as the spacing
of transverse braces, the type of transverse braces, and the
stiffness of transverse braces on the transverse elastic stabil-
ity of the arch bridge is determined, and the main factors
affecting the transverse stability of the arch bridge are judged
[11]. In addition, the stability of the CFST arch bridge is also
related to the research method, the characteristics of bridge
foundation rock, and the underground water level [12–15].

2. Stability Theory Overview of CFST
Arch Bridge

For CFST arch bridges, the bearing capacity of the main arch
is mainly determined by its strength and stability, especially
the stability, which has an important influence on the ulti-
mate bearing capacity of CFST arch bridges. The buckling
of the main arch can be divided into two types: branch point
buckling and extreme point buckling.

2.1. Branch Point Buckling. Branch point buckling usually
refers to the stressed structure being a perfect system; that
is, the geometric shape and stress state of the arch are ideal-
ized, without defects and deviations, and the critical load of
the arch can be solved by an analytical method:

Ncr = π2 EI

kSð Þ2
: ð1Þ

In the equation, Ncr is a quarter of the cross-critical axial
load of the arch, E is the elastic modulus of material, I is the
moment of inertia of cross-section, S is half the length of the
arch axis, and k is an effective length coefficient.

The critical load of branch point buckling can also be
solved by the finite element method; usually using the virtual
work principle, listing the equilibrium conditions, the ele-
ment stiffness matrix of the structure is calculated and com-
bined with the boundary conditions and load distribution of
the arch. The equations of rod end displacement and rod
end force are given by integrating the positioning vector
and the overall stiffness matrix; the critical load and buckling
mode of the arch branch point can be solved by the condi-
tion of a nonzero solution of joint displacement.

2.2. Extreme Point Buckling. Extreme point buckling gener-
ally occurs in imperfect systems; this is mainly due to the
deviation of the geometry of the structure, uneven material
properties, asymmetric load distribution, and other factors
resulting in the buckling problem. At this time, the arch is
in the state of bending and pressing, and the coupling prob-
lem between geometric nonlinearity and material nonlinear-
ity needs to be considered simultaneously, which is very
complicated to calculate. Especially for a concrete-filled steel
tube arch bridge, the main arch belongs to a composite
material, and the structural material property is complex,
which makes the calculation of the stability of the main arch
more difficult. The finite element method is generally used to
calculate the buckling load of the main arch.

3. Finite Element Model

3.1. Material Parameters. In the calculation model, the con-
stitutive relation of the CFST of the main arch is the key
problem to establish the finite element model. At present,
there are three methods to treat the CFST constitutive mate-
rials in China: the same node double element method, the
equivalent stiffness method, and the unified theory method
[16]. The equivalent stiffness method is relatively simple in
modeling, and the accuracy can meet the engineering
requirements when carrying out static force, but it does
not consider the tightening effect of steel pipe on core
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Figure 1: The finite element calculation model of CFST arch
bridge.
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concrete [17]. According to the equivalent stiffness method,
the comprehensive elastic modulus, area, and moment of
inertia of CFST members in the limit state of normal service
are calculated as follows.

The compression and tensile stiffness are

EA = EaAa + EcAc: ð2Þ

The bending stiffness is

EI = EaIa + EcIc: ð3Þ

In the expression, Aa and Ia are, respectively, the area of
the cross-section of the steel tube and the moment of inertia
with respect to its barycenter axis; Ac and Ic are, respectively,
the area of the cross-section of concrete in the steel tube and
the moment of inertia with respect to its barycenter axis; and

Ea and Ec are the elastic modulus of steel and concrete,
respectively.

The parameter setting of the arch bridge will affect the
finite element simulation results, and the bridge stiffness will
affect its deformation and vibration frequency. A bridge with
high stiffness will produce small deformation and high fre-
quency. In addition, the elastic modulus and Poisson’s ratio
of the material also affect the stress of the bridge.

3.2. Project Summary. Shenzhen Rainbow Bridge is 1.2 km
long; it spans 29 railway channels of Shenzhen North Rail-
way Station, making it one of the most bridges across railway
channels in the world. The main bridge is a bottom-
mounted CFST flexible tie arch with no thrust at the arch
foot, the width of the bridge deck is 23.5m, and the width
of the bridge deck at the arch foot is 28m. Computational
span is 150m, single span two-way four lanes, the rise-
span ratio is 1/4.5, the arch axis is a catenary arch axis,
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Figure 2: The axial force cloud map of main arch under case 5 (N).
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Figure 3: The bending moment cloud map of main arch under case 5 (N·m).
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and the arch axis coefficient is 1.167. The bridge has double
arch ribs, each arch rib is composed of 4ϕ750 × 12mm steel
tube truss section, truss height is 3.0m, truss width is 2.0m,
and the steel tube is filled with No.50 microexpansion con-
crete. A total of 17 pairs of hanger rods are set up in the arch
ribs of the bridge, the hanger rods at each point are double
hanger rods, and the hanger cables are extruded double-
layer large pitch twisted stay cables [18]. Each hanger cable
is composed of 61 galvanized high strength and low relaxa-
tion prestressed steel wires with a diameter of 7mm; the
standard strength of the steel wire is Rb

y = 1670MPa. The
foundation of the substructure is a single-column single-
pile type, and the piers are composed of CFST columns with
a diameter of 2.8-3.4m with variable sections. The main arch
and bridge pier adopt the form of arch pier consolidation,
and the arch foot is the intersection point of the main arch
pad, pier top, cap beam, and horizontal tie rod. The elastic
modulus of steel wire Es = 205GPa, the steel bar uses

HRB400, its strength design value is f y = f y′ = 360MPa, con-
crete strength grade is C50, and its elastic modulus is Ec =
34:5GPa. The stability of the arch bridge is calculated by a
linear elastic constitutive equation.

3.3. Finite Element Model. The bridge is modeled by general
finite element software ANSYS; the model is divided into
56,387 elements and 510,998 nodes. The arch ribs of the
bridge are modeled according to the arch axis equation,
and the upper and lower strings of CFST are discretized by
three-dimensional elastic beam elements; it is a uniaxial
force element which can be used to bear pull, pressure, bend-
ing, and torsion and endows it with the characteristics of
simulating CFST [19]. In addition, the BEAM4 beam ele-
ment is also used to simulate the upper and lower horizontal
joints, vertical belly bars, oblique belly bars, wind braces, and
the longitudinal beams, beams, and precast hollow slabs in
the bridge deck system. The suspender and the longitudinal
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Figure 4: The shear force cloud map of main arch under case 5 (N).
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Figure 5: The axial stress cloud map of main arch under case 5 (Pa).
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Figure 6: The axial force cloud map of hanger under case 1 (N).
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Figure 7: The axial force cloud map of hanger under case 2 (N).
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horizontal tie rod are simulated by the space rod element
(Link10) which only bears tension, and the element charac-
teristics are set to only bear tension. The applied prestress is

simulated by the method of equal effect variation. The prin-
ciple is to generate the strain equivalent to the prestress in
the structure by defining the real constant of the structure,
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Figure 8: The axial force cloud map of hanger under case 5 (N).
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so as to achieve the purpose of indirect application of pre-
stress [20]. The calculation model takes into account the
bond between steel pipe and concrete; the connection
between the main arch, suspender, and bridge slab; the
structural constraints of the arch bridge; and the load during
the construction and operation of the arch bridge. The finite
element calculation model of the CFST arch bridge is shown
in Figure 1.

3.4. Calculation Cases. In order to study the hanger force and
the stability of the main arch of the CFST arch bridge, the
rainbow bridge deck is arranged as four lanes in both direc-
tions, the lane load is 10.5 kN/m, and the crowd load is

2.5 km/m2. According to the volume and bulk density of
the element, the weight of the bridge member is exerted on
the element in the form of physical force; according to the
principle of static equivalence, the variable loads of bridges
are converted into uniform loads acting on the correspond-
ing longitudinal beam elements. According to the stress
characteristics of the arch bridge in operation and the layout
of the driveway, when vehicles cross the bridge, considering
the influence line of the bridge bending moment, the bridge
weight, lane load, and crowd load are combined. The calcu-
lation conditions are combined as follows: case 1, weight of
bridge structure; case 2, weight + 0:7 × lane 1 + 0:7 × lane 2;
case 3, weight + 0:7 × lane 1 + 0:7 × lane 3; case 4, weight +
0:7 × lane 1 + 0:7 × lane 2 + 0:7 × lane 3; case 5, weight + 0:7
× lane 1 + 0:7 × lane 2 + 0:7 × lane 3 + 0:7 × lane 4; case 6,
weight + 0:7 × lane 1 + 0:7 × lane 2 + crowd load 1; and case
7, weight + 0:7 × lane 1 + 0:7 × lane 2 + 0:7 × lane 3 + 0:7 ×
lane 4 + crowd load 1 + crowd load 2.

4. Force Analysis of Arch Bridge Structure

In order to have a clear understanding of the stress of the
CFST arch bridge, a three-dimensional finite element model
of the arch bridge is established based on the actual situation
of the arch bridge. In the model, the bond between steel tube
and concrete is simulated; the equivalent stiffness of CFST is
given; the connection between the main arch, suspender,
and bridge slab is simulated; and the element type used in
the model of the CFST arch bridge is determined. Consider-
ing the load combination and the corresponding boundary
conditions, the internal force of the suspender and the stabil-
ity of the main arch of the CFST arch bridge are analyzed.

4.1. Force Analysis of Main Arch. Through the finite element
analysis of the CFST arch bridge, the internal force and
stress cloud maps of the main arch under various cases are
obtained. The internal force and stress cloud maps of the
main arch under case 5 are shown in Figures 2–5.
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As we can see from Figure 2, the whole CFST of the arch
rib is in the state of compression and increases with the
increase of load. The absolute value of the axial force in the
middle part of the arch rib is small but increases obviously
to both sides, and the maximum value of the absolute value
of the axial force appears near the arch foot. In Figure 3, the
maximum positive bending moment is 412.759kN·m; the
maximum negative bending moment is -163.753kN·m. In
Figure 4, the shear force in the arch rib changes at the hanger,

which is due to the effect of the transmission force of the
hanger, and the maximum and minimum values appear at
the relatively symmetrical position in the middle of the span.
In Figure 5, the axial stress of the four upper and lower string
CFST in the arch rib is in a regular distribution from the top to
the foot, the maximum value is 13.6MPa, stress is less than the
axial compressive strength of C50 microexpansion concrete
23.1MPa, and the upper arch rib compressive stress is greater
than the lower chord compressive stress.
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Figure 12: The overall displacement cloud map of arch bridge under case 1 (m).
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4.2. Force Analysis of Hanger. Through the finite element
analysis of the CFST arch bridge, the axial force of the
hanger under various cases is obtained. The axial force cloud
map of the arch bridge hanger under cases 1, 2, 5, and 7 is
shown in Figures 6–9.

We can see from Figures 6–9, under case 1, that the
hanger is the main tensile component in the bridge, its main
function is to transfer the weight and load of the bridge deck
to the arch ribs, so its stress is large. Under case 2, compared
with case 1, the axial force of each hanger varies greatly, and
the force is no longer uniform, the hanger force at the mid-
dle and end of the span is larger, and the hanger force at the
north side is obviously larger than that at the south side, but

it still presents longitudinal symmetry. Under case 5, due to
the symmetry of the lane, the force of the hanger is also sym-
metrical, the distribution law of the hanger force between the
middle and the end of the span is larger, and the hanger
force between them is smaller. Under case 7, the tension of
the hanger increases obviously with the increase of the dis-
tribution load, the stress of the hanger at the end is larger,
and the stress of the other hanger near the end is relatively
small, with the maximum value of 1500 kN.

In order to analyze the axial force of the hanger of the
arch bridge, the northern hanger of the arch bridge is num-
bered from one end of the arch bridge to the other end, and
the numbers are 1 to 17. The variation curve of the hanger
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Figure 15: The overall displacement cloud map of arch bridge under case 7 (m).
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Figure 17: The second order buckling mode of arch bridge under case 1.
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axial force on the north side of the arch bridge under various
cases is shown in Figure 10; the variation curve of hanger
axial force on the north side of the arch bridge with cases
is shown in Figure 11.

We can see from Figure 10 that the axial force of the
hanger on the north side of the arch bridge changes symmet-
rically; except for case 1, the axial force of the hanger on
both ends and the middle suspender is the largest in all
cases; the axial force of hanger 2 to hanger 5 and hanger
11 to hanger 16 has little change and tends to be stable.
Under case 1, the axial force of the hanger at both ends is

the largest, while the axial force of the hanger in the middle
tends to be stable with little change. The maximum axial
force of the hanger at both ends appears in case 7, and the
maximum axial force value is 1500 kN. The maximum axial
force of the middle hanger appears in case 7, and the maxi-
mum axial force value is 1443.8 kN. We can see from
Figure 11 that due to the symmetry of the axial force of
the hanger, only hanger 1 to hanger 9 are taken; under var-
ious cases, the axial force of hanger 1 is the largest, and it
shows a trend of gradual increase with each case. The axial
force of hanger 8 and hanger 9 fluctuates with the case, the
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Figure 18: The third order buckling mode of arch bridge under case 1.
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Figure 19: The fourth order buckling mode of arch bridge under case 1.
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Figure 20: The fifth order buckling mode of arch bridge under case 1.
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axial force values of other hangers are very close, and the
axial force changes little under the same case. Under case
7, the axial force of each hanger is the maximum.

4.3. Displacement Analysis. Through the numerical simula-
tion analysis of the CFST arch bridge, the overall displace-
ment of the arch bridge under various cases is obtained.
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Figure 21: The sixth order buckling mode of arch bridge under case 1.
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Figure 22: The first order buckling mode of arch bridge under case 7.
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Figure 23: The second order buckling mode of arch bridge under case 7.
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The overall displacement cloud maps of the arch bridge
under cases 1, 2, 5, and 7 are shown in Figures 12–15.

We can see from Figures 12–15, under case 1, that the
maximum displacement occurred near the middle span of
the lower arch rib on the north side, and the maximum dis-
placement is 5.39 cm; the deformation gradually decreased
from the middle span to the bridge head and tail, showing
along longitudinal and transverse symmetry. Under case 2,
the maximum displacement of the arch bridge occurs near
the middle of the fourth span of the south lane, and the max-
imum displacement is 5.22 cm, because the load applied is
symmetrical along the longitudinal direction, while the trans-
verse direction of the bridge is antisymmetric, the deformation
gradually decreases from the middle span to the bridge head
and tail, while the deflection increases significantly in the
transverse direction where there is load. Under case 5, the

maximum displacement of the arch bridge is 5.51 cm, which
appears at the connection point between the horizontal beam
and the hanger in the midspan; the deflection increases signif-
icantly in the place where there is load on the transverse bridge
deck. Under case 7, the maximum displacement of the arch
bridge is 5.72 cm, which occurs in the middle span of the arch
rib on the south side, and it is less than the allowable deflection
of the bridge L/800 = 18:5 cm.

5. Overall Stability Analysis of Arch Bridge

By analyzing the overall stability of the CFST arch bridge, the
instability modes of the arch bridge under various cases are
obtained. The internal force of the hanger calculated under
cases 1 and 7 is equivalent to the external force and directly
added to the lifting point on the upper arch rib, and the first
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Figure 24: The third order buckling mode of arch bridge under case 7.
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Figure 25: The fourth order buckling mode of arch bridge under case 7.
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Figure 26: The fifth order buckling mode of arch bridge under case 7.
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six order buckling modes of the arch bridge under cases 1 and
7 are calculated, as shown in Figures 16–27.

We can see from Figures 16–21 that the first order buck-
ling load coefficient is 4.9331, and the first, second, and
fourth order buckling modes of the main arch are all out-
of-plane instability; the specific modes can be divided into
the first symmetrical buckling outside the arch rib plane,
the second antisymmetric buckling outside the arch rib
plane, and the symmetric buckling outside the arch rib
plane. The sixth mode is the local antisymmetric buckling
outside the rib surface near the arch foot, the third mode is
antisymmetric buckling in the rib plane, and the fifth mode
is torsional buckling of arch ribs. In general, for the arch
bridge, considering the combined action of the arch rib, sus-
pender, and deck system, the in-plane stiffness is larger. The
out-of-plane stiffness decreases with the increase of the span,
and the out-of-plane stability problem is more prominent
than the in-plane stability problem. The above calculation
results also fully reflect the stability characteristics of the
CFST arch bridge.

We can see from Figures 22–27 that the first order buck-
ling load coefficient is 4.0938, which is larger than the reduc-
tion in case 5. All the other modes of the arch are out-of-
plane buckling except the third mode, which is in-plane buck-
ling. The specific modes include the first symmetrical buckling
outside the arch rib plane, the second antisymmetric buckling
outside the arch rib plane, the fourth symmetrical buckling
outside the arch rib plane, the fifth antisymmetric buckling
outside the arch rib plane (torsion of the arch rib), and the
local antisymmetric buckling outside the arch rib plane near

the foot of the arch. These can reflect that the arch bridge out-
side the plane buckling problem is more prominent.

The first six order stability coefficients of the main arch
under various cases are shown in Table 1. The stability coef-
ficient refers to the application of unit load under various
cases; the ratio of actual buckling load to unit load is the sta-
bility coefficient.

We can see from Table 1 that with the increase of the
load, the stability coefficient of the main arch decreases grad-
ually; that is, the stability safety reserve capacity decreases.
With the increase of the buckling order, the stability coeffi-
cient gradually increases; that is to say, the possibility of
high-order buckling becomes less and less. With the increase
of the instability order, the stability coefficient changes more
and more obviously with the load. For example, in the first
instable mode, the stability coefficient of case 1 and case 2
varies by 0.3638; in the sixth instable mode, the stability
coefficient of case 1 and case 2 varies by 1.782. The stability
coefficients of different modes in case 2 and case 6 are very
small, so the crowd load has little influence on the stability
of the arch bridge.

6. Conclusion

(1) The main deformation of the arch bridge is the ver-
tical displacement of the bridge deck; the axial force
of most members of the upper arch rib is greater
than that of the lower arch rib

(2) The axial force and bending moment of the lower
arch rib near the arch foot are larger, which first
enters the plastic state, and the stiffness should be
strengthened in the structural design

(3) The maximum compressive stress appears near the
arch foot, and the maximum compressive stress is
less than the compressive strength of concrete; the
arch bridge meets the strength requirements

(4) The maximum vertical displacement of the arch
bridge is 5.72 cm, the displacement value is small,
and the bridge meets the stiffness requirements

(5) The hanger axial force is symmetrically distributed,
and the hanger axial force at the bridge middle span

Table 1: The first six order stability coefficients of the main arch
under various cases.

Buckling
order

Stability coefficients
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

1 4.9331 4.5693 4.5695 4.4062 4.2549 4.4732 4.0938

2 9.9988 9.2708 9.2891 8.9646 8.6754 9.0505 8.3450

3 10.931 10.158 10.141 9.7897 9.4517 9.9691 9.0945

4 13.635 12.671 12.677 12.243 11.842 12.396 11.391

5 15.935 14.758 14.778 14.249 13.773 14.417 13.251

6 21.548 19.766 20.021 19.248 18.734 19.074 18.023

Displacement
STEP = 1
SUB = 6
FREQ = 18.023
DMX = 1

Figure 27: The sixth order buckling mode of arch bridge under case 7.
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and ends is large, while that on the other hanger has
little change

(6) The vertical stiffness of the arch bridge is greater
than the lateral stiffness, and the basic instability of
the arch bridge is out-of-plane. The lateral support
should be strengthened; it increases the lateral stiff-
ness of the arch bridge and the ultimate bearing
capacity of the main arch
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