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ABSTRACT

When the upper chord beam of the beam-string structure (BSS) is made of concrete-filled steel tube (CFST), its
overall stiffness will change greatly with the construction of concrete placement, which will have an impact on the
design of the tensioning plans and selection of control measures for the BSS. In order to accurately obtain the
bending stiffness of CFST beam and clarify its impact on the mechanical properties of composite BSS during con-
struction, the influence of some factors such as height-width ratio, wall thickness of steel tube, elasticity modulus
of concrete, and friction coefficient on the bending stiffness are analyzed parametrically by the numerical simula-
tion technology based on an actual project. The calculation formula of the equivalent bending stiffness of CFST is
also established through mathematical statistical simulation. Then, the equivalent bending stiffness is introduced
into the construction and use stages of the composite BSS, respectively, and the mechanical properties such as
prestress-tensioning control value, structural deformation, and internal force of key members are comparatively
analyzed when adopting two different construction plans. Moreover, the optimal construction plan of concrete
placement first and then prestress-tensioning is proposed.
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1 Introduction

In recent years, the composite structure of concrete-filled steel tube (CFST) has been applied to the upper
chord beam of some beam-string structure (BSS) due to its good stiffness and stability, such as Shenyang
International Exhibition Center and Shanghai Yuanshen Gymnasium [1]. It is known that BSS is a
structure that the upper compression-flexure members are connected with the lower tension members by
struts, and the upper structure will develop a camber when the lower cables are tensioned, which results
in the reduction of the final deflection under loads and the improvement of the mechanical performance
of the structure. At this time, the CFST is mainly subjected to bending, which is completely different
from the compression that CFST columns commonly bear in engineering. Therefore, in order to
accurately analyze the mechanical properties of the composite BSS, it is necessary to accurately grasp the
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bending performance of the upper chord beam of the steel and concrete composite BSS. However, previous
studies on CFST mainly focus on its axial compression. For example, Contento et al. analyze the axial load
capacity of CFST columns using a probabilistic model and establishes a physics-based probabilistic model,
which incorporates deterministic components, probabilistic correction terms, and correction models for the
effects of load eccentricity and deboning [2]. Yu et al. [3] propose the irregular-shaped CFST columns,
analyze their buckling, fracture, and hysteretic performance under axial compression and cyclic lateral
loads through testing, and establish a finite element model to study the impact of different parameters on
the seismic performance. He et al. [4] investigate the axial compressive behavior of CFST columns,
analyze influencing factors through testing of 10 samples, establish a finite element model for
verification, and discuss the impact of load distribution and longitudinal reinforcement ratio on the
ultimate load, in order to evaluate the accuracy and applicability of five prediction methods. Zhang et al.
[5,6] analyze the axial compression behavior of concrete-filled wide rectangular steel tubular (CFWRST)
stub columns and the stability of multi-cellular L-shaped CFST columns with finite element models for
simulation and verification and provide solutions for the width-thickness ratio and ultimate axial load of
CFWRST stub columns. Yang et al. [7] use ABAQUS software to analyze key parameters that affect the
axial and eccentric compression capacity of cross-shaped CFST columns and propose practical design
equations based on the experimental data, which provides an effective method for determining their
maximum load capacity. And Wu et al. [8] investigate the performance of square CFST columns under
reverse cyclic lateral loads with finite element models. In terms of the bending performance, Ji et al. [9]
analyze the bending stiffness formulas applicable to steel tube recycled concrete columns under different
eccentric loads, and suggest the use of Han’s formula for small eccentricities and AJJ (1997)’s formula
for large eccentricities by comparing the formulas of various specifications with experimental data. Al
Zand et al. [10] propose a new method for predicting the moment capacity and bending stiffness of CFST
composite beams. Li et al. [11] obtain the moment-curvature curve of CFST under pure bending based on
the finite strip method, obtaining the bending performance. Wang et al. [12] analyze an experimental
study on the bending performance of five concrete-encased square steel tube truss (SSTT) beams, etc.
Due to the significant impact of the cross-sectional shape of CFST on its bending performance, some
scholars, such as Yang et al. [13] and Bogahawaththa et al. [14], also conduct researches on the bending
performance of circular CFST beams and find that circular CFST beams have better energy dissipation
and stiffness degradation capabilities compared to rectangular CFST beams, which shows better ductility
and stability.

In terms of the calculation method for the bending stiffness of CFST, scholars at home and abroad have
generally recognized that the bending stiffness of CFST is influenced by a variety of complex factors. Hu
et al. [15] derive the calculation formulas for the effective bending stiffness and shear stiffness of CFST
beams based on the perfect bond assumption. Hu et al. [16,17] also analyze the bending performance of
CFST truss composite beams through experiments and analysis, establish and verify a finite element
model, and propose a simplified prediction method for bending stiffness. Based on the general
superposition method for concrete-filled rectangular steel tube components, He [18] analyze the bending
internal force pattern of concrete-filled rectangular steel tubes, and a formula for the bending stiffness
under the ultimate state was proposed. Yang et al. [19] establish a calculation formula for the bending
stiffness of rectangular high-strength steel tube constrained beams during the use phase. Al Zand et al.
[10,20] study the bending behavior of CFST and develop a new analysis method through static bending
tests and finite element simulation to accurately predict the moment capacity and bending stiffness of
CFST beams. It can be seen that scholars have proposed corresponding calculation formulas or prediction
methods through various means such as experiments, numerical simulations, and analytical derivation. In
particular, Lu [21] summarizes the calculation formulas for the bending stiffness of CFST members in
various national specifications through comparative analysis and finds that each formula is different with
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its own applicability. Therefore, the relevant formulas cannot be directly applied in actual engineering
projects.

Since the upper chord CFST beam will undergo a process from an empty steel tube to a CFST composite
member during the construction process, the stiffness of the composite BSS will change. In particular, the
timing when the stiffness of the upper chord beam changes during the construction process will have an
impact on the key link of prestress-tensioning construction, and will also influence the safety of the
construction time-varying structure. Therefore, in order to ensure the safety of the construction process of
the composite BSS, and to clarify the mechanical properties of the structure during the usage stage,
considering the lack of a unified method for calculating the bending stiffness of CFST, this paper first
establishes a calculation method for bending stiffness that takes into account the multi-parameter
variations of CFST based on the physical meaning of bending stiffness. Then, it is introduced into the
mechanical performance analysis of the construction process and use stage of the composite BSS, in
order to figure out the timing of the stiffness change of the upper chord beam, that is, the timing of
concrete placement, which is an important construction control point.

2 Bending Stiffness Calculation of Concrete-Filled Steel Tube Beam

2.1 Project Overview

The roof of Hall 1 in Yellow River Delta Agricultural Products Trading Service Center is composed of 8
composite BSSs arranged longitudinally, as shown in Fig. 1. The span of each composite BSS is 6 + 63 +
12 m, of which the BSS has a mid-span of 63 m and cantilevers of 6 and 12 m on two sides, respectively. The
upper chord beam of the BSS adopts a CSFT composite structure. The cross-section sizes of the outer steel
tubes are 0600 mm x 400 mm X 18 mm and 0600 mm x 400 mm x 20 mm, and C30 concrete is filled inside.
The lower cable-supported system is made of struts with the size of ¢203 x 10, and high vanadium cables
with a diameter of 98 mm. The prestress design value of every BSS is 800 kN.

] ) filled steel tube
cantilever end main span cantilever end

6000 63000 | 6000] 6000 | T

LS7 —

400

1-1 cutaway drawing

Figure 1: Yellow river delta agricultural products trading service center (Unit: mm)
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Prestress-tensioning is a key link in the construction process of BSS. In particular, when the upper chord
beam is a composite beam, its bending stiffness will change greatly before and after concrete placement.
Whether the cables are tensioned before or after concrete placement, it will have an impact on the
prestress-tensioning control value and the mechanical properties of the overall structure during use.
Therefore, to ensure the safety and rationality of the construction process of composite BSS, the bending
stiffness of CFST should be first accurately calculated, and then the entire tensioning construction process
of the composite BSS should be tracked, and the prestress-tensioning control values and mechanical
properties of the overall structure when concrete is placed at different times should be compared and
analyzed to formulate a reasonable construction plan.

2.2 Calculation Method

Bending stiffness is the ability of a flexural member to resist bending deformation. Its value and
distribution are directly related to the flexural deformation of the beam under bending moment. Taking
the simply supported beam shown in Fig. 2 as an example, the axis ACB of the straight beam changes
into a curve 4CB under the action of bending moment. Any point C(x, 0) on the axis ACB produces a
flexural displacement w(x) in the direction of y. At the same time, the section where point C(x, 0) is
located will produce an angular displacement 6(x). If it is specified that w is positive downward and 6 is
positive clockwise, 8(x) = w’(x) since 6 is a small deformation. According to the basic principles of
material mechanics, the curvature x of the neutral layer of an elastically an equivalent straight beam
under the action of pure bending moment can be expressed as Eq. (1).

1 M(x)

"= T E

(M

__6(Rotation)

é o (Deflection)
C,
Figure 2: Deflection curve of a simply supported beam

In the formula, p is the curvature radius of the deflection line, M is the bending moment, and £/ is the
bending stiffness of the equivalent straight beam.

Combined with the commonly used engineering dimensions, the span / of a beam is often greater than
10 times the cross-sectional height. At this time, the effect of shear force on w is very small, and it can be
approximated according to Eq. (1).

It can be known from geometry that the curvature x can be expressed as Eq. (2):

w//

lx) = (1+ w’2)3/2

2
When substituting Eq. (2) into Eq. (1), the calculation formula for the bending stiffness of the equivalent

straight beam is obtained, as shown in Eq. (3).
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Since the deflection curve of a equivalent straight beam under the action of pure bending moment is
continuous flat and smooth, w? in Eq. (3) can be ignored, so the bending stiffness EI of the equivalent
straight beam can be calculated according to Eq. (4).
M(x)

(D”

El = 4

The core of the above calculation process is to establish the relationship between the bending moment M
and the deflection deformation w of the equivalent straight beam. Therefore, the unified-theory of CFST can
be used for reference, and the composite beam can be regarded as a homogeneous section, then the equivalent
bending stiffness (£7).q will be calculated through its ability to resist bending deformation.

2.3 Finite Element Calculation of Bending Stiffness of Concrete-Filled Steel Tube Beam

To calculate the bending stiffness quickly, and analyze quantitatively the influence of section size, and
contact interface between steel tube and concrete, etc., on the stiffness, the finite element software ANSYS is
used to establish a refined numerical model of simply supported CFST beam. Then its deflection curve under
the action of pure bending moment is calculated, followed by the (£1).q being obtained according to Eq. (4),
which lays the foundation for the analysis of the overall structure.

2.3.1 Finite Element Model

According to the section size of the upper chord beam, a simply supported CFST beam is established,
and the concentrated force F is applied at the three dividing point of the beam to ensure that the mid-span is
under pure bending moment. In order to examine the impact of the interface relationship between steel and
concrete on the bending stiffness, the Shell181 element is used to simulate the Q235 outer steel tube, the
Solid65 element is used to simulate the internal concrete, and the Contatl 74 and Target170 elements are
used to simulate the bond-slip performance between the steel tube and concrete. The mapping method is
adopted in grid meshing, the mesh size is set to 100 mm uniformly, and the finite element model of
simply supported CFST beam is established as shown in Fig. 3. Moreover, the span of the beam is taken
as L =9 m, and the Uy, U, and U, of the bottom of the leftmost section, and the Uy and U, of the bottom
of the rightmost section are both constrained at the same time. In terms of material properties, the outer
steel tube is in the bilinear ideal elastic-plastic constitutive model of steel whose yield strength is set to
235 N/mm? and the innerfilled concrete is in the classic bond-slip constitutive model of
C30~C70 concrete in different samples whose compressive strength varies from 20.1 to 44.5 N/mm?, and
tensile strength varies from 2.01 to 3.0 N/mm? [22]. The contact relationship between the steel tube and
concrete is defined as “hard” contact in the normal direction, and the Coulomb friction model is used in
the tangential direction [23]. The friction coefficient 2 = 0.5 is assumed in the preliminary calculation.

2.3.2 Verification of Finite Element Simulation Method

In order to verify the effectiveness of the finite element model establishment method, the finite element
modeling method of this paper is verified using the test model parameters described in reference [24]. As
shown in Fig. 4, the section size of the external steel tube of the test model is 0220 mm x 220 mm
x 4 mm, made of Q235 steel, with specific material properties shown in Table 1. The steel tube is filled
with C30 concrete, and a four-point loading method is adopted in the test loading, measuring the vertical
displacement at the mid-span, three-point, and support positions during the test.

According to the method similar to Section 2.3.1, the finite element model of the test model is
established, with the material properties of the steel tube and concrete being completely the same as the
test model. The interface friction coefficient between the steel tube and concrete is taken as 4 = 0.3, the
Shell181 element is used to simulate the Q235 outer steel tube, and the Solid65 element is used to
simulate the internal concrete, the rest of the supports and loads are set according to the test conditions.
The established finite element model is shown in Fig. 5.
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Figure 4: Sample loading schematic diagram (Unit: mm)

Table 1: Property table of external steel tube

Standard grade of Elastic modulus E. Yield strength f; Ultimate strength f; Poisson
steel (N/mm?) (N/mm?) (N/mm?) ratio v

Q235 2.05 x 10° 293.8 371.6 0.283

Based on the calculation results, the load-displacement curve of the rectangular CFST beam is firstly
drawn to compare with the experimental results in reference [24], as shown in Fig. 6. It can be observed
that the finite element calculation results of this paper are very close to both the test curve and the
simulation curve from reference [24], with the maximum error from the test curve being only 5%.
Furthermore, the test sample had already failed at this point, with the failure location being the bottom
tensile region. The finite element calculation results show that although stress concentration occurred at
the loading points, as shown in Fig. 7, the maximum equivalent stress in this area has reached
371.6 N/mm?, which is the material ultimate tensile strength, and other areas in the bottom tensile region
are also close to the ultimate load. It can be seen that the experimental results are also very close to the
finite element calculation results, indicating that the finite element modeling method used in this paper
has a certain degree of reliability.
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Figure 5: Finite-element modeling
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Figure 6: Bending moment-displacement curve diagram

2.3.3 Calculation Process of (El).,

173

In order to accurately obtain the bending stiffness of the CFST during the construction and use stages,
the deflection curves of the composite beam under different P are sequentially drawn by tracking the bending
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process of the composite beam, and the corresponding equivalent stiffness (£/).q is calculated according to
Eq. (4), and its changing curve with P is drawn too, as shown in Fig. 8.

ANSYS
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Figure 7: Results comparison diagram
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Figure 8: Relation between bending stiffness and force

The curve in Fig. 8 can be divided into 3 stages: When P < 12 kN, the (£7).q of the composite beam is the
largest and remains unchanged briefly; When P exceeds about 12 kN, (EI).q drops sharply, and then tends to
be stable, which can be defined as the elastic stage; When P exceeds about 190 kN, the bending stiffness will
show a nonlinear downward trend with the load, and the composite beam enters the plastic stage.
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When P = 12 kN, the stress calculation results of the composite beam along the axial direction are
extracted. It can be seen that the stress at the bottom of the concrete at this time is 1.77 N/mm?, and the
concrete has not cracked yet. When P = 190 kN, the concrete cracking height has expanded to
316.84 mm from the bottom. When 12 kN < P < 190 kN, although the concrete cracking height
gradually increases, due to the circumferential hoop of the steel tube, there is still a large bite force and
friction force between the cracked concrete interfaces, thus maintaining stable resistance to shear
deformation, and its bending stiffness also remains stable.

In actual projects, BSS mainly bear the structure’s self-weight during the construction stage and mainly
bear the self-weight and live load of the roof during the use stage. The calculated maximum bending
moments in the two stages are M, = 112.5 kN'm and M, = 112.5 kN'm, respectively, and the
corresponding concentrated loads are P, = 75 kN and P, = 107 kN. Obviously, P. and P}, are both less
than the aforementioned 190 kN and greater than the cracking load of 12 kN, which shows they are both
in the elastic stage. Therefore, any deflection curve at these stages can be used to solve the subsequent
calculation of the bending stiffness of the composite beam.

3 Parametric Analysis of Bending Stiffness

3.1 Expression form of Bending Stiffness of CFST Beams

The expression forms of the bending stiffness of CFST are mainly based on the superposition theory, that
is, the stiffness of the steel tube and concrete is calculated, respectively, and then the reduction coefficient of
concrete stiffness a is introduced to obtain the total bending stiffness of the composite section, as shown in
Eq. (5). Based on this form, this paper conducts a parametric analysis of the bending stiffness and reduction
coefficient a of CFST beams.

El,, = E Iy + oE.I. (5)
In the above formula, E; and E, are the elastic modulus of steel tube and concrete, respectively; /s and 1.
are the inertial moments of steel tube and concrete, respectively.

The values of « in various countries are not uniform with great differences, such as, the a in A1J (1997) is
0.2,1in BS5400 (1979) is 1.0, in EC4 (1994) is 0.6, in AISC-LRFD (1999) is 0.8. As for a, scholars have also
reached a consensus that it is related to the bonding effect between steel tube and concrete. Therefore, in
order to establish a calculation method for the bending stiffness (£l).q of CFST, a parametric analysis of
a is first conducted.

Table 2: Different influencing factors

Factor

h/b #/(mm) E./(x10* N-mm?) u
1 1.0 8 3.0 0
2 1.5 12 3.25 0.25
3 2.0 16 345 0.5
4 2.5 20 3.6 0.75
5 3.0 24 3.7 1.0
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3.2 Sensitivity Analysis of Parameters

3.2.1 Sample Design

In order to quantify the influence of various factors on the bending stiffness of CFST beams, the
orthogonal test idea is used to design samples [25-27], and the factor levels are designed as shown in
Table 2. Among them, u is generally 0.2~0.6, for convenience of comparison, its value range is expanded
as 0~1.0.

Each factor in Table 1 is set at 5 levels. According to the orthogonal test, the 4-factor and 5-level
simulation test only needs to carry out for 25 times to analyze the influence of each factor on the bending
stiffness. Table 3 shows the details of the samples.

Table 3: Samples

Group No. h/b #/(mm) E. /(x10* N'-mm ?) u M/(kN-m)
1 1 8 3 0 46
2 1 12 3.45 0.75 46
3 1 16 3.7 0.25 45
4 1 20 3.25 1 46
5 1 24 3.6 0.5 46
6 1.5 8 3.7 0.75 46
7 1.5 12 3.25 0.25 46
8 1.5 16 3.6 1 46
9 1.5 20 3 0.5 92
10 1.5 24 3.45 0 92
11 2 8 3.6 0.25 92
12 2 12 3 1 92
13 2 16 3.45 0.5 92
14 2 20 3.7 0 92
15 2 24 3.25 0.75 92
16 2.5 8 3.45 1 92
17 2.5 12 3.7 0.5 92
18 25 16 3.25 0 92
19 25 20 3.6 0.75 138
20 25 24 3 0.25 138
21 3 8 3.25 0.5 138
22 3 12 3.6 0 138
23 3 16 3 0.75 138
24 3 20 3.45 0.25 138
25 3 24 3.7 1 184

Note: The calculation of the test load M is based on the bending moment when the concrete has cracked, and it is in the elastic stage through the load-
displacement curve.
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3.2.2 Sensitivity Analysis

According to Table 3, refined numerical models of 25 groups of rectangular CFST beams are
established. After calculating the (E7).q of each group according to the method in Section 2.2, the o of
each group can be obtained according to Eq. (5). Fig. 9 shows the a distribution of the 25 groups of
samples, it can be seen that the reduction coefficient a of all the models are all greater than 0, which
indicates that the core concrete contributes to the bending stiffness to varying degrees. Among them, the
o in group 6 is the largest, which is 0.483, and the o in group 10 is the smallest, which is 0.045; The
average a of the 25 groups is 0.192, which is also closer to 0.2 in the specification AJJ (1999).

0.5
0.483
§0.432
04 m0.387
5 m0.338 0347
g 03
'*E m0.26 0.242
-% 0238
§ 021 mo.188 0176
= 0.122 0.134 L 1 o144
0.008 ® %0 131 0,09.8 " m0.124
O a0l mpom 0129
‘oo Looss 0,066
0.0 1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25
group number
Figure 9: Distribution of a
Table 4: Range analysis
Item Level hib t/(mm) EJ/(x10* N'-mm %) U
K 1 0.542 1.213 0.961 0.588
2 0.899 0.624 0.927 0.949
3 0.911 0.826 0.848 0.662
4 0.900 0.929 0.742 1.426
5 1.548 1.208 1.322 1.178
Kave 1 0.108 0.243 0.192 0.118
2 0.180 0.125 0.185 0.190
3 0.182 0.165 0.170 0.132
4 0.180 0.186 0.148 0.285
5 0.310 0.242 0.264 0.236

(Continued)
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Table 4 (continued)

Item Level h/b t/(mm) EJ/(x10* N-mm?) 7
Best level 5 1 5 4

R 0.201 0.118 0.116 0.167
Number of levels 5 5 5 5

r 5.0 5.0 5.0 5.0

Note: K-Summation of data at a certain level of a certain factor; K, value-The average value of the corresponding K value; The best level-The level
number corresponding to the best K, value at a certain factor; R-Range value; Level number-The level number of a factor; 7-The average number of
trial repetitions at the level.

Range analysis is an intuitive and clear analysis method for sensitivity analysis. The evaluation standard
relies on the range value R. Range analysis is performed on 25 groups of models. The calculation results are
shown in Table 4. Combined with the comparison of R values, it can be seen that 4/b is the biggest factor,
followed by x4, then ¢ and E,, that is, /b > u >t > E..

In addition, according to the K, calculation results in Table 3, the optimal level of each factor can be
obtained. Specifically, /b is optimal at the 5th level, ¢ is optimal at the 1st level, £, is optimal at the 5th level,
and u is optimal at the 4th level.

In order to verify the validity of the orthogonal design experiment and range analysis in evaluating the
sensitivity of the parameters, we further apply the Morris method to calculate the sensitivity index and rank
the parameters according to the influence of these indices on the parameters. Fig. 10 shows the results of the
analysis, which agree with the parameter sensitivity ranking obtained through orthogonal design experiments
and range analysis, i/b > u >t > E.. The results demonstrate that our parametric sensitivity analysis method
based on the principle of orthogonal experimental design is appropriate.

0.25

e o
= )
» S

Mean of Elementary Effects
o
=

0.05
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Figure 10: Morris method parameter sensitivity analysis results
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3.3 Calculation of a
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The aforementioned analysis has obtained the influence of factors such as 4/b, t, E., and x4 on a.
However, in order to calculate the specific value of a based on each factor, the quantitative relationship
between o and each single factor should also be clarified. To this end, based on the calculation results in
Section 3.2, taking the optimal levels of each factor as the benchmark, that is, /b = 3, t = 8 mm,
E, = 3.7 x 10* N/mm? u = 0.5, the changing rule of « is recalculated when a single factor changes.
Taking the A4/b as an example, five sets of models are re-established to ensure that the ¢, E., and x of each
model are at the aforementioned optimal levels, and the A/b is taken as 1.0, 1.5, 2.0, 2.5, and 3.0,
respectively. The calculated curve of a with A/b is shown in Fig. 11. With the same method, when the
remaining factors are calculated to be at optimal levels, the variation curves of a with single factors such
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as t, E., and u are shown in Figs. 12—14, respectively. From Figs. 11—14, the relationship between a and /4/b, t,
E., and u is obtained by the methods of mathematical statistics, as shown in Egs. (6) to (9), respectively.

o =0.194 — 0.827 x 0.151"/ (6)
o = 0.004¢ + 0.148 (7)
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o = 0.150E, — 0.368 (8)
o= —0.199(u)* + 0.374(u) + 0.025 9)

With Egs. (6) to (9), multiple nonlinear regression analysis methods are used to fit the data point curve
formed by each factor. Thus, the multivariate fitting relationship between a and 4/b, ¢, E., u, and other factors
is obtained, as shown in Eq. (10).

o= —0.827 x 0.151"® 4 0.0047 4 0.150E, — 0.1991% + 0.374u — 0.001 (10)
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Figure 15: Schematic diagram of BSS construction processes (Unit: mm)

4 Impact of Bending Stiffness on Timing of Concrete Placement

During the construction of composite BSS, the timing of concrete placement has a great influence on the
selection of construction equipment and control methods. As shown in Fig. 15, a temporary support frame is
firstly set near the middle span before installing the upper chord beam, and then two segments of hollow steel
tubes are welded and assembled into a whole beam on the temporary support frame at high altitude. At the
same time, the lower cable-supported system composed of struts and cables is suspended below the upper
chord steel beams without tensioning. Then, the upper hollow steel tubes are filled with concrete and the
lower cable-supported system is tensioned. In theory, after the upper hollow steel tubes have been
assembled, there will be two methods for the subsequent construction. The first one is to pour concrete
into the hollow steel tubes first, and then tensioning prestress. The specific construction steps are: After
the installation of the pure steel structure has been finished on the temporary supported frame, the
concrete is poured into the steel tubes from both ends to the middle-span through two grouting holes near
the left and right supports; When the strength of inner concrete reaches 80% of its design value,
tensioning the lower cables in the cable-supported system, and the upper CFST composite beam will arch
upward under the action of prestress, resulting in naturally detaching from the temporary supported
frame; After the prestress reaches the control value, the cable can be anchored to complete the prestress-
tensioning. The second method is tensioning first and then concrete placement. The specific steps are:
After the assembly of the upper steel beam is completed, closely followed by tensioning the lower cable,
at this time, the stiffness of the upper steel beam is relatively small, and the steel beam will have a large
upward deformation and quickly break away from the temporary support frame. After the prestress
reaches the design value, the temporary support frame can be removed, and concrete is poured into the
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upper hollow steel tube. Then the upper chord beam will deform downward due to the influence of the
concrete’s own weight, and part of the pre-arch deformation will be offset in advance.

According to the above analysis, when the construction method of concrete placement first and then
tensioning is adopted, the upper chord beam exerts the combined effect during the tensioning process.
The structure is formed by one-time tensioning, and the structure has high stiffness and small
deformation, which is easy to control during construction, however, the tensioning control force is large
and the equipment requirements are high. When tensioning fist and then concrete placement is adopted,
all prestress will be applied to the steel structure, so the internal stress of the concrete is small and it is
not easy to crack. However, the steel tube is subject to large forces and deforms during the tensioning
process, which is not conducive to construction control. Both plans have their own advantages and
disadvantages, and they need to be analyzed in depth to determine the optimal timing of concrete placement.

Table 5: Key information for concrete placement before tensioning

Stage Concrete perfusion >> Tensioning completed >> Bearing stage
completed
Structural form CFST composite beam Composite BSS Composite BSS
Load Steel tube + concrete Steel tube + concrete + self- Structure weight + live
weight weight of cable-support load ¢
system
Stiffness of (EI)eq = EJ + oFE.l; (EI)eq = E s + oFE.l.; (or (El)eq =EJ, + aE.lL;
upper chord (or Eeq = (ED)eg/I5) Eoq = (EDey/I5) (or Eeq = (ED)eg/I5)
beam
Prestressed - P control fl
value

4.1 Finite Element Model

ANSYS is used to establish the finite element model of the composite BSS. The upper chord CFST beam
and other truss members are simulated with Beam188, the struts are simulated with Link8, and the cables are
simulated with Link10. The Combin14 spring elements are adopted to simulate the horizontal stiffness of the
rubber supports in actual engineering with the spring constant £ = 2 x 10° N/mm. At the same time, all
rotation constraints at the support joints are released. According to the design requirements, the design
value of the prestress is 800 kN. Only the self-weight of the structure is considered during the
construction stage. The live load of the roof 0.5 kN/m? is considered during the use stage and converted
into a linear load of ¢ = 6 kN/m. According to the actual section size of BSS, the equivalent stiffness
reduction coefficient a of each upper chord beam are calculated according to Eq. (10), that is the o of the
mid-span section B5 is 0.280, and the a of the other sections is 0.202.

The timing of concrete placement will not only affect the load on the structure, but more importantly, it
will change the stiffness of the upper chord beam. Therefore, in order to accurately obtain the impact of
concrete placement time on structural performance, it is necessary to accurately simulate the stiffness and
load of the BSS during the construction process. The simulation methods of the two construction
methods are introduced below.
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Figure 16: Finite element calculation process of first concrete placement and then tensioning

Table 6: Key information for tensioning before concrete placement

Stage Tensioning >> Concrete placement ~ >> Bearing stage
completed completed
Structural BSS with hollow Composite BSS Composite BSS
Form steel tube
Load Steel tube + cable- Steel tube + concrete + Structure weight + live load ¢

cable-supported
weight

ESIS (Or Eeq = Es)

supported system

weight
Stiffness of E (or Eoq = Ey)
upper chord

beam

Calculate stage by stage:

@Live load effect stiffness:
(EI)eq = EJ, + aFE 1., or Eeqz
(ED)eg/I

Prestressed P, Peontrol f

value

(DDead load effect stiffness: Elg

4.1.1 Concrete Placement First and Then Tensioning

When the construction method of concrete placement first and then prestress-tensioning is adopted, the
structure will enter the load-bearing stage after two construction stages. The structural forms, loads and other
information of each stage are shown in Table 5.
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Remarkably, when the tensioning is completed, the internal force of the cables should be exactly their
prestressed control value, that is, P.onn01 = 800 kN, and the prestress value of cables f; in the load-bearing
stage will be greater than the prestressed control value of 800 kN. The calculation process is shown in
Fig. 16, when ANSYS finite element software is used for analysis.

FE model of beam string structure |Specifically ;= ==~ == == === === === == = — Y
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Figure 17: Finite element calculation process of first tensioning and then concrete placement

4.1.2 Tensioning First and Then Concrete Placement
Similarly, when the method of tensioning first and then concrete placement is adopted, the structural
forms of each stage are shown in Table 6.

When the construction method of tensioning first and then concrete placement is adopted, the prestressed
control value P; in the tensioning stage is not equal to P.q,q01 in the structural design. A new force analysis
should be performed to ensure that the prestressed value of the structure when the concrete placement is
completed, that is, when the construction of the overall structure is completed, is exactly Pcontrol-
Therefore, the prestressed control values of the two construction methods are different, and the internal
forces and deformations of the structure during the construction and use stage are also different. The
specific calculation process is shown in Fig. 17.

4.2 Calculation Results

For the convenience of description, the construction plan of placement first and then tensioning
corresponding to Table 4 is briefly named as Plan(), and the construction plan of tensioning first and
then placement corresponding to Table 5 is briefly named as Plan@). Among them, Plan(®) corresponds to
two stages during calculation: stage@)-1 refers to the period before tensioning is completed; stage@-
2 refers to the period before concrete placement is completed. The following is a comparative analysis of
the two construction plans from the mechanical performance during the construction process and use stage.
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4.2.1 Comparative Analysis of Mechanical Properties during Construction

1) Internal force of cable and tensioning control force

The finite element model corresponding to Plan(D and Plan®) is analyzed, respectively, and the internal
force values of the cables at each stage of Plan(D and Plan® are extracted and shown in Table 7.

It can be seen from Table 7 that when adopting Plan(D), if the prestress is tensioned at both ends, the
tensioning control force can be taken as 798.2 kN. When using Plan@), the prestress-tensioning
construction occurs in stage®@ -1, and the tensioning control force at both ends is only 436.7 kN, thus the
requirements for tensioning equipment are lower. Therefore, only from the perspective of tensioning
control value, Plan@) is better than Plan(D.

Table 7: Internal force of cables (kN)

Cable number Internal force of cables
Plan(D Plan®)-1 Plan®)-2

LS1 798.2 436.7 798.6
LS2 794.9 435.0 795.2
LS3 793.0 434.0 793.4
LS4 792.4 433.7 792.8
LS5 793.0 434.0 793.4
LS6 794.9 435.0 795.2
LS7 798.2 436.7 798.5

2) Vertical deformation

The vertical deformation results of each stage of Plan(D) and Plan) are extracted, as shown in Fig. 18. It
can be seen that when the construction is completed, the values of arch camber at the mid-span of Plan( and
Plan®) are 140.6 and 150.7 mm, respectively, and that of Plan® increases by 7.2% compared to that of
Plan(D. From the perspective of the construction process, in Plan@), during the process of prestress-
tensioning, the vertical deformation at the mid-span gradually increased from 0 to 214.2 mm at the end of
stage@)-1 and then dropped to 150.7 mm after the concrete placement is completed at the end of
stage@)-2, thus the maximum control value of deformation during the construction process is 214.2 mm.

It can be seen from the above analysis that although the final estimated value of arch camber of Plan) is
greater than that of Plan(D), the difference between them is only 7.2%, which is negligible. At the same time,
the deformation range of Plan@) during the construction process is nearly twice that of Plan(D, and the
construction control measures are more complicated. Therefore, from the perspective of vertical
deformation, it is recommended to adopt Plan@).

3) Internal force of upper chord

The variation curves of the equivalent bending moment of the upper chord composite beam along the span
direction in each stage of Plan(D and Plan() are extracted and shown in Fig. 19. When the construction is
completed, the laws of bending moment distribution of the upper chord beams of Plan@) and Plan®) are
consistent. The maximum bending moment are 172.5 and 165.4 kN-m, respectively. Plan(D can reserve
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more prestressed internal force in the upper chord beam for the use stage. Plan2) will produce a large bending
moment due to the weak stiffness of the hollow steel tube at the end of the stage@)-1, reaching 271.7 kN-m.
Therefore, from the perspective of the internal force of the upper chord, Plan(D is better than Plan(®) in terms of
both prestressed internal force reserve and construction process safety.
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Figure 18: Curve of vertical deformation
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Figure 19: Curve of bending moment of upper chord beam

4.2.2 Comparative Analysis of Mechanical Properties during Use Stage
In order to ensure that the analysis results are representative to a certain extent, the full-span arrangement
and half-span arrangement with live load are considered in the structural bearing stage.

1) Vertical deformation
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The calculation results of vertical deformation under the action of full-span and left half-span live load
corresponding to the two construction plans are extracted, and their variation curves along the span direction
are drawn, as shown in Figs. 20 and 21.
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Figure 20: Deflection of upper chord beam under full-span live load
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Figure 21: Deflection of upper chord beam under left half-span live load

It can be seen from Fig. 20 that under the action of full-span live load, the maximum values of deflection
displacement of Plan@) and Plan® both occur near the mid-span, which are —159.6 and —218.7 mm,
respectively, and the latter is 37.0% higher than the former. At the same time, it can also be seen from
Fig. 18 that no matter which construction plan is adopted, the deformation of the upper chord beam under
the uniform full-span live load is not symmetrical. The main reason is that the cantilevered spans on the
left and right sides are not equal, and the cantilevered span on the right side is larger and the load is
relatively larger, which can reduce the vertical deformation in the middle-span near the right side.
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It can be seen from Fig. 21 that the deflection displacement curves of the upper chord beam of Plan(D
and Plan®) both show asymmetric distribution. In the left half-span with the distribution of live load, the
change range is large. The deflection values at mid-span are —58.9 and —131.7 mm, respectively, and the
difference between the two is doubled.

From the above results, whether it is under the action of full-span or half-span live load, the maximum
value of displacement of Plan@) has a larger deviation. Therefore, from the perspective of vertical
deformation, it is recommended to adopt Plan(@).
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Figure 22: Curve of bending moment of upper beam under full-span load

2) Internal force of upper chord beam

Under the action of full-span live load, the equivalent bending moment curves of the upper chord
composite beam in each stage of Plan() and Plan®@) that change with the beam span direction are shown
in Fig. 22. It can be seen from Fig. 18 that under the action of full-span live load in Plan@® and Plan®),
the trend of curves is roughly the same, and the bending moment curves are distributed in an inverted
‘W’ shape. At the position close to the supports, positive bending moments are mainly distributed, and at
the mid-span, negative bending moments are mainly distributed. The maximum bending moments
(absolute values) of Plan@ and Plan®) are 459.3 and 435.6 kN'm, respectively, both appearing at the
mid-span. The difference between the maximum bending moment values of Plan(D and Plan®) is only 5.4%.

Under the action of live load on the left half-span, the equivalent bending moment curves of the upper
chord composite beam in each stage of Plan(D) and Plan(® change with the beam span direction are shown in
Fig. 23. It can be seen that in PlanD) and Plan(®), under the action of live load on the left half-span, the trend
of curves is roughly the same. However, the bending moment appears asymmetrically distributed. In the left
half-span with the distribution of live load, the bending moment changes greatly. In the right half-span where
there is no live load, the bending moment changes slightly. The bending moment reaches the negative
maximum value near the mid-span. The maximum negative bending moments of Plan(D and Plan®) are
443.5 and 331.6 kN-m, respectively.

Therefore, only from the perspective of the internal force of the upper chord, Plan@) is better than Plan(@
for both the full span and the half-span live load.
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Figure 23: Curve of bending moment of upper beam under half-span load

5 Conclusion

In order to clarify the impact of the bending stiffness of CFST on the mechanical properties of composite
BSS during construction and use stages, this paper relies on actual projects to conduct research on the
calculation method of the equivalent bending stiffness of CFST and its impact on key construction links.
And a calculation formula for the equivalent bending stiffness of CFST composite beams that takes into
account multi-parameter changes is established. Then the calculated equivalent bending stiffness is
introduced into the construction and use stages of the composite BSS, respectively, structural deformation
and internal force of key members are comparatively analyzed when adopting two construction methods
of first prestress-tensioning and then concrete placement and first concrete placement and then prestress-
tensioning.
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