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Based on the main bridge of the Paira Bridge in Bangladesh, this paper studies the behavior of multispan extradosed bridge
subjected to variation of cable-free segment length. First, a finite element simulation model was established, and linear analysis was
performed. The accuracy of the finite element model was verified by comparing the measured data with the finite element analysis.
Then the influences of the cable-free segment length in the midspan and the pylon root on the horizontal displacement of the
pylon top, the vertical deflection of the midspan, and the bending moment of the main girder were analyzed, respectively. The
results showed that the variation of the cable-free segment length put a significant impact on the horizontal displacement of the
pylon top and the vertical displacement of the middle of each span. The increase of positive moment was greater than negative
moment when the cable-free segment length in the middle of the span increased. However, when the cable-free segment length of
the pylon root increased, the negative bending moment of the main girder increased more than the positive bending moment.

1. Introduction

The extradosed bridge is a structural system interposed
between the continuous girder bridge and cable-stayed
bridge [1, 2]. Based on the difference of stiffness between the
main girder and the pylons, the extradosed bridge can be
divided into rigid girder extradosed bridge and flexible
girder extradosed bridge [3]. At this stage, most of the rigid
girder extradosed bridges built domestically and abroad are
characterized by greater stiffness of the main girder and
lower stiffness of the bridge pylon, and the cable-free seg-
ment is located at the root of the pylon and midspan of the
main girder (in Figure 1(a), L, is the length of the cable-free
segment in the middle of span; L, is the length of the cable-
free segment at the root of the pylon).

It was proved that the length variation of cable-free
segment of cable-stayed bridges has different effects on
structural characteristic parameters [4-6]. In this area, many
scholars have done research. Liu Wenhui and others took the
bending moment of the main girder of the cable-stayed
bridge with two pylons as the control target [7] and changed

the distribution of stay cables. It was concluded that when
the ratio of the length of the cable-free segment at the root of
the bridge pylon to the span of the main girder was 0.13 and
the ratio of the length of the cable-free segment of the
midspan to the span of the main girder was 0.25, the bending
moment distribution of the main girder was more reason-
able. Zhou Zijie and others analyzed the influence of the
length of cable-free segment of the single-pylon cable-stayed
bridge with hybrid girder on the deflection of the main
girder through the qualitative of equivalent beams and found
that the optimum value was when the cable-free length was
0.2 times the length of midspan [8]. By studying the length
variation of cable-free segment at the root of the pylon of the
cable-stayed bridge with two pylons, Li Zhen [9] found that
the main girder displacement was small when the ratio of
length of cable-free segment to length of midspan was
0.175-0.219. Based on the analysis of the influence of
structural design parameters on the internal force and
displacement of the main girder of the extradosed bridge
with high piers and two pylons, Zhang Xinjun and others
concluded that when the length of cable-free segment at the


mailto:lifengwang@nefu.edu.cn
https://orcid.org/0000-0002-3229-8003
https://orcid.org/0000-0002-9753-6682
https://orcid.org/0000-0003-3337-508X
https://orcid.org/0000-0002-5706-9469
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7555127

Journal of Engineering

-Ls Lo Lo L <L Lo L Lo L -Ls
| | | | | l | | | | | l | | | |
(@)

1/2 section of main grider 1/2 section of main grider
at the root of the pylon in the middle of the span
| 19.76 |
L35 12.76 N
[ I I I
n
™
o

L 352

4.89 |

(b)

FiGure 1: The layout and standard cross section of the main bridge of Paira Bridge in Bangladesh. (a) Layout of the bridge type (unit: m).

(b) Standard cross-sectional arrangement (unit: m).

root of the pylon and the length of cable-free segment in the
middle of the span were smaller, the main girder bore
reasonable force and the displacement was small [10].

Luo Chengbin et al. investigated the influence of the
longitudinal displacement of the pylon on the main girder
alignment, cable force, the stress of the pylon, and the stress
of the main girder and concluded that the longitudinal
deflection of the bridge pylon has a greater influence on the
stress of the bridge pylon than the effect on the main girder
stress [11]. Bin Wang et al. coupled wind load-bridge-car
load to the car to analyze the safety of the car [12]. They
concluded that the bridge pylon has a greater impact on the
rolling and lateral movement of vehicles. It can be seen from
the above literature that the deflection of the bridge pylon
has a greater impact on the stress of the bridge pylon. In a
multispan extradosed bridge, there are no end anchor cables
and auxiliary piers at both ends of the middle pylon to limit
the structural deformation, resulting in lower overall stiff-
ness of the bridge. Under live loading, the deflection of the
main girder in the span and the deflection of the bridge
pylon are significant [13-15]. Scholars at home and abroad
have done more research on the deflection of the main
girder, but less on the deflection of the bridge pylon. Zhang
Ning et al. analyzed the influence of the pylon’s sunshine
temperature effect on the deflection of the H-shaped con-
crete bridge pylon [16]. The study showed that the maximum
pylon deviation exceeded 40 mm in one day in winter, which
was not conducive to monitor the pylon deviation during

construction. Under the background of special-shaped ca-
ble-stayed bridge, Liu Zengwu et al. studied the influence of
different parameters on the stress and deviation of cable
pylon [17]. The study found that the weight of the girder and
shrinkage and creep had a greater impact on the displace-
ment of the bridge pylon.

Previous scholars have done a lot of research on the
influence of length variation in the cable-free segment on the
static and dynamic performance of single-pylon and two-
pylon cable-stayed bridges [18, 19]. At present, there are few
studies on the influence of length variation on the structural
behavior of cable-free segment of cable-stayed bridge with
three pylons and above. Their research on the ratio of the
length of the cable-free segment to the length of the midspan
rarely covers the range recommended by the “Specifications
for Design of Highway Cable-stayed Bridge” (hereinafter
referred to as the “specifications”) [20]. Because the mul-
tispan extradosed bridge is a superstationary structure, the
influence of the length variation of the cable-free segment on
the horizontal displacement of the top of the pylon and the
vertical deflection in the span is complicated. Therefore,
based on the main bridge of Paira Bridge in Bangladesh, by
changing the length of cable-free segment between the
middle of span and the root of pylon, this paper studies the
variation rule of structural behavior within the range of the
ratio of the cable-free segment length to the midspan length
recommended by the specifications, which is expected to
provide a basis for the design of the same type of bridge.
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2. Establishment of the Analysis Model

2.1. Engineering Background. The Paira Bridge in Bangla-
desh is located in the Barisal District of Bangladesh and is
used as a bridge connecting Barisal and PATUAKHALI.
Northeast Forestry University is the construction moni-
toring unit for the bridge. The main bridge of the Paira
Bridge is a cable-stayed bridge with three pylons and four
spans, and its span combination is (115 + 2x200 + 115) m. It
adopts a rigid frame system. The bridge layout and standard
cross-section are shown in Figure 1. The bridge pylon is
constructed of reinforced concrete with a height of 25.8 m
and made of C60 high-strength concrete. Last but not least,
the stay cable is composed of 91 low-relaxation 1860 steel
strands with a diameter denoted with ® equal to 15.2 mm.
There are 6 stay cables on each side of a pylon, and the
distance between stay cables is 8m. The main girder is made
of C60 high-strength concrete, and its section is a single-
box single-chamber box girder with variable height. The
width of the top plate is 19.76 m; the cantilever length of the
flange is 3.5 m; the thickness of the web is 0.4 m; the width
of the bottom plate is (7.039 ~ 9.787) m, and its thickness is
(0.30 ~ 0.65) m. The height of the girder at the support is
6.75m; the height of the girder at the middle of span is
4.00 m, and change of the height of forms for the quadratic
parabola. The length of the cable-free segment in the
middle of the main girder (L,) is 49.5 mm; the length of the
cable-free segment at the root of the pylon (L,) is 35.25m,
and the length of the cable-free segment at the end of the
side pylon (L3) is 41.1 m. The length of the corresponding
cable-free segment is indicated in Figure 1(a). Figure 2
shows real view and completion of the main bridge of Paira
Bridge in Bangladesh.

2.2. Finite Element Analysis Model. To analyze the influence
of the ratio of length of cable-free segment to length of
midspan of the three-pylon extradosed bridge on structural
behavior of the structure, MIDAS/CIVIL 2020 was used to
establish the finite element analysis model. Among them,
piers, girder, and bridge pylons were all simulated by girder
elements, and stay cables were simulated by truss elements.
Elastic modulus and capacity of concrete are measured by
the test, concrete compressive curve reference [21] and
concrete shrinkage creep curve reference [22]. The bottom of
the pier was restrained by fixed ends; the bridge pylon and
the girder were rigidly connected; and the pier and the girder
were rigidly connected. Simple support constraints were
adopted at the cast in situ section of the girder side span. The
bridge has a total of 291 nodes and 312 elements, of which 36
are cable-stayed elements, 208 are girder elements, 42 are
pylon elements, and 26 are pier elements. Linear analysis is
used for model calculations. The loads are vertical, static
vehicle loads, which are arranged according to the influence
line at locations that make certain sections of the structure
most unfavorable. The finite element model of the full bridge
is shown in Figure 3.

3. Finite Element Verification

To ensure the accuracy of the finite element model for the
parametric analysis below, the finite element model results
are compared with the measured data. The location of the
measurement points on site is shown in Figure 4, where 1-5
are stress measurement points and A~E are elevation
measurement points.

3.1. Deformation Analysis. This paper analyzes the theo-
retical and measured elevations of the top plate in two
representative states: the maximum cantilever state of the
middle pier and the completion state of the bridge (the
measured elevation is the average of the elevation of three
measurement points on the top plate). The comparative data
are shown in Figure 5. To clearly show the specific differ-
ences between the measured and theoretical elevations, the
relative elevation difference (measured elevation-theoretical
elevation) is given in Figure 6.

As can be seen from Figures 5 and 6, the measured
elevation of the main girder is not significantly different
within L,,,/4 from the bridge pylon at the maximum can-
tilever condition, and the measured elevation from L,,/4 to
L.,/2 first drops and then rises. The maximum measured
elevation is 27.675m and the minimum measured elevation
is 27.068 m. The maximum error between the theoretical
elevation and the measured elevation is 9.5mm, which
occurs at the outermost end of the cantilever. After the
completion of the bridge, the maximum measured elevation
appears in the middle pylon and gradually drops to both
sides. The maximum measured elevation is 27.665 m and the
maximum theoretical elevation is 27.659 m. The maximum
error between the theoretical elevation and the measured
elevation is 10.4 mm, which occurs at the position of L,,/6
from the left pylon. Under the two conditions, the variation
trend of the theoretical elevation is consistent with that of
the measured elevation, and the error is small, indicating
that the finite element model is in good agreement with the
actual construction.

3.2. Stress Analysis. The location of the main beam stress
monitoring arrangement is shown in Figure 1. It sets up 12
stress monitoring sections. Each section top plate set three
measurement points, and bottom plate set two measurement
points (the measured stress of the top plate is taken as the
average of three points, and the bottom plate is taken as the
average of two points). The measured stress of the top and
bottom plates of sections B, C, and F at different con-
struction stages is compared with the theoretical stress, as
shown in Figure 7.

As can be seen from Figure 7, the compressive stress in
the top plate of each section shows an overall trend of first
increasing and then decreasing as the construction prog-
resses. Local stress mutation occurs due to cable tension. The
maximum measured compressive stress in section B is
20.87 MPa and the maximum theoretical compressive stress
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FIGURE 2: Real view and completion of the main bridge of Paira Bridge in Bangladesh. (a) Real view of the construction site. (b) Real view of

completion of the main bridge.

FIGURE 4: Measuring points.

is 20.80 MPa, with the maximum error of 1.17 MPa, which
occurs in stage 59. The maximum measured compressive
stress in section C is 21.34 MPa, and the maximum theo-
retical compressive stress is 21.00 MPa. The maximum
measured compressive stress in section F is 21.63 MPa and
the maximum theoretical compressive stress is 21.00 MPa,
with the maximum error of 1.36 MPa, which occurs in stage
47. The bottom plate is initially compressive stress and
gradually increases. With the tension of the cable and the
concrete pouring, the bottom plate stress transforms be-
tween tensile stress and compressive stress and finally settled
at the compressive stress, and the compressive stress
gradually increases in the later period. The maximum
measured tensile stress in section B is 2.11 MPa and the
maximum theoretical tensile stress is 1.94 MPa. The maxi-
mum measured tensile stress in section C is 2.13 MPa and
the maximum theoretical tensile stress is 1.98 MPa. The
maximum measured tensile stress in section F is 2.13 MPa
and the maximum theoretical tensile stress is 1.96 MPa. The
maximum tensile stress in the bottom plate all appears in the

51st stage (second tensioning of the outermost cable).
During the construction stage, the measured stress and
calculated stress in each section have the same trend. The
difference between the two numbers is small, and the error is
within 10% of each other.

The above analysis shows that the finite element model
results are consistent with the measured data within the
error range allowed by the project. This shows the accuracy
of the calculation model and ensures the reliability of the
analysis results in the following chapter.

4. Influence of Length Variation of the Cable-
Free Segment on Structural Behavior

On the basis of the original design parameters, the distance
between cables, the cross-sectional area of cables, the number of
cables, the height of pylons, and the stiffness of pylons remain
unchanged. The midspan change of the main girder will in-
evitably cause the change of the ratio of the length of the cable-
free segment to the midspan length. The specific
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implementation method is as follows: on the basis of 160m, the
midspan length of the girder was increased every 10m to 240m
to analyze the effect of the increase in the ratio of the length of
the cable-free segment to the length of midspan on the hori-
zontal displacement of the three-pylon cable-stayed bridge, the
deflection of the main girder, and the bending moment. In
order to make the research content more universal, define the
ratio A of the cable-free segment as follows:

/\:L_’ (1)

m

where L is the length of cable-free segment and L, is the
length of midspan.

Figure 8 shows the change in the ratio of the cable-free
segment in the middle of the span (A,) and the ratio of the
cable-free segment at the root of pylon (4,).

4.1. Influence of Length Variation of the Cable-Free Segment in
the Middle of Span on Structural Behavior. By analyzing the
ratio A, of the cable-free segment in the middle of the span,
the purpose of changing the cable-free segment ratio was
achieved by changing the length of the midspan. The length
L, of the cable-free segment in the middle of the span in-
creased from 9.5 mm to 89.5 mm in an amplitude of 10 m. At
the same time, the corresponding cable-free segment in the
middle of span ratio A, covered the recommended range of
the specification. Finally, through finite element analysis and
calculation, the change values of the structural behavior of
the structure when the cable-free segment ratio A, changes
were acquired. Figure 9 shows the relationship between the
horizontal displacement of the middle pylon and A,; Fig-
ure 10 shows the variation of the maximum vertical dis-
placement of the midspan and side span with 1,, and Table 1
shows the change of the maximum positive and negative
bending moments of the main girder with A,.

It can be seen from Figure 9 that, with the increase of the
cable-free segment ratio A,, the horizontal displacement of
the middle pylon gradually increases, and the increasing
becomes accelerated. The horizontal displacement of the
middle pylon increased from 8.17% to 10.37%. By fitting the
data, the function expression was acquired as

y = 1.34531eM0189M 4 7 54712 + 3.91005. (2)

When A, =0.20, the horizontal displacement of the
bridge pylon is 9.36 mm; when A, = 0.35, the horizontal
displacement of the bridge pylon is 14.24 mm.

It can be seen from Figure 10 that, with the increase of
the cable-free segment ratio A,, the deflection of the midspan
and the deflection of the side span both increased. The
deflection growth trend of the midspan has increased. The
increasing ratio of deflection of the midspan increased from
12.24% to 18.28%, and the deflection of the side span in-
creased from 0.08% to 0.06%. It also can be seen that the
deflection of the side span remained basically unchanged.
The deflection difference between the midspan and the side
span also shows an increasing trend of the cable-free seg-
ment ratio A;. When the cable-free segment ratio ?, was

0.059, the difference was 19.98 mm, and when A, was 0.373,
the difference was 151.25mm. The difference shows an
exponential growth relationship. Based on the relationship
between the deflection of the main girder and the cable-free
segment ratio A;, it can be seen that the midspan dis-
placement of the main girder should be paid close attention
to when designing the structure.

As shown in Table 1, with the increase of the cable-free
segment ratio A, the maximum positive and negative
bending moments of the girder both increased. The maxi-
mum positive bending moment of the main girder increased
from 44207.6kN-m to 949483kN-m, an increase of
114.78%, and the maximum negative bending moment
increased from 108376.4kN-m to 186628.8kN-m, an in-
crease of 72.20%. It can be seen that, with the increase of A,
the rate of increase of the maximum positive bending
moment of the main girder is greater than that of the
maximum negative bending moment. Since the negative
bending moment of the main girder on the top of the pier is
much larger than the positive bending moment of the main
girder, the abovementioned law can be used to appropriately
adjust the ratio A, of the cable-free segment in the middle of
the span to improve the structural force.

4.2. Influence of Length Variation of the Cable-Free Segment at
the Root of Pylon on Structural Behavior. The same method
was used for the analysis of the ratio A, of the cable-free
segment at the root of the pylon. The length L, of the cable-
free segment at the root of the pylon increased from 15.25m
to 55.25 m with an amplitude of 5 m, and the corresponding
ratio A, of the cable-free segment at the root of the pylon
covered the recommended range of the specification.

The structural behavior of the structure corresponding to
the cable-free segment ratio A, was calculated by finite el-
ement analysis. Figure 11 shows the change of the horizontal
displacement of the middle pylon as A, increasing; Figure 12
shows the change of the maximum deflection of the midspan
and the side span as ?, increasing; and Table 2 shows the
change of the maximum positive and negative bending
moment of the main girder as A, increasing.

From Figure 11, it can be seen that, with the increase of
the cable-free segment ratio A,, the horizontal displacement
of the middle pylon gradually increased, and the increasing
trend was gradually significant. The horizontal displacement
of the middle pylon increased from 6.82% to 10.32%. By
fitting the data, the function expression can be acquired as
follows:

y = 1.32¢'19%1% 4 2 88712, (3)

When A, =0.15, the horizontal displacement of the
bridge pylon was 8.98 mm; when A, = 0.20, the horizontal
displacement of the bridge pylon was 13.04 mm.

It can be seen from Figure 12 that, with the increase of
the cable-free segment ratio 1,, the deflection of the midspan
and the deflection of the side span increase overall. The
deflection growth trend of the midspan increased, and the
deflection growth trend of the side span first decreased and
then increased. The increasing ratio of deflection of the
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TaBLE 1: The maximum positive and negative bending moment of the main girder.

A =L,/L, Positive bending moment of the girder (x10°kN - m) Negative bending moment of the girder (x10°kN - m)
0.059 44.2076 108.3764
0.114 49.3229 117.3641
0.164 54.7999 126.5615
0.208 60.6307 135.9847
0.248 66.8089 145.6169
0.283 73.3331 155.4684
0.316 80.1993 165.5452
0.346 87.4043 175.863
0.373 94.9483 186.6288
18
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FiGure 11: The horizontal displacement of the middle pylon.
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midspan increased from 8.23% to 16.90%, and the deflection
of the side span increased from -1.32% to 0.92%. It can be
seen that the deflection of the side span only increased by
0.63mm when A, increased from 0.095 to 0.230, and the
deflection can be considered basically unchanged. The de-
flection difference between the midspan and the side span of

the main girder also showed an increasing trend with the
increase of the cable-free segment ratio A,. When the cable-
free segment ratio A, was 0.095, the difference was 22.64 mm,
and when A, was 0.230, the difference was 142.34 mm, and
the difference showed an exponential growth relationship.
According to the relationship between the deflection of the
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TaBLE 2: The maximum positive and negative bending moment of the main girder.
Ay = L,/L,, Positive bending moment of the girder (x10°kN - m) Negative bending moment of the girder (x10°kN - m)
0.095 48.6167 103.9844
0.119 52.3725 114.4439
0.140 57.0983 124.0347
0.159 61.8727 134.4852
0.176 66.8089 145.6169
0.192 71.8713 157.4713
0.206 77.0726 170.0516
0.218 82.425 183.3097
0.230 87.9368 197.2318

girder and the cable-free segment ratio A,, it can be seen that
the midspan displacement of the girder should be paid close
attention to when designing the structure.

It can be seen from Table 2 that, with the increase of the
cable-free segment ratio A,, the maximum positive and
negative bending moments of the main girder both in-
creased. The maximum positive moment of the main girder
from 48616.7 kN-m increased 87936.8 kN-m, an increase of
80.88%, and the largest negative moment from
103984.4kN-m increased 197231.8kN-m, an increase of
89.67%. It can be seen that, with the increase of A,, the
increase rate of the maximum negative bending moment of
the main girder is greater than the maximum positive
bending moment. When the maximum negative bending
moment of the main girder was too large, the structure will
be unreasonably stressed. Therefore, the ratio A, of the cable-
free segment at the root of the pylon should not be too large
in the design.

5. Conclusion

In this paper, the influence of length variation of cable-free
segment on structural behavior of extradosed bridge was
studied. This study explored the relationship between the
length of the cable-free segment and the displacement of the
bridge pylon, the deflection of the main girder, and the
bending moment of the main girder. The following con-
clusions are drawn:

(1) The accuracy of the finite element software results
was verified by comparing the measured data with
the theoretical data during the construction stage
and after the bridge was completed.

(2) The increase of the ratio A, of the cable-free segment
in the middle of the span magnified the horizontal
displacement of the middle pylon. With the increase
of the ratio A, of the cable-free segment at the root of
the pylon, the horizontal displacement of the middle
pylon increased exponentially.

(3) As the ratio A, of the cable-free segment in the
middle of the span increasing, the positive bending
moment of the main girder increased faster than the
negative bending moment. With the increase of the
ratio A, of the cable-free segment at the root of the
pylon, the increase rate of the negative bending
moment of the main girder was greater than the

positive bending moment, and the ratio of the cable-
free segment at the root of the pylon should be
reduced in the design. This rule is proper for using in
design.

(4) With the increase in the ratio of the cable-free
segment, the deflection of the midspan of the main
girder showed an exponential increase, and the
deflection of the side span was basically unchanged.
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