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Concrete pouring steel tube arch is a critical part in the construction of a long-span concrete-�lled steel tube arch bridge. With the
adoption of the improved TOPSIS, this study summarized �ve indicators that controlled the concrete-�lled steel tube pouring
sequence. �e indicators include the vertical displacement of the arch rib, lateral o�set of the arch rib, steel tube stress, concrete
stress, and elastic safety factor of the arch rib. Furthermore, a comprehensive objective function-rationalization index was
proposed, based on which a practical evaluation and determination method for pouring scheme of the long-span concrete-�lled
steel tube arch bridge was developed. �e results showed that a pouring sequence with relatively small stress in the arch rib,
advanced alignment, and good stability could be determined using the proposed method.

1. Introduction

In recent 20 years, CFSTarch bridge in China has developed
rapidly. By 2015, more than 400 CFST arch bridges (more
than 50m) have been built in China, of which 54 have a span
of more than 200m, 11 have a span of more than 300m, and
4 have a span of more than 400m in China [1–5]. �e
completion of Hejiang No. 1 bridge marks that the concrete-
�lled steel tubular arch bridge has broken through the 500m
span mark. As an important construction technique for the
concrete-�lled steel tube arch bridge, concrete pouring in a
tube is the �rst problem that has to be solved in order to
make a remarkable improvement in the span of the con-
crete-�lled steel tube arch bridge [6, 7]. According to the
survey, many accidents were caused due to the unreasonable
pouring schemes during the construction of concrete-�lled
steel tube arch bridges [8, 9]. In the �eld of determination of
the optimized pouring sequence, many research works and
studies were carried out. �e study in [10] pointed out that
di�erent construction sequences of the arch bridge had a
signi�cant in¢uence on the stress and stability of the
structure. �erefore, the construction sequence of the arch

bridge should be designed correctly in order to ensure safety
during the construction process. �e study in [11] consid-
ered the time-varying e�ect of the materials in the pouring
process and suggested that the structural displacement and
stress should be considered comprehensively in order to
determine the pouring sequence. �e study in [12] opti-
mized the truss CFST arch bridge pouring sequence using
elastic and elastic-plastic stability safety factors as indicators
in order to meet the stability and safety requirements during
construction. �e study in [13] discussed eight represen-
tative concrete pouring sequences based on the Longbahe
Super Bridge project and proposed that the evaluation of the
pouring sequence should refer to the stress state of the arch
foot section and the displacement state of the arch roof
section. In terms of the evaluation model of the indicators,
the methods proposed by scholars mainly include the
comprehensive index method, analytic hierarchy process,
RSR method, fuzzy comprehensive evaluation method, and
gray system method [14], which is based on the life cycle
assessment method [15]. Each of these methods has its
characteristics, advantages, and disadvantages. Among these
methods, the TOPSIS comprehensive evaluation method is
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used as the decision-making method in the multiobjective
decision-making analysis of limited schemes in the system.
Furthermore, this method is featured a simple calculation,
reasonable results, and flexible application [16–21].,ere are
various drawbacks to employing TOPSIS [22], and at the
same time, in order to avoid the interference of human
subjective factors in the process of index weighting and
strengthen the objectivity of evaluation, this paper selects the
entropy weight method and the improved TOPSIS model for
evaluation. ,e entropy weight method is a method to
determine the index weight by the index to be evaluated.,e
index weight of the scheme is mainly determined by the
entropy weight method according to the influence degree of
the index, and it approaches the most ideal scheme to the
greatest extent according to the variation degree of each
index. Also, it can effectively reflect the information implied
in the data and enhance the difference and resolution of the
index, so as to achieve the purpose of comprehensively
reflecting all kinds of information [23, 24]. With the ap-
plication of the improved TOPSIS method, this study
summarized five indicators that determined the concrete-
filled steel tube pouring sequence, and these include the
vertical displacement and lateral offset of arch rib, steel tube
transient stress, concrete transient stress, and elastic safety
factor. Moreover, this study proposed a comprehensive
objective function of the rationalization index and analyzed
the weight matrices of the five indicators against the
rationalization index based on the evaluation method and
index of “optimal displacement and most favorable stress”
[25]. ,us, the optimized pouring sequence was determined,
which was proved theoretically and validated in practice.
Furthermore, the proposed method could easily determine
the optimized concrete-filled steel tube arch bridge pouring
scheme, thus providing evaluation and selection reference
for concrete pouring sequence optimization.

2. Establishment of the Practical Evaluation
Method for the Pouring Scheme

,e establishment of the practical evaluation method for the
pouring scheme includes the mechanism of TOPSIS and the
establishment procedure. ,ey are briefly discussed.

2.1. Mechanism of TOPSIS. Hwang and Yoon first proposed
the technique for order preference by similarity to an ideal
solution (TOPSIS) in 1981 [26]. Assuming that n objects
need to be evaluated, then the forward matrix formed by m
indicators is shown in equation.

X �

x11 x12 · · · x1m

x21 x22 · · · x2m

⋮ ⋮ ⋱ ⋮

xn1 xn2 · · · xnm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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. (1)

In order to eliminate the influence of dimension, the
standardized matrix is denoted as Z and has elements as
shown in equation.

zij �
xij

����


n
i�1


x
2
ij

. (2)

After standardization, the maximummatrix is defined as
z+ � (max z11,z21, · · · ,zn1 , · · · max z1m,z2m, · · · ,znm ), and
the minimum matrix is defined as z− �

(min z11,z21, · · · ,zn1 , · · · min z1m,z2m, · · · ,znm ). ,en,
there will be the ith object under evaluation i(i � 1,2, · · · ,n),
maximum distance D+

i �
�������������


m
j�1 (Z+

j − zij)
2


, and minimum

distance D−
i �

�������������


m
j�1 (Z−

j − zij)
2


. ,e nonnormalized score

of the ith object is calculated i(i � 1,2, · · · ,n):
Si � D−

i /D
+
i + D−

i . When 0≤Si≤1, the greater the Si value, the
smaller the distance between the evaluation object and the
maximum value.

2.2. Establishment of the Practical Evaluation Method for the
Pouring Scheme. According to the five indicators of the
concrete-filled steel tube pouring sequence, i.e., vertical dis-
placement of arch ribs, lateral offset of arch ribs, steel tube
transient stress, concrete transient stress, and elastic stability
safety factor during the pouring process, initially, the entropy
value of each index is determined. FormatrixZ � (zij)m×n, the
entropy ej of parameter j is given in equation.

ej � −
1

lnm


m

i�1

zij + 10− 4


m
i�1 zij + 10−4

 
· ln

zij + 10−4


m
i�1 zij + 10−4

 
⎛⎝ ⎞⎠.

(3)

,ereafter, the weight ωj of each indicator was deter-
mined according to the variation degree as shown in equation.

ωj �
1 − ej 


n
j�1 1 − ej 

. (4)

In equation (4), ωj ∈ [0, 1] and 
m
j�1 ωj � 1.

,e i(i � 1, 2, · · · , n)th evaluation object and the maxi-
mum distance become D

+

i �
���������������


m
j�1 ωj(Z+

j − zij)
2


, and the

minimum distance becomes D
−

i �
���������������


m
j�1 ωj(Z−

j − zij)
2


.

According to the improved TOPSIS model, the objective
function-rationalization index Si with weight and each in-
dicator has the following form as shown in equation.

Si �
D

−
i

D
+
i + D

−
i

. (5)

3. Practical Calculation Method

According to the above analysis, the optimized pouring
scheme of the concrete-filled steel tube arch bridge is de-
termined only by solving the rationalization index Si of each
scheme. Due to the reasonable chemotaxis of the index
system, the larger the final Si the more reasonable the
perfusion scheme. In order to determine the optimized
solution for each pouring scheme, the calculation steps are
followed as follows:
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(1) �e indicators in¢uencing the pouring sequence of
the concrete-�lled steel tube, such as vertical dis-
placement of arch ribs, lateral o�set of arch ribs, steel
tube stress, concrete stress, and elastic stability safety
factor during perfusion are summarized.

(2) �e number of schemes, n, is determined according
to the permutation and combination rule, and the
�nite element model is established based on di�erent
pouring sequences and di�erent material properties,
geometric characteristics, boundary conditions, and
external load of the concrete-�lled steel tube arch
bridge.�ereafter, each index value in each scheme is
calculated.

(3) �en, a forward Matrix X consisting of n evaluation
objects and m indicators is established.

(4) �e weight ωj of each indicator is determined
according to the variation of each indicator.

(5) �en, the forward Matrix X is standardized in order to
eliminate the in¢uence of di�erent dimensions on the
evaluation results, and the evaluation indexes are
compared under the same dimensional system, based on
the method of zij � xij/

�������
∑ni�1 x2ij
√

to obtain Matrix Z.
(6) �ereafter, the optimized vector D̃+

i and worst vector
D̃
−
i are determined, in which D̃+

i is the maximum
normalization of the same evaluation indicator, and
D̃
−
i is the minimum normalization of the same

evaluation indicator.

(7) Finally, the rationalization index S̃i of each scheme is
solved and ranked, so that the proximity and ranking
of each scheme to the ideal solution is obtained.

�e ¢ow chart for determining the optimized pouring
scheme of the concrete-�lled steel tube arch bridge is pre-
sented in Figure 1.

4. Application of the Practical Method

�e application of the practical method includes that �nite
element modeling, calculation of the results, and analysis of the
obtained results. �ey are discussed in the subsequent sections.

4.1. Introduction of the Project and the Finite Element Model.
As shown in Figure 2, themain span of the concrete-�lled steel
tube arch bridge was taken as 575m, and the main rib was
considered to be a concrete-�lled steel tube truss structure.�e
span was taken as 575m, and the calculated rise-span ratio was
1/4.0. Furthermore, the arch axis coe¦cient was 1.50. �e
radial height of the vault section was taken as 8.5m, and the
radial height of the arch foot section was considered to be
17.0m. Moreover, the rib width was taken as 4.2m. A pair of
ribs located in the upper and lower parts were installed, and
these were considered to be concrete-�lled steel tube strings
with a diameter of 1400mm. �ereafter, C70 concrete was
considered to be poured into the tube. According to [11], there
are 24 pouring sequences, which are shown in Table 1.
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Figure 1: Flow chart of the optimized pouring scheme of the concrete-�lled steel tube arch bridge.
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�e total numbers of nodes and elements of this �nite
element model bridge were 12349 and 24355, respectively.
�e material properties, geometric characteristics, boundary
conditions, and external load are the same as the data in the
design drawings. �e entire bridge was considered to be
symmetrical. �e inner tube was considered to have C70
concrete with a unit weight of 25 kN/m3 and an elastic
modulus of 3.7×104MPa. �e outer part of the arch foot
section adopted C30 concrete, with a unit weight of 24 kN/
m3 and an elastic modulus of 3.0×104MPa. �e beam el-
ement was used to simulate the arch rib chord, and the
double-elements method was employed to simulate the
process of concrete pouring. As for the boundary conditions,
the ends of the abutment and tower were �xed. Furthermore,
the beam element load was applied to the corresponding
position of the concrete that had not yet formed strength.
After the concrete was poured, the passivation beam element
load was activated by the concrete element at the same time.
�e �nite element model is shown in Figure 3.

4.2. Calculation Process and Results. During analysis, 24
pouring sequence schemes were determined according to
the permutation and combination rules. Based on di�erent
pouring sequences, as well as material properties, geometric
characteristics, boundary conditions, and external load in-
formation of the concrete-�lled steel tube arch bridge, a

�nite element model was established, and the corresponding
index values of 24 schemes were calculated. �e initial
quantized value of the index is shown in Table 2.

Finally, Matrix X was obtained and forwarded to obtain
Matrix Z.

Main chord

tube

Transverse

coupling

700
Vertical web

member

Top
chord

700 1400

Oblique web
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62
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3

Figure 2: Cross-section of the arch rib.

Table 1: 24 pouring schemes.

Scheme Pouring sequence Scheme Pouring sequence Scheme Pouring sequence Scheme Pouring sequence
1 1-2-3-4 7 2-1-4-3 13 3-4-1-2 19 4-3-2-1
2 1-2-4-3 8 2-1-3-4 14 3-4-2-1 20 4-3-1-2
3 1-3-2-4 9 2-4-1-3 15 3-1-4-2 21 4-2-3-1
4 1-3-4-2 10 2-4-3-1 16 3-1-2-4 22 4-2-1-3
5 1-4-2-3 11 2-3-1-4 17 3-2-4-1 23 4-1-3-2
6 1-4-3-2 12 2-3-4-1 18 3-2-1-4 24 4-1-2-3

Wind cable
Buckle rope

Arch ribTower

Figure 3: Finite element model of concrete pouring.

Table 2: Initial quantization value indicator.

Scheme

Transient
stress of
steel tube
(MPa)

Transient
stress of
concrete
(MPa)

Lateral
o�set
(mm)

Maximum
vertical

displacement
(mm)

Stability
factor

1 −145 3 0 -458 12
2 −153 3 −7 −457 12
3 −146 3 −6 −467 12
4 −147 3 −7 −472 12
5 −153 4 −4 −468 12
6 −152 3 −2 −466 12
7 −148 3 −2 −472 11
8 −153 3 0 −471 11
9 −180 3 −12 −569 11
10 −165 4 −11 −542 11
11 −154 3 −11 −454 11
12 −153 3 −12 −455 11
13 −147 3 −9 −471 11
14 −146 3 −3 −462 11
15 −155 3 −7 −457 11
16 −152 3 −10 −463 11
17 −153 3 −6 −465 11
18 −153 4 −6 −465 11
19 −157 3 −65 −473 11
20 −148 3 −60 −463 11
21 −155 3 −66 −466 11
22 −156 3 −66 −474 11
23 −152 3 −59 −456 11
24 −152 3 −59 −456 11
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X �

−145 1 0 −458 12

−153 1 −7 −457 12

−146 1 −6 −467 12

−147 1 −7 −472 12

−153 0 −4 −468 12

−152 1 −2 −466 12

−148 1 −2 −472 11

−153 1 0 −471 11

−180 1 −12 −569 11

−165 0 −11 −542 11

−154 1 −11 −454 11

−153 1 −12 −455 11

−147 1 −9 −471 11

−146 1 −3 −462 11

−155 1 −7 −457 11

−152 1 −10 −463 11

−153 1 −6 −465 11

−153 0 −6 −465 11

−157 1 −65 −473 11

−148 1 −60 −463 11

−155 1 −66 −466 11

−156 1 −66 −474 11

−152 1 −59 −456 11

−152 1 −59 −456 11

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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,

Z �

−0.1931 0.2182 0.0000 −0.1979 0.2176

−0.2037 0.2182 −0.0447 −0.1974 0.2176

−0.1944 0.2182 −0.0383 −0.2018 0.2176

−0.1958 0.2182 −0.0447 −0.2039 0.2176

−0.2037 0.0000 −0.0256 −0.2022 0.2176

−0.2024 0.2182 −0.0128 −0.2013 0.2176

−0.1971 0.2182 −0.0128 −0.2039 0.1994

−0.2037 0.2182 0.0000 −0.2035 0.1994

−0.2397 0.2182 −0.0767 −0.2458 0.1994

−0.2197 0.0000 −0.0703 −0.2342 0.1994

−0.2051 0.2182 −0.0703 −0.1961 0.1994

−0.2037 0.2182 −0.0767 −0.1966 0.1994

−0.1958 0.2182 −0.0575 −0.2035 0.1994

−0.1944 0.2182 −0.0192 −0.1996 0.1994

−0.2064 0.2182 −0.0447 −0.1974 0.1994

−0.2024 0.2182 −0.0639 −0.2000 0.1994

−0.2037 0.2182 −0.0383 −0.2009 0.1994

−0.2037 0.0000 −0.0383 −0.2009 0.1994

−0.2091 0.2182 −0.4153 −0.2043 0.1994

−0.1971 0.2182 −0.3833 −0.2000 0.1994

−0.2064 0.2182 −0.4217 −0.2013 0.1994

−0.2077 0.2182 −0.4217 −0.2048 0.1994

−0.2024 0.2182 −0.3770 −0.1970 0.1994

−0.2024 0.2182 −0.3770 −0.1970 0.1994
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.

(6)

According to Step (6), the optimized vector D
+

i and the
worst vector D

−

i , as well as the rationalization index Si and
significance sort of each scheme, are determined as shown.

Si �

0.0565

0.0547

0.0542

0.0539

0.0536

0.0522

0.0516

0.0514

0.0513

0.0509

0.0497

0.0489

0.0482

0.0475

0.0452

0.0366

0.0360

0.0340

0.0215

0.0215

0.0213

0.0199

0.0197

0.0197
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D
+

i �

0.00

0.02

0.02
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0.10

0.01
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0.01

0.04

0.11
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0.01

0.02

0.03
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D̃
−
i �

0.20

0.18

0.19
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0.19
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,

S̃i �
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,

Sort �

1
6
8
7
14
3
17
4
2
15
13
16
11
12
9
5
18
10
23
24
20
19
21
22





. (7)

4.3. Analysis of Calculation Results. Furthermore, the ob-
tained results were analyzed. �e rationalization index S̃i in
each scheme was solved and then ranked, as shown in
Figure 4.
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Figure 4: Rationalization indexes in di�erent pouring schemes.
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From Figure 4, it is observed that the improved TOPSIS
model is more rational as it considers the weights of different
indicators. Furthermore, among all the pouring schemes,
Scheme 1 results in the maximized rationalization index
(0.0561). In other words, when Scheme 1 was adopted, both
the stress and deformation of the arch rib were small, in-
dicating good stability of the structure. ,en, it is also found
that when the lower quarter was constructed initially and
then followed by the construction of the inner part based on
the rationalization indexes of these 24 schemes, it resulted in
a relatively large rationalization index.,erefore, in practice,
the method of “first lower quarter and then upper quarter,
first inner part and then outer part” is the most effective
pouring scheme. Concrete-filled steel tubular (CFST)
method is a key procedure in the construction of the whole
bridge. ,e perfusion schemes obtained by comparing
various evaluation methods are shown in Table 3.

,e study in [25] only takes the minimum displacement
and the minimum stress value as the only evaluation criteria,
and other indicators are not considered in the scheme. In
addition, in order to overcome many disadvantages of the
TOPSIS method, various factors should be considered.
,erefore, the method in this paper is adopted, and scheme 1
is comprehensively selected for grouting. ,e schematic
diagram of on-site concrete pouring is shown in Figure 5.

5. Conclusions

During the pouring process of long-span concrete-filled steel
tubes, the distributions of load and stiffness on the structures
are constantly changing. In addition to meeting the safety
requirements during the construction stage, attention
should be paid to the stability of these structures. Hence,
various indicators had to be taken into consideration in the

design and optimized pouring scheme. Based on the im-
proved TOPSIS model, the evaluation and determination
method of the concrete pouring sequence scheme that was
proposed in this study was featured with a simple calcula-
tion, wide applicability, and fast selection of the arch rib
structure with smaller stress and better linear shape. ,is
pouring sequence with good stability and practical appli-
cation could provide a reference for the construction control
and optimization design of the same type of long-span
concrete-filled steel tube arch bridges.
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