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                     Abstract 
 CFST is a new building material developed on the basis of steel bars and concrete, which is frequently employed in bridge 

construction in China. The arch rib is the main stress part CFST arch bridge has a long span, and the safety of the arch rib 

directly determines the working performance of the whole bridge. Therefore, to better understand the stress of the arch bridge 

and ensure its safety of the bridge, the research employs the fi nite element program Midas to establish a long span concrete 

fi lled steel tube full bridge model and analyzes axial force, stress, and displacement of arch rib in each construction stage 

of the arch bridge. The results show that in diff erent construction stages, the axial force on each section increases gradually. 

The upper and lower edges of the steel pipe are shown as a gradually increasing negative stress. The displacement change 

between each section is between (2–4) mm. To sum up, the fi nite element full bridge analysis based on Midas can accurately 

obtain the stress state of long-span bridges with CFST arcs. By using this technology, data from large-span CFST arch 

bridges may be effi  ciently employed in bridge optimum building, improving the load-bearing capabilities of the arch bridge. 

   Keywords     CFST    ·  Arch bridge    ·  Arch rib stress    ·  Finite element analysis    ·  Midas  

      Introduction 

 With the rapid development of social industrialization and 

urbanization, the serious consumption of social resources 

and the problem of environmental damage have become 

increasingly prominent. Within this context, the advantages 

of CFST (Concrete Filled Steel Tube) with good adaptabil-

ity are gradually highlighted (Shih and Liao  2019 ). A type 

of composite building material is a steel tube fi lled with 

concrete to create a concrete-fi lled steel tube arch bridge. 

Concrete being poured into the steel, not only eff ectively 

improve the corrosion resistance and durability of the steel 

pipe, but also enhance the compressive resistance and stabil-

ity of the steel pipe. In addition, the hoop eff ect of the sur-

rounding steel pipe in concrete can improve the ductility and 

compression resistance of the concrete. Strength, combining 

the two building materials can maximize their advantages 

and overcome their shortcomings (Vaidya et al.  2021 ). In 

the construction of arch bridges, compared with traditional 

reinforced concrete, CFST has better spanning ability and 

adaptability (Ayaanle  2020 ). Finite element analysis (FEA) 

Multi-tier Distributed Applications Services (Midas) uses 

a mathematical approximation method to simulate the 

mechanical performance of the real full bridge structure to 

solve the numerical value. This method does not need to 

make assumptions about the structural deformation curve. 

It can better simulate the capital-purchase relationship of 

building materials and has a good eff ect on the analysis of 

structural mechanical performance (Mirabal et al.  2022 ). To 

accurately examine the mechanical features of the bridge 

with a long span of CFST, the research combines with the 

Midas fi nite element analysis to build a bridge with a long 

span of CFST model in accordance with FEA and analyzes 

the long-span CFST arch bridge’s structural performance. 

When studying the stress of the long-span concrete-fi lled 

steel tube arch bridge, the research innovatively combines 

the FEA model with the whole bridge structure, uses the 

fi nite element model to simulate and calculate the spatial 

mechanical properties of the whole bridge, and simulates 

the change of the stress of the whole bridge under diff erent 

conditions. This study provides a new idea for the analysis 
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of bridge stress from the perspective of FEA. Through the 

analysis, it is expected to achieve a deep understanding of 

the structural performance of long-span concrete-fi lled steel 

tube arch bridge, and provide support for bridge construction 

and later maintenance and construction. 

    Related works 

 As a relatively high-quality building material, CFST has 

been recognized by the fi eld of construction engineering. 

At present, most of the research is done on CFST arch 

bridges from aspects of construction technology, material 

improvement, and defect repair. The infl uence factors of 

concrete with ultra-high performance fi ber reinforcement 

stress of large-span CFST arch bridge Naaman AE et al. 

The research explored the infl uence of ultra-high-perfor-

mance fi bers on the stress of concrete-fi lled steel tubes. 

The results show that the higher the tensile strength of 

concrete after cracking, the higher the corresponding ten-

sile strain. Mechanical deformation or sliding hardening 

bonding characteristics Fibers can lead to an increase in 

strain capacity, which is benefi cial to improve the ductil-

ity and energy absorption capacity of concrete structures 

(Naaman and Shah  2022 ). To investigate the stability and 

safety of the primary Truss arch construction of the large-

span CFST arch bridge during the concrete pouring pro-

cess, Xie et al. took the Guangxi Pingnan Third Bridge as 

an illustration. Their results proved that this bridge is sta-

ble in each section. The properties of the steel tube are in 

line with the design requirements, and it provides a refer-

ence for the optimization of CFST long-span arch bridges 

(Xie et al.  2021 ). Lu et al. adopted the dynamic Bayesian 

network (DBN) and particle swarm optimization algorithm 

based on the simulated annealing algorithm technique 

(PSOSA) to assess the engineering of arch bridges. The 

results indicate that the method improves computational 

precision and eff ectiveness (Lu et al.  2021 ). Taking an arch 

bridge in Zhengwan high-speed railway as an example, 

Li et al. studied the arch rib’s durability and strength and 

tower when rotating vertically construction of the steel 

pipe arch rib, and assessed the supports’ level of safety and 

regional materials during construction. Finally, under strict 

numerical analysis and accurate construction monitoring, 

it was successful to fi nish the vertical rotation construc-

tion of the steel tube arch rib of the bridge (Li et al.  2021 ). 

Bing et al. proposed a weight adjustment method based 

on robustness and introduced robustness in the evaluation 

process for unreasonable evaluation of the deck system of 

CFST arch bridges. The results show that this method can 

more objectively refl ect the bridge condition and is in line 

with the needs of bridge maintenance management (Bing 

et al.  2021 ). To comprehend the initial stress’s impact on 

CFST arch bridges’ strength, Huang FY et al. conducted 

experiments using four single-tube arch ribs with diff erent 

starting stress levels. The results showed that the starting 

stress would signifi cantly minimize the maximum bearing 

capacity, and that decrease was signifi cantly related to the 

arch. There is a strong connection between the slenderness 

ratio and the span-to-rise ratio (Huang et al.  2019 ). 

 Since the continuous optimization of computer tech-

nology, fi nite element numerical analysis methods have 

been widely used in many fi elds, including construction 

engineering, petrochemical industry, machinery manufac-

turing, energy industry, biomedicine, etc. Jarrah HR et al. 

performed a thermo-mechanical investigation of polyu-

rethane foam with shape memory (SMPUF) for cerebral 

aneurysm (CA) using fi nite element modeling, and mod-

eled a structural battery assembly examining all degrees of 

deformation details using fi nite element modeling (Jarrah 

et al.  2022 ). Dong J et al. used the FEA method to analyze 

the multi-parameter test of the buckled formwork structure, 

and the structure’s steady bearing capacity inaccuracy was 

less than 6%, indicating that the structure’s stable bearing 

capacity may be precisely simulated by the fi nite element 

method (Dong et al.  2022 ). In accordance with the fi nite 

element model, Suman et al. analyzed the eff ect of thermal 

load mitigation technology on the residual stress distribu-

tion in the welding of 10 mm thick 9Cr-1Mo-V arc steel 

plate. The mitigation in P91 steel weld is eff ective (Suman 

and Biswas  2021 ). Sharma proposed a wind turbine blade 

(1DFEFTB) model according to the FEA method for calcu-

lating aerodynamic loads. The results show that the method 

is effi  cient, fast and accurate for the analysis of actual WTB 

(Sharma et al.  2021 ). Yan et al. proposed an adaptive fi nite 

element numerical simulation algorithm for the DC resis-

tivity of two-dimensional inclined anisotropic structures, 

and the automatic mesh refinement was guided by the 

weighted check error estimation factor. The relative error 

of the numerical solution is within 1%, which signifi cantly 

reduces the error value (Yan and Han  2022 ). The fi nite ele-

ment approach was used by Aa A et al. to determine the 

mechanical damage and the degree of damage of biological 

particles in the process of handling, transportation and stor-

age, and determined the required target particles by simulat-

ing the stress–strain curves of diff erent biomass particles by 

the fi nite element method (Aa et al.  2022 ). 

 From the above research, we are capable to know that 

long-span CFST and fi nite element is relatively abundant, 

and the FEA method involves many fi elds of application, but 

it is less used frequently in the force analysis of long-span 

CFST arch bridges. Therefore, the FEA approach is used in 

the research to construct the long-span CFST arch bridge's 

FEA model, and analyzes the mechanical performance of 

the CFST arch bridge, so as to realize the in-depth under-

standing of the long-span CFST arch bridge, so as to better 
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understand it. Used in the construction and improvement 

of bridges. 

    Model construction of long-span CFST arch 
bridge based on FEA 

   Steel concrete material model based on fi nite 
element 

 First of all, the full names of English abbreviations appear-

ing in the article are shown in Table  1 .  

 FEA divides the solution of the problem into many 

small sub-domains, assuming that each sub-domain has 

its own solution, and then deduces all the solutions to the 

total domain, which constitutes a solution to the problem, 

simplifi sssssed idea to get the target solution (Nguyen and 

Wael  2021 ). The fi nite element material library can provide 

a variety of concrete crack models. The research and selec-

tion of the total strain crack model is a discrete crack model. 

According to the direction of the crack, it can be divided into 

fi xed type and rotating type. The specifi c model is shown 

in Fig.  1 .         

 In the fi nite element software analysis, if the concrete 

has lateral restraint force under compression, the isotropic 

stress will be amplifi er and the concrete structure will be 

more rigid as a result. The factors that aff ect the com-

pressive stress of concrete and its stress changes include 

extreme Stress values and extreme strain values (Shuangxi 

et al.  2021 ). If the structure has cracks along the stress 

vertical direction, the extreme stress value and extreme 

strain value will be reduced, and the specifi c change is 

shown in formula ( 1 ).

       

 In formula ( 1 ),   fcf      represents the extreme stress value, 

  𝜀p     represents the extreme strain value,   𝛽𝜀cr     represents the 

reduction factor of the extreme stress value, represents the 

reduction factor of the   𝛽𝜎cr     extreme strain value,   fp     and   𝛼p     

represents the compression area of the model. The uniaxial 

tensile stress and its strain relationship of the purchased 

model of total strain cracked concrete are shown in for-

mula ( 2 ).

       

 Formula ( 2 ),   ft     represents the tensile strength and the 

  𝜀cr
nn,ult

     ultimate crack strain, which   y(..)     is a functional 

expression of the softening graph of the model. Tensile 

softening is related to the crack width and the energy con-

sumption   Gf      required by the fracture surface. The calcula-

tion method is shown in formula ( 3 ) to express the energy 

consumption required by the fracture surface.

 (1)

{
fp = 𝛽𝜎cr ⋅ fcf

𝛼p = 𝛽𝜀cr ⋅ 𝜀p

 (2)𝜎cr
nn
(𝜀cr

nn
) = ft ⋅ y

(
𝜀cr

nn

𝜀cr
nn,ult

)
  Table 1       Description of English abbreviations  

  Abbreviations    Full English name  

  CFST    Concrete fi lled steel tube  

  Midas    Multi-tier distributed 

applications services  

  FEA    Finite element analysis  

ɛ2

c2 ɛ1

c1

c1ɛ1

τ
τ

Y

X

Y

X

c2ɛ2

(a) Fixed crack model (b) Rotating crack model

  Fig. 1       Rectangular crack model  
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 In formula ( 3 ),   h     refers to the crack width. The calculated 

expression after substituting formula ( 2 ) into formula ( 3 ) is 

shown   Gf      in formula ( 4 ).

       

 In formula ( 4 ), it   ft     is a constant. If the ultimate fracture 

strain is fi nite, the calculation method can be obtained as 

shown in formula ( 5 ).

       

 Equation ( 5 ),   x =
𝜀cr

nn

𝜀cr
nn,ult

     , the ultimate crack strain can be 

used as a fi xed value in the FEA, and the value is aff ected by 

the crack width, fracture energy, tensile strength and the 

characteristic value of the element. The specifi c relationship 

is shown in formula ( 6 ).

       

 In formula ( 6 ),   𝛼     the characteristic of the element is   Gf      

expressed, the   I     tensile fracture energy of the   h     crack is 

expressed, and the crack width is expressed. The fracture 

energy disappears when the total strain cracked concrete 

model's force exceeds the tensile strength or when the defor-

mation is concentrated in a specifi c element (Naghavi and 

Tavakoli  2022 ). In addition to the concrete purchase model, 

the steel model used in the study is in the form of a hard-

ened elastic–plastic model. When the steel is hardened, its 

stress–strain relationship is shown in formula ( 7 ).

       

 In formula ( 7 ),   𝜎y     indicates the steel’s yield stress,   fy     dis-

plays yield strength,   E     refers to elasticity and modulus. This 

type of steel model can support the hardening behavior of 

the steel by the yield stress. 

    Stress analysis of CFST 

 CFST is a building construction material formed by fi ll-

ing concrete into steel tubes. The structure is widely used 

 (3)Gf = h∫
𝜀cr

nn

𝜀cr
nn

𝜎cr
nn
(𝜀cr

nn
)d𝜀cr

nn

 (4)Gf = hft ∫
𝜀cr

nn
=∞

𝜀cr
nn
=0

y

(
𝜀cr

nn

𝜀cr
nn.ult

)
d𝜀cr

nn

 (5)Gf = hft(∫
x=∞

x=0

y(x)dx)𝜀cr
nn,ult

 (6)

⎧⎪⎪⎨⎪⎪⎩
𝜀cr

nn,ult
=

1

𝛼
×

Gf

h ⋅ ft

𝛼 = ∫
x=∞

x=0

y(x)dx

 (7)

⎧⎪⎨⎪⎩
E =

𝜎

𝜀
(0 ≤ 𝜀 < 𝜀y)

E =
𝜎 − fy

𝜀 − 𝜀y

𝜀y ≤ 𝜀 < 𝜀y

because of its good toughness, deformation resistance and 

bearing capacity (Ahmed et al.  2021 ). Concrete-fi lled steel 

tubes are jointly stressed by steel tubes and concrete. The 

restraint eff ect of steel tubes on concrete is expressed by the 

hoop coeffi  cient, as shown in formula ( 8 ).

       

 In formula ( 8 ),   As     represents the steel pipe's cross-sec-

tional area, the cross-sectional area of the   Ac     concrete,   fy     

refl ects the steel's yield strength, the   fck     marked value of 

the concrete axial compression resistance. During the con-

struction of concrete-fi lled steel tube arch bridges, arch ribs 

with hollow steel tubes need to be erected fi rst, and then 

the upper chord, lower chord and concrete in the tube are 

poured according to the established sequence. First, after 

the arch rib is erected, the steel pipe is poured with concrete 

in the fi rst stage according to the weight that the steel pipe 

can bear, and the concrete does not participate in the stress 

at this stage (Ren et al.  2019 ). After the concrete is initially 

solidifi ed and has a certain strength, the second-stage con-

crete pouring is carried out; after the second-stage concrete 

is solidifi ed and has a certain strength, a composite sec-

tion is formed between the upper chord concrete, the lower 

chord concrete and the hollow steel pipe, which are jointly 

responsible for the Concrete weight in the tube. The steel 

pipe needs to bear its own weight before it is poured with 

concrete. At this time, it has a certain stress. After each stage 

of concrete pouring, the stress increases synchronously. The 

upper chord concrete bears the load from the second stage 

and bears the weight of the second and third stage concrete, 

the lower chord tube bears the load from the third stage and 

bears the concrete weight of the third stage, and the concrete 

in the tube does not bear the weight at the end of the third 

stage load (Zhan et al.  2019 ). After the steel tube fi lled with 

concrete is poured, the stress eff ect of concrete in the tube 

will gradually change. The load-axial strain curve of the 

CFST tube under compression is shown in Fig.  2 .         

 The diff erent steel content directly aff ects the stress of 

concrete fi lled steel tube. The pressure of the steel pipe on 

the concrete produces a hoop eff ect, and the bearing capac-

ity is increased by three-way compression. When the curve 

reaches the position of point C in Fig.  2 , the steel pipe con-

crete is in the limit state. At this time, the hoop eff ect value 

of the steel pipe on the concrete is the largest, and the con-

crete The strength reaches the maximum value, which is 

defi ned as   kfyAs     , and its ultimate load is calculated as shown 

in formula ( 9 ).

       

 Formula ( 9 ), it   fck     represents the standard value of 

concrete compressive strength,   fy     indicates the concrete 

 (8)𝜀 =
Asfy

Acfck

 (9)Nu = fck Ac + kfy As + 𝜎s1
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section area's yield strength,   As     represents the steel pipe 

section area’s, and   k     represents the improvement coeffi  -

cient, which is usually calculated by 22.5, which   𝜎s1     refers 

to the longitudinal stress of the steel pipe under the ulti-

mate load state. Steel tube and concrete constitute the 

composite material of concrete fi lled steel tube, and the 

key problem is the treatment of the cross-section problem, 

that is, it is necessary to convert the materials of the two 

structures into the same material that can be replaced (Chu 

et al.  2019 ). According to the cross-sectional characteristic 

value, the stress change of the combined interface is cal-

culated, as shown in Eq. ( 10 ).

       

 Formula ( 10 ),   Ecq     represents the elastic modulus of the 

composite material section,   Acq     represents the composite 

material cross-sectional area,   As     indicates steel pipe cross-

sectional area,   Ac     represents the concrete area of cross-sec-

tional,   Icq     represents the combined section kinetic energy, 

  Is     represents the steel pipe section inertia moment,   Ic     rep-

resents the concrete section inertia moment,   ls     represents 

the steel pipe. The distance from the center of the section 

to the center axis of the composite section indicates the 

distance from the   lc     center of the concrete section to the 

composite section's center axis. The composite material 

CFST will be aff ected by the axial force   N      and moment 

of bending   M     . From equivalent conversion, it is observ-

able that the section of the CFST composite material has 

the same strain from any point on the neutral axis, which 

is defi ned as   𝜀cq     , that is, parallel to the neutral axis. The 

strain of each point on the horizontal line of, is equal, and 

the calculation method of the obtained strain is shown in 

formula ( 11 ).

 (10)Icq = Is + As × l2
s
+

Ec

Es

× Ic +
Ec

Es

× Ac × l2
c

       

 In formula ( 11 ), it   My     represents the bending moment 

from a point on the CFST section to the neutral axis. If the 

point is at the steel pipe section, the stress is calculated as 

shown in Eq. ( 12 ).

       

 If the point is on the concrete section, the stress is cal-

culated as in Eq. ( 13 ).

       

 The composite section of CFST will deform to a certain 

extent infl uence by axial force   N      and bending moment   M     , 

and the internal force is equally distributed to the steel sec-

tion and the concrete section. If the allocated internal force 

acts on the rigid section or the concrete section alone, any 

point will produce The stress–strain is equivalent to the 

stress   N     -strain   M     at this point when acting on the com-

posite section, and the relationship between the internal 

force and stress at the steel pipe section can be obtained 

as shown in formula ( 14 ).

       

 In formula ( 14 ),   Ns     represents the internal force distrib-

uted under the infl uence of the steel’s axial force,   Ms     refers 

to pipe section, and it represents the internal force distrib-

uted by the bending moment of the steel pipe section. The 

connection between the internal force and the concrete's 

stress section is shown in formula ( 15 ).

       

 In formula ( 15 ), it   Nc     represents the internal force dis-

tributed under the axial force's infl uence of the   Mc     concrete 

section, and the internal force distributed under the action 

of the bending moment of the concrete section. The stress 

value at any point of the composite section is obtained by 

formula ( 12 ) and formula ( 13 ), and the distribution force 

can be obtained by substituting formula ( 14 ) and formula 

( 15 )   Ns, Ms, Nc, Mc     . Through analysis, the stress of arch 

bridge is obtained as shown in Fig.  3 .         

 The above fi gure briefl y describes the general stress of 

the long-span concrete fi lled steel tube arch bridge. Fig-

ure  3 a is a brief schematic diagram of the arch bridge, and 

Fig.  3 b shows the external stress of the arch bridge itself 

 (11)𝜀cq =
N

EcqAcq

+
My

EcqIcq

 (12)𝜎s = Es𝜀s = Es𝜀cq =
N

Acq

+
My

Icq

 (13)𝜎c =

(
N

EcqAcq

+
My

EcqIcq

)
× Ec =

Ec

Es

(
N

Acq

+
My

Icq

)

 (14)𝜎s =
Ns

As

+
Msy

Is

 (15)𝜎c =
Nc

Ac

+
Mcy

Ic

N

O

C

B

A

Steel content<4%
Steel content 5%~7%

Steel content>7%

  Fig. 2       Concrete fi lled steel tube   N − 𝜀     curve  
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and the internal force generated by the internal concrete 

fi lled steel tube structure. 

    Construction of fi nite element model of long-span 
CFST arch bridge 

 The erection of long-span CFST arch bridges is mainly 

divided into unsupported construction and supported 

construction. The unsupported construction includes 

cable hoisting method, swivel construction and cantilever 

method (Ahmed et al.  2021 ). The selected arch bridge in 

a certain place adopts the construction method of cable 

hoisting and relies on the construction of the arch bridge 

itself. This method is suitable for the building of long-span 

bridges and is convenient and fl exible (Dai et al.  2020 ). 

During the installation process of cable hoisting, it is nec-

essary to precisely control the force of the cable. Gener-

ally speaking, the fi nal force state of the main cable and 

fi nal installation position of each bow rib are calculated by 

using the forward installation analysis method, and then 

the backward analysis method is used to determine each 

arch. The installation height and lifting height of the seg-

ment are reduced, so as to reduce the diffi  culty of work 

when the arch rib is closed. When the cable is hoisted, it 

is necessary to prepare the basic work of the tower fi rst, 

set the main cable and the prefabricated main arch rib 

section, and then lift the assembled arch rib section to the 

predetermined position, and then hoist from both ends of 

the arch bridge at the same time. The rib axis is adjusted, 

the sling is fi nally removed, and the concrete pouring in 

the arch rib steel pipe is carried out (Li et al.  2022 ). The 

specifi c process is shown in Fig.  4 .         

 The whole bridge model selected for the study has a 

total of 1328 bridge elements and 45 tension elements 

only. The whole bridge is made of Q345q  d  steel with a 

modulus of elasticity of   2.05 × 105MPa     C50, and the steel 

pipe is made of C50 concrete with a modulus of elasticity 

of. The   3.45 × 104MPa     bulk density of the fi lled concrete 

is   25kN∕m3     . Using the FEA program Midas, the fi nite ele-

ment simulation model of the arch bridge is established. 

The model is specifi ed   X     as the longitudinal bridge direc-

tion,   Y      as the transverse bridge direction, and   Z      as the 

vertical bridge direction. In the modeling process, the 

model’s boundary conditions are constrained, and vari-

ous deformations in the construction process are assumed 

and simplifi ed. The constructed arch bridge model is made 

up of arch ribs, suspension rods and bridge deck systems. 

Forces on bridge body

Supporting force of bridge body

(a) Overall stress of bridge

(b) Schematic Diagram of Bridge Stress

  Fig. 3       Schematic diagram of bridge  

Arch bridge 

substructure 

construction

Tie beam 

construction 

and arch foot 

installation

Foundation 

construction of 

arch rib support

Erection and 

preloading of 

steel pipe for arch 

rib support

Symmetrical 

installation of 

arch rib segments

Installation and 

adjustment of 

arch rib closure 

section

Pouring of steel 

pipe concrete

Removal of arch 

rib support

Construction of 

other parts

  Fig. 4       Flow chart of arch rib construction technology  
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     Stress analysis of large-span CFST arch 
bridge based on FEA 

   Performance analysis of fi nite element model 

 When constructing the long-span concrete fi lled steel tube 

model based on FEA, the convergence eff ect of the fi nite 

element model is analyzed fi rst. The commonly used FEA 

software for steel–concrete class includes MidasCivil and 

MidasGen. MidasGen is introduced as a comparison to 

analyze the convergence of MidasCivil. The results are 

shown in Fig.  5 .         

 In Fig.   5 , the abscissa represents the grid division 

density, and the ordinate represents the displacement 

and stress respectively. It shows that the displacement 

and stress results of MidasCivil are better than those of 

MidasGen, and the convergence speed is very fast. From 

Fig.  5 a, MidasCivil converges to a stable state after the 

grid density is   6 × 6     , and the stress result is close to the 

accurate value; MidasGen continues to converge after the 

mesh density reaches   12 × 12     , and the accuracy of stress 

results is always lower than MidasCivil. The convergence 

eff ect of MidasCivil is signifi cantly higher than that of 

MidasGen. From Fig.  5 b, MidasCivil converges to a stable 

state after the grid density is   8 × 8     , and the stress result is 

close to the accurate value; MidasGen tends to stabilize 

after the grid density reaches   11 × 11     . In the displacement 

eff ect, the convergence speed and accuracy of MidasCivil 

are signifi cantly higher than MidasGen. 

    Analysis of arch bridge internal force change 

 Taking a CFST arch bridge with a long span in a certain place 

as an instance, the FEA method employed to analyze the stress 

of diff erent sections of the arch bridge structure at diff erent 

construction stages. The change of the internal tensile strength 

of the arch bridge is manifested as the change of the trans-

verse axial force and the longitudinal moment of bending. The 

change curve of the axial force of diff erent sections is shown 

in Fig.  6 .         

 It is capable to be observed from Fig.  6  that with the con-

tinuous advancement of the construction progress, the axial 

force on each section is constantly increasing, and the increas-

ing trend is basically the same. Among all the experimental 

sections, the axial force at the mid-span is the smallest, and 

the rest are 3/8 section, 1/4 section, and 1/8 section, respec-

tively. The largest axial force is the arch foot position. The 

axial force on the mid-span and the 3/8 section is the clos-

est. The variation of bending moment of diff erent sections is 

shown in Fig.  6 . 

 Figure  7  shows that the whole construction stage, bending 

moment of each section varies between (− 4000–6000) kNm, 

and the bending moment of each section in diff erent construc-

tion stages fl uctuates greatly. Among them, in the stages s7 

to s10, the change of the bending moment of each section 

is relatively small, and from the stage s11, the change of the 

bending moment between each section begins to increase. The 

maximum change in the mid-span occurs between the s12 and 

s13 stages, and the bending moment is the largest, reaching 

− 4500, and the remaining bending moments are basically 

negative; the bending moment at the 3/8 section is in the s7 

to s10 stage, the bending moment value is above 0, bears the 

positive bending moment, in the stage s11 to s19, the bending 

moment is below 0, and the bending moment is negative; the 

bending moment of the 1/4 section and the 1/8 section is above 

0 in the whole construction stage, and the bending moment is 

positive bending. The maximum bending moment at the 1/8 

section appears in the s17 stage, the bending moment value 

is 4200, the 1/4 section has the maximum bending moment 

in the s22 stage, and the bending moment value is 6000; the 

bending moment at the arch foot is in the s10 stage. The larg-

est, reaching 3000, the rest of each section of the arch foot is 

basically below 0, and it is 0 between the s13 and s14 stages, 

and it bears a negative bending moment.         

    Analysis of arch bridge stress change 

 To ensure the accuracy of the model, the stress obtained 

from the FEA is compared with the actual stress value. The 

results are shown in Table  2 .  
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  Fig. 5       Convergence analysis of fi nite element model  
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 From Table   2 , the error range between the predicted 

value and the actual value of the south main beam stress 

is between [0.25–0.35] Mpa; The stress error range of the 

north main beam is between [0.2–0.6] Mpa. The stress error 

rate at the position of the main beam is below 10%, and the 

error between the FEA results and the measured results is 

relatively small. This shows that the reliability and accuracy 

of the FEA calculation are relatively high, which can be 

applied to the simulation calculation of the stress situation 

of the bridge. 

 The stress changes at diff erent sections of long-span con-

crete-fi lled steel tube arch bridge are shown in Fig.  8 .         

 It is capable to be observed from Fig.  8 a that with the 

advancement of the construction stage, the stress on the 

upper edge of the steel pipe generally shows an increasing 

trend, and the upper edge of the steel pipe bears negative 

stress throughout the construction stage. The change trend 

in the mid-span is relatively larger, the minimum stress 

appears between the s13 and s14 stages, and the minimum 

  Fig. 6       Variation trend of axial 

force of each section in diff erent 

construction stages  
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  Table 2       Predicted value and actual value of arch rib stress  

  Section    South main beam    North main beam  

  Predicted 

value (MPa)  

  Actual 

value 

(MPa)  

  Predicted 

value (MPa)  

  Actual 

value 

(Mpa)  

  Arch foot    10.08    9.83    9.75    10.34  

  1/8 section    6.74    6.52    6.98    7.18  

  1/4 section    4.85    5.11    5.06    5.29  

  3/8 section    3.64    3.98    4.31    4.52  

  Midspan    2.01    2.35    2.23    2.51  
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stress value is -2; in the s22 stage, the stress on each section 

reaches the maximum. From Fig.  8 b, with the advancement 

of the construction stage, the stress on the lower edge of the 

steel pipe generally shows an increasing trend, and the lower 

edge of the steel pipe bears negative stress throughout the 

construction stage. Among them, the mid-span showed the 

largest stress change between the s13 and s14 stages, the 

maximum stress at s13 was − 70, and the s14 order stress 

value was signifi cantly reduced to − 40; in each section, 

the maximum stress at the lower edge appeared in the arch 

at the foot, the stress value reaches -90Mpa. On the whole, 

the stress on the arch bridge's upper and lower edges shows 

a phenomenon of ups and downs. This is because the ten-

sion of the suspender will unload the adjacent suspender, 

thus aff ecting the stress of the section. Diff erent pouring 

sequences directly aff ect the formation of cross-sections, 

thus aff ecting the stress of the arch bridge. 

 It is capable to be observed from Table  3  that the growth 

trend of the stress of the arch-ribbed steel pipe under the two 

perfusion sequences is basically the same. The stress on the 

upper and lower edges of the arch rib is exactly the same in 

the s8 stage, but diff erent in the s9–s11 stage, the stress on 

the upper edge of the steel pipe under scheme 1 is less than 

that under scheme 2, and the less stress is in the range of 

(0.01–1.21) MPa; The stress on the lower edge of the steel 

pipe under scheme 1 is also less than that under scheme 2, 

and the less stress is in the range of (0.01–0.71) MPa. On 

the whole, the maximum stress of each section appears in 

the s11 stage, and the steel pipe's strain under construction 

sequence of scheme 1 is less than that of the construction 

of the scheme 2. Therefore, the perfusion method of the 

scheme 2 is more reasonable than the scheme 1.  

    Analysis of arch bridge displacement change 

 The vertical displacement of arch rib of long-span concrete 

fi lled steel tubular arch bridge under test load is shown in 

Fig.  9 .         

 It is capable to be seen from Fig.  9  that the displacement 

of the full bridge varies greatly in diff erent stages. In the s7 

stage, the initial displacement is − 0.5 mm, at the second 

section, the displacement reaches − 3 mm, and at the third 

section, the displacement is 1 mm, the displacement diff er-

ence at the two sections reaches 4 mm. The error between 

the displacement predicted by the fi nite element model and 

the actual value is within 0.1 mm. In the s12 stage, the initial 

  Fig. 8       Stress change of each 

section in diff erent construction 

stages  
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displacement is − 0.5 mm, at the second section, the dis-

placement is − 1.5 mm, at the third section, the displace-

ment is 0.5 mm, and the displacement diff erence at the three 

sections is 2 mm. The error between the actual value and 

the predicted value is within 0.1 mm. In the s17 stage, the 

initial displacement is − 3.9 mm, at the second section, the 

displacement is 0, at the third section, the displacement is 

2.5 mm, and the displacement diff erence at the two sections 

is 3.9 mm and 2.5 mm, respectively. In the s22 stage, the 

initial displacement is − 3.5 mm, at the second section, the 

displacement is − 0.5 mm, at the third section, the displace-

ment is 2.5 mm, and the displacement diff erence at both sec-

tions is 3 mm. In s17 and s22, the error value is small, and 

the coincidence is basically achieved. The variation trend of 

displacement under diff erent perfusion sequences is shown 

in Fig.  10 .         

 In Fig.  10  that comparing the displacement changes of 

the full bridge in the two cases of pouring concrete fi rst and 

dismantling the frame fi rst, it can be found that the trend 

of the displacement change of the arch bridge in the two 

cases is basically the same. When concrete is poured fi rst, 

the displacement from s7 to s9 is 0, and there is no obvious 

  Table 3       Vault displacement under diff erent fi lling sequence  

  Section    Stage    Upper edge of steel pipe    Lowe edge of steel 

pipe  

  Scheme 1    Scheme 2    Scheme 1    Scheme 2  

  1/8    s8    − 7.72    − 7.72    − 9.8    − 9.8  

  s9    − 20.55    − 20.53    − 23.67    − 23.67  

  s10    − 30.76    − 30.41    − 34.37    − 34.56  

  s11    − 38.25    − 38.97    − 29.92    − 30.14  

  1/4    s8    − 9.85    − 9.85    − 6.24    − 6.24  

  s9    − 24.37    − 24.37    − 16.12    − 16.12  

  s10    − 36.09    − 36.24    − 23.68    − 24.31  

  s11    − 32.74    − 32.86    − 28.43    − 29.05  

  3/8    s8    − 10.14    − 10.14    − 5.23    − 5.23  

  s9    − 23.95    − 23.96    − 16.12    − 16.12  

  s10    − 34.95    − 35.44    − 22.25    − 22.26  

  s11    − 25.02    − 25.48    − 31.78    − 32.27  

  Midspan    s8    − 10.15    − 10.15    − 4.98    − 4.98  

  s9    − 23.35    − 23.37    − 14.35    − 14.37  

  s10    − 33.74    − 34.85    − 22.09    − 22.01  

  s11    − 21.35    − 21.97    − 33.51    − 33.87  
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  Fig. 9       Vertical displacement trend of arch rib under test load  
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displacement change at this time. In s10, after the support 

is removed, the arch bridge has a signifi cant downward dis-

placement, and the displacement reaches 15 mm. In s10 to 

s16, the arch bridge has Signifi cant upward displacement 

changes, among which, in the s13 stage, aff ected by the ten-

sion of the boom, the maximum upward displacement is 

20 mm, and then the displacement gradually decreases. In 

the s16 to s22 stages, the arch bridge has a downward dis-

placement, and in the s22 stage, the downward displacement 

reaches a maximum of 30 mm. When the bracket is removed 

fi rst, the downward displacement increases signifi cantly, 

reaching 28 mm in the s10 stage, and the upward displace-

ment changes between the s11 and s13 stages. From the s14 

stage, the downward displacement continues to occur. In the 

s22 stage, the downward displacement reaches a maximum 

of 40 mm. This shows that the downward displacement 

when pouring concrete fi rst is signifi cantly smaller than the 

downward displacement when removing the support fi rst, 

and the maximum displacement diff erence between the two 

cases reaches 10 mm. Therefore, the construction sequence 

of pouring concrete fi rst and then removing the support can 

be signifi cantly reduced the downward displacement change 

of small arch bridges. 

     Conclusion 

 The use of large-span steel tubes fi lled with concrete in the 

construction of arch bridges provides great convenience for 

bridge construction. On the basis of the FEA technique, a 

long-span CFST arch bridge is created using a fi nite ele-

ment model. The mechanical performance of the arch 

bridge in diff erent construction stages is analyzed. The test 

results show that in diff erent construction stages, the bend-

ing moment of each section varies between (− 4000–6000) 

kNm; the infl uence of diff erent concrete pouring sequences 

on the stress of the steel pipe is between (0.01–1.21) MPa; 

the effect on displacement under sequence is between 

(20–40) mm. To sum up, the proposed Midas-based fi nite 

element full bridge analysis can accurately and eff ectively 

simulate the stress condition of each segment of the entire 

bridge’s arch rib, and obtain the exact stress condition of 

each structure. It has a crucial role in the optimization and 

improvement of concrete-fi lled steel tubes with a large-

span arch bridge. This paper has done some research on 

the mechanical characteristics of the arch rib of the whole 

bridge in the construction stage, and there are still some 

problems to be further deepened and improved: Firstly, when 

the fi nite element software is used to simulate the stress of 

the concrete fi lled steel tube arch bridge, the characteristics 

of each section are not taken into account. This is somewhat 

diff erent from the actual situation, and should be improved 

in the follow-up study. Secondly, shrinkage and expansion 

of concrete-fi lled steel tube is common. The infl uence of 

shrinkage and expansion of concrete-fi lled steel tube on the 

internal force, stress and displacement of arch bridge needs 

to be further studied. 
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