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Abstract: In situ monitoring was conducted throughout the construction period to investigate the
abnormal deformation of a bridge under construction subjected to sudden cooling by Typhoon
Lekima. An FE model considering the temperature field based on measurement data was also
established to reveal the exact causes of the bridge’s abnormal deformation and provide theoretical
guidance for rehabilitation measures. The FE model simulation and measurement results showed that
(1) the exact cause of the abnormal deformation of the bridge was the inconsistency of the temperature
field between the top and bottom plates, and the sudden approach of the typhoon aggravated the
inconsistency; (2) the abnormal deformation of the construction bridge caused by the typhoon could
be addressed with rehabilitation before forming the bridge; (3) an extreme temperature field should
be considered in the design of a beam-arch combination bridge. These results can provide a reference
for the design and construction of similar bridges.

Keywords: beam-arch combination bridge; abnormal deformation; extreme temperature field;
Typhoon Lekima; numerical simulations; in situ monitoring; rehabilitation

1. Introduction

A consensus has been reached in the engineering field regarding the influence of
temperature variations’ static and dynamic behaviors in bridge structures, especially in
places that experience distinct seasons [1]. The mechanical properties of beam-arch com-
bination bridges are quite different from those of conventional arch bridges; thus, the
action of temperature is more complex and substantial during construction without deck
pavement [2]. Several bridges under serviceability conditions have been damaged be-
cause of the nonuniform and time-varying temperature fields caused by annual and daily
temperature cycles, such as the web and bottom flange buckling accident of the Fourth
Danube Bridge in Vienna [3] and the severe cracking on the Jagst Bridge in Germany [4].
Therefore, many researchers have studied the influence of solar radiation, temperature, and
other environmental factors on the temperature field distribution of bridges under service-
ability conditions. Previous investigations of the temperature behavior of bridges under
serviceability conditions focused on the temperature load, which is correlated with the sec-
tional temperature distribution, thermal stress/strain, and thermal flexure of cable-stayed
bridges [5], suspension bridges [6-9], and long-span tied-arch bridges [10]. Generally, the
temperatures of steel structures that directly receive solar radiation are higher than the
environmental temperatures, and maximum temperatures may exceed 60 °C [11-13].

Using field-measurement data and finite element (FE) analysis, Lee et al. [14] exam-
ined the effect of structural changes on the temperature behavior of a long-span bridge
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pylon and proposed that the temperature behavior of the pylon could be modelled us-
ing two characteristic parameters reflecting the influence of the variation in the ambient
temperature and the sectional temperature difference. By studying the stability of the
longest steel truss deck cable-stayed bridge during construction, Yu et al. [15] found that
temperature variations likely alter the stability coefficients during construction regarding
the design temperature.

On the other hand, studies of the variation in the sensitivity of the sensors and the
changes in structural behavior due to temperature variations have been performed in the
fields of health monitoring system design and structural damage detection. In these studies,
the temperature variations were considered detrimental and needed to be compensated
for or eliminated [16-19]. Liu et al. [20] calculated the temperature differences of concrete
box girders in 34 major cities in China using FE models and long-term temperature field
measurements, and proposed an empirical formula and zoning map applicable to concrete
box girders with a 100 mm asphalt pavement.

To achieve construction control of bridges without deck pavement during construction,
Chen et al. [21] proposed the temperature gradient model of the steel box girder in construc-
tion based on measurement data of the temperature field of the bridge and the influence of
the temperature field on the construction stage of the bridge. Wang et al. [22] studied the
control measures for thermal effects during the placement of span-scale girder segments on
continuous steel box girder bridges by the FE model and field-measured temperature data.
Han et al. [23] calculated the temperature effect on a composite girder cable-stayed bridge
under two key construction stages, the maximum double cantilever, and the maximum
single cantilever, using the FE model and a reasonable time for construction control of each
component was provided for construction control.

Most previous studies mainly focused on the temperature load and temperature
effects on bridges under service in health monitoring system design and structural damage
detection. However, not as much research on the effect of conventional temperature
has been conducted. The impact of extreme weather on a bridge in the construction
stage is accidental and random; the problem of the construction control caused by the
temperature due to an abnormal climate in the construction stage has not been thoroughly
investigated, especially the issue of a combined structure bridge in construction. Hence,
in this paper, on-site measurement data of the temperature field of a bridge were used
to investigate the abnormal deformation of the beam-arch combination bridge, which
an extreme temperature field might cause after a typhoon. Furthermore, an FE model
considering the temperature field based on measurement data was established to further
research the causes of the abnormal deformation and the rehabilitation measures.

2. The Engineering Background of a Beam—Arch Combination Bridge after a Typhoon

The bridge, which was constructed in 2020, as shown in Figures 1 and 2, is a three-span
coupled beam-arch steel bridge system consisting of two main arches and two secondary
arches. The calculation span of the main arch is 132.0 m, with a height of 30 m, and the main
arch steel box arch is 2.2 x 2.0 m. The calculation span of the secondary arch is 132.0 m,
with a height of 30.593 m, and the secondary arch steel box arch is 2.0 x 1.5 m. The main
span and side span main girder of the bridge adopt a single box multi-compartment steel
box girder. Figure 3 shows the cross-section of the bridge.

To conduct an in depth investigation of the abnormal deformation of the bridge studied
herein, the construction process and the construction records of the main construction stage
must be described in detail. The overall construction process of the bridge is shown
as follows:

(1) Foundation treatment of the frame scaffolding, October 2018;

(2) Construction of the arch springing and the crossbeam, January 2019;

(3) Manufacture of arch ribs and steel box girder components in the factory, October 2018
to January 2019;
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Assembly and welding of the steel box girder on-site in open air conditions (shown
in Figure 4), 7 May to 27 June 2019. The construction order was as follows: first the
bottom plates of the steel box girder were installed, then the diaphragm plate and
the belly plate, and lastly the top plates; the top plates of the steel box girder were
closed from 11 June to 27 June 2019, the environment temperature was 30-36 °C in
the day time;

Assembly and welding of the arch ribs in open air conditions, 20 March to 27 June 2019;
Installation of the tie bars, June 2019;

Installation of the hanger rods, July 2019;

Pre-stress of the hanger rods, 5 August to 10 August 2019;

Demolition of the frame scaffolding of the box girder, 25 August to 29 August 2019;
demolition of rest of the frame scaffolding, 17 October 2019.

Secondary arch ‘ | Main arch rib

Single-box multi-cell steel box girder I L)

Concrete arch foot

Figure 1. 3-D view of the bridge.
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Figure 2. Bridge-type diagram of the bridge (unit: mm).
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Figure 3. Cross-section of the bridge (unit: mm).
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Figure 4. Steel box girder and arch ring construction completed.

On 12 August 2019, Typhoon Lekima struck; as a result, the temperature dropped
suddenly at night, followed by abnormal twisting deformation of the box girder, and
failure of 2% of the top pipes of the frame scaffolding due to shear (shown in Figure 5). The
bridge’s bearings separated between the box girder and the pad stones (Figure 6). All these
problems prevented the subsequent construction activities. Notably, there is a precedent
for separating the support of the steel box girder bridge due to a temperature gradient [24].
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Figure 6. Bearings of the bridge separated the box girder and the pad stones.

3. Cause Analysis of the Abnormal Deformation of the Bridge

Because the bridge is a coupled structure bridge with complex mechanics, the bridge
deck is a large plane that is sensitive to the temperature gradient effect due to the easy
absorption of solar radiation. According to the preliminary analysis, the sudden tempera-
ture decrease during the typhoon might be the main reason for the abnormal deformation
of the bridge. The exact cause of the abnormal bridge deformation should be analyzed
qualitatively and accurately to solve the subsequent construction problems.

3.1. Result of Temperature and Deformation Monitoring

Heat transfer occurred between the steel bridge deck and box girder during con-
struction. As the box girder was gradually closed, field monitoring mainly targeted the
temperature changes of the steel bridge deck and box girder. Before monitoring, the envi-
ronmental parameters were recorded by obtaining meteorological information. The initial
temperatures of the chosen cross-sections were measured every day. The influence of the
temperature field on the bridge mainly refers to arch ribs, box girders, and hanger rods.
The temperature monitoring sections of the arch ribs were set in the arch foot, at 1/4 L
and 1/2 L of the main and vice arch, with two temperature sensors for each temperature
monitoring section. Temperature monitoring sections of the box girder were arranged at
1/4 L and 1/2 L of the bridge’s side span and middle span, with four temperature sensors
for each temperature monitoring section. The temperature monitoring points are shown in
Figures 7-9.
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Figure 7. Temperature monitoring section of the bridge (unit: mm).
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Figure 8. Temperature monitoring points of arch ribs (T6 to T8).
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Figure 9. Temperature monitoring points of the box girder (T1 to T5).

The deformation monitoring points of the bridge deck were arranged in 20 sections
along the bridge, and each monitoring section set five test points along the centerline of the
bridge deck, £13.8 m from the centerline and £22.1 m from the centerline of the bridge
deck. The detailed monitoring point positions are shown in Figure 10.

The steel box girder was installed in many divided parts in the field of the bridge
location, as follows: the bottom plates were installed first, and then the diaphragm plates
and the belly plates, and the top plates (deck) were installed last. Figure 11 shows the
temperature measurement result of the deck and air temperature in one day. After 9:30 A.M.,
the deck temperature was 12 °C higher than the air temperature in 1 h, which indicated
that the heat absorption speed of the deck was very fast.
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Figure 10. Deformation monitoring points of the bridge deck (unit: mm).
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Figure 11. Monitored temperature field at different times.

Figure 12 shows the monitored temperature of different parts of the bridge in one day
(on 21 August). Figure 12 indicates that the rate of temperature increase on the deck was
the fastest among all the parts, the rate of temperature increase on the bottom plate was
the slowest, and the maximum temperature difference between the bridge deck and the
bottom plate was 35 °C. This result indicates that if the deck was installed at a time with a
high temperature on a hot day, while the remaining parts of the box girder were installed at
a time with a lower temperature, once the bridge temperature reached uniformity during
that night, the cooling value of the bridge deck was substantially higher than that of the
remaining box girder.
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Figure 12. Monitored temperature of different parts.

Figure 13 shows the deck elevation at the hanging points under different temperatures.
The deck elevation was set according the theoretical elevation which considered the deter-
mination of the pre-camber before the typhoon. It can be seen that the lower the bridge
deck temperature is, the lower the bridge deck elevation near the mid-span is, and the deck
elevation is lower than the theoretical elevation after the typhoon, and thus cannot recover
to its position before the typhoon. Combined with the damage to the frame scaffolding on
the day after the typhoon struck, the unrecoverable deformation would be preliminarily
due to the sudden change in the temperature field of the steel box girder; therefore, both
the temperature field of the steel box girder and the status of the frame scaffolding could
not be restored to the initial condition of before the typhoon struck.

4.5 T Theoretical elevation H T Theoretical elevation
—4—21°C (18 Oct. 2019) On the east side —a—21°C (18 Oct. 2019) On the west side
94,50 4 —¥—28°C (21 Oct. 2019) 24, 50 47— 28°C (21 0ct. 2019)
27°C (23 Oct. 2019) 27°C (23 Oct. 2019)
16°C (28 Oct. 2019) 16°C (28 Oet. 2019)
E 24.45- —» 20°C (4 Nov. 2019) ~ 24,45 -+§g°g E‘S‘EOV- ;g}g;
o =) —e— 24 ov.
< +24°c (5 Nov. 2019) £ 24°C (6 Nov. 2019
3 ——+—24°C (6 Nov. 2019) 9°C (10 Nov. 2019
g 24.40 9°C (10 Nov. 2019 § 2440 " ov. 2019)
-2 C ov. ) -2 o 28°C (13 Nov. 2019) . —-—n
g @—28°C (13 Nov. 2019) - s | 28°C (16 Nov. 2019) - /*/*\ .
5 24.35 28°C (16Nov. 2019) A 2 94.35 4 20°C (21 Nov. 2019)‘ — 7*»’; H
v ——20°C (21 Nov. 2019)% a—t % . v 4 N
3] P 5]
Q o3
A 24.30 . A 24.30
24. 25 24. 25
24. 20 T T T T T T T T T T T T T 24. 20 T T T T T T T T T T T T T
71 72 73 74 75 16 77 78 79 710 Z11 712 713 — 71 72 73 74 75 76 77 78 79 710 Z11 712 713 —
Numbers of hanging points Number of hanging points

(a) (b)

Figure 13. Deck elevation at the hanging point under different temperatures. (a) Eastside hanging
point area. (b) Westside hanging point area.
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Figure 14 shows that the deformation change of the bridge deck at the end beam of
the steel box girder was mainly affected by the temperature field. On the same day, the
vertical deflection trend was consistent with the cooling trend of the bridge deck. The
higher the temperature, the greater the vertical deflection, and the largest vertical deflection
was 0.06 m.
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Figure 14. Results of elevation measurement at the end of the box girder at the abutment. (a) At
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After the first-phase stretching of the hanger rods, abnormal deformation still existed,
which led to the bearings at the end of the box girder separating the box girder and the
pad stones, with a maximum separated value of 8 cm, as shown in Figure 6. From the
monitoring results (tested on 21 October 2019) shown in Figure 15, the distribution of the
abnormal deformation was as follows: under different temperatures, for the section at the
end of the side span it was from 1.5 cm to 7.8 cm higher than the design elevation, the
section of the middle span was 6 cm to 8 cm below the design elevation, and the abnormal
deformation directly affected the subsequent deck pavement and line shape of the bridge.
The final welding phase of the top plate was from April to June, with the environmental
temperature ranging from 25 °C to 42 °C.

Deformation/(m)

—0.05

2
>

460

480 500

520 540
Stake Number of the bridge/(m)

Figure 15. Top view of the distribution of the abnormal deformation.

To determine the exact causes and change rules of abnormal deformation after the typhoon,
the historical deformation monitoring data of steel box girders were analyzed in this paper.
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Figure 16 shows the deformation monitoring historical curves of the end of the box
girder above abutment #1 (bridge state location K0+ 458.8). Figure 17 shows the defor-
mation monitoring historical curves of the box girder at the mid-span of the main span.
Figure 18 shows the deformation monitoring historical curves of the end of the box girder
above abutment #4 (bridge state location KO+ 621.7). Figures 16-18 show that the line shape
was stable during the assembly stage of the box girder and the pre-stress of the tie bars.
On 12 August 2019, when Typhoon Lekima arrived, the deformation monitoring historical
curves of the end of the box girder above abutments #1 and #4 suddenly changed upwards.
On 4 September 2019, the deformation of the box girder decreased after the demolition
of the frame scaffolding of the middle span. After the second fine-tuning of the stretch
of the hanger rods on 23 September 2019, the deformation returned to a certain extent.
The deformation monitoring historical curves show that the deformation of the box girder
fluctuated with the temperature on different dates. When the temperature dropped to 9 °C
on 7 November 2019, the warping of the end of the box girder above the abutment was
particularly obvious. The ichnography of the box girder’s deformation after the frame
scaffolding’s demolition is shown in Figure 19. The most significant deformation of the
middle span is 0.085 m, and the shape of deformation appears to be ‘a lid cover’.
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Figure 16. Deformation monitoring historical curves of the box girder at abutment #1.
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Figure 17. Deformation monitoring historical curves of the box girder at the mid-span.
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Figure 19. Deformation of the box girder after demolition of the frame scaffolding.

3.2. Numerical Analysis Results

To further analyze the mechanical behavior of the abnormal deformation caused by
the sudden temperature drop after the typhoon, an FE model, as shown in Figure 20a,
was developed and established by Midas Civil to compare the monitoring results. The
steel box girder was discretized by four-node thick-plate elements in the element library
of the software, as shown in Figure 20a. The arches and wind supports were simulated
by beam elements, and the ties and hang rods were simulated by truss elements. Then,
loads of the self-weight of the box girder, arch rib, wind supports, ties, and hang rods were
added according to the actual materials. The mechanical properties of the materials of the
bridge are shown in Table 1. From the deformation of the bridge structure under the action
of self-weight, the mesh density was satisfied for the calculation accuracy requirements.
To simulate the action of the temperature drop, the temperature gradient load during
construction was added according to the temperature field measurement of the monitoring.
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Steel box girder

Top palate Belly plate  Dijaphragm plates

(a) (b)

Figure 20. Finite element numerical simulation model: (a) 3-D view; (b) local view of the steel box
girder discretized by 4-nodes thick-plate elements.

Table 1. Mechanical properties of the materials of the bridge.

Classification Main Arch Secondary Arch  Concrete Arch Foot  Steel Box Girder Tie Bar

Elastic modulus [MPa] 2.06 x 10° 2.06 x 10° 3.25 x 10* 2.06 x 10° 1.95 x 10°
Bulk density (Y) [kN/m?] 76.98 76.98 25.00 76.98 78.50
Resistance to moment of

Inertia (Iy) [m*] 0.1774 0.1153 8.1920 / /
Coefficient of linear 1.20 x 10~° 1.20 x 10-° 1.20 x 105 1.20 x 10~° 1.20 x 10~
expansion [1/°C]
Cross section (A) [m?] 0.2819 0.1987 9.60 0.46 0.0013

The boundary condition at the bottom of the abutment adopted compressive only
elastic connection, and the foundation of the abutment was simulated by general elastic
supports. Elastic connections simulate the supports between the crossbeams and the box
girder; and the arch between the inclined supports is connected by rigid links, as shown in
Figure 21.

General elastic
support

Elastic connections

\

Figure 21. Rigid connections and elastic connections in the FE model.

According to the construction order and measured temperature field of the bridge
in each stage, the FE model simulated the actual construction stages of the bridge. The
steel box girder was shelved on the scaffolding during the installation period; however,
because the scaffolding only provides vertical compression reaction force, the boundary
condition contact between the bottom plate and scaffolding was simulated by compressive-
only elastic connections in the FE model. As the bridge incurred abnormal deformation
after the typhoon, many pipes of the failed frame scaffolding were also damaged due to
its influence, and the bridge was exposed under open air conditions during the whole
construction period. Furthermore, because the temperature field of the bridge generated
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by solar radiation in different times of the same day was complex and changeable, it
was difficult to accurately simulate the deformation by the actual temperature field and
boundary condition of the bridge in the FE model. Hence, it is difficult to make a direct
comparison between the on-site monitoring and numerical results.

Notably, as can be seen from the temperature monitoring results in Figure 12, in the
construction stage of installation of the steel box girder, the temperature of the bottom
plates was 17-22 °C and the temperature of the top plates (the deck) was 21-60 °C Taking
the most unfavorable situation, the temperature monitoring result at PM15:15 in Figure 12
was selected as the actual temperature gradient field when assembling and welding the box
girder during most of the installation period. The assembling and welding of the box girder
in the open air were mainly performed in daytime in May and June, and the in-site solar
radiation and temperature during daytime from May to August were basically identical.
Hence, the actual temperature gradient during the construction processes was added by
the element temperature load in Midas Civil to the simulated deformation of the steel box
beam in different construction stages, according to the day time monitoring results during
most of the installation period. The initial and final temperature values of the elements of
the bridge parts in the FE model are shown in Table 2.

Table 2. Temperature values of the elements of bridge parts in the FE model.

. Initial Temperature Final Temperature
Elements of the Bridge Parts Values/°C Values/°C
Arches 20 35
Hanging rods 20 35
top plate 20 60
. belly plate 20 25
Steel box girder transverse plate 20 25
bottom plate 20 20

Figures 22 and 23 show the FE simulation results of the deformation of the steel box
beam in different construction stages under the measured temperature field. The environ-
mental temperature stabilized after installing the bottom plate under a high temperature of
60 °C; after installing the bottom plate the low temperature reached 20 °C; and the edge
of the steel box beam underwent twisting deformation. The temperature gradient action
generated inside the steel box beams caused the edge of the steel box beam to undergo
twisting deformation, and the maximum twisting deformation was 6.3 cm. Figure 23 shows
the upward twisting deformation at the end of beam and the two lateral free sides of the
steel box girder in the FE model. The scaffolding only provided the vertical compression
reaction force and the downward deflection deformation of the steel box girder was small
enough to be almost negligible.

MIDAS/Gil

DISPLACEMENT

2-direction
1.06504e+001
9.56326e+000
8.476132+000

7.38899e+000

6.30186e+000

LLLLL

5.21473e+000
4.12759e+000
3.04046e+000

1.95333e+000
8.66192e-001

0.00000e+000

-1.30808e+000

= coefficient =
S.6892E+002

Figure 22. Deformation of the box girder after installation of the bottom plate (unit: mm).
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MIDAS/Gvil

: CISPLACEMENT
"o S ey o Z-direction
e e S 6.43311e+001
5.83891e+001
5.24471e+001

coefficient =
1.4300E+002

Figure 23. Deformation of the box girder after installation of the top plate (unit: mm).

As shown in Figures 24 and 25, deformation still existed even after installing the steel
arch ribs and hanging rods, which was consistent with the in situ monitoring results, and
the deformation at the end of the box girder led to upwarping overall following local
upwarping after the removal of the frame scaffolding.

MIDAS/Gvil

POST-PROCESSOR
DISPLACEMENT
Z-direction
6.43311e+001
5.83891e+001
5.24471e+001
4.65051e+001
4.05631e+001
3.46211e+001
1 2.86791e+001
2.27371e+001
1.67951e+001
1.08531e+001
0.00000e+000
-1.03086e+000

Figure 24. Deformation of the box girder after installation of arch ribs (unit: mm).

MIDAS/Gvil
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Z-direction
1.82346e+002

1.61521e+002

“"".'.’.m.; =
1.19872e+002

‘ml‘l‘l‘l"‘l‘mm o
"‘h — 7.82235e+001

| 5.73990e+001
j ‘ | 3.65745e+001
v 1.57499e+001
0.00000e+000
-2.58991e+001
-4.67236e+001

Figure 25. Deformation of the box girder after the demolition of the frame scaffolding (unit: mm).

From the monitoring data, it can be seen that the highest temperature difference
between the bottom and top plates of the steel box beam is 35-40 °C, and the final welding
phase of the steel box beam mainly took place from April to June in 2019, which represents
the time with the higher environmental temperature, especially June.

Figure 26 shows the deformation monitoring results of the steel box girder after
removing the frame scaffolding. The figure shows that the two ends of the steel box
girder are warped upwards, and the middle span of the box girder is concave, which
coincides with the numerical simulation results in Figure 23. The deformation monitoring
results of the steel box girder after the installation of hanging rods are shown in Figure 27
and are consistent with the numerical simulation results in Figure 23. As evidenced by
the on-site monitoring and simulation results, the exact cause of the abnormal bridge
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Transverse position of bridge/m

deformation and separation between the bearings and the box girder is the inconsistency
of the temperature field at the top and bottom plates. The inconsistency of the temperature
field indicates a significant difference in the temperature field at different times. In the
day time, during the installation and welding of the steel box girder segments, there was a
significant difference between the top plates and bottom plates; the top plates” temperature
was high, the bottom plates’ temperature was lower. However, at a certain time after the
completion of the installation and welding of the steel box girder segments, the temperature
difference between the top plates and bottom plates of the steel box girder becomes quite
small or even close to consistent, such as during the night time and the day time with
low temperatures. The sudden approach of the typhoon changed the temperature of the
top and bottom to a very low temperature field in a short time, which aggravated the
inconsistency of the temperature field. As a result, the measured deformation value was
greater than the theoretical value, mainly because of the temperature deformation of the
steel box girder which led to forced displacement to the frame scaffolding, and subsequent
compression damage of many steel pipes of the frame scaffolding, which further aggravated
the deformation of the steel box girder at the main span.

25
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20 - '
= 0.03
S 15
;°o° I £ 0.02
E 10 g [ oo
[ 1
© & IS 0
=
2 of g 1 -0.01
= (1
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g -0.04
g i -0.05
&= 20r -0.06
_25 ] 1 1 1 il 1 1 1 1 J
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Stake number of the bridge/m
Figure 26. Deformation of the box girder after the demolition of the frame scaffolding (unit: m).
Measurement time: 17:36-18:20 on 25 September 2019. Environmental temperature: 29 °C.
30 —
0.06
20
0.04
10 g
£ 0.02
IS
0r E 0
3
10F a -0.02
-0.04
20T
-0.06
-30 ] 1 ] 1 1 ] ] 1 ] J
440 460 480 500 520 540 560 580 600 620 640

Stake number of the bridge/m

Figure 27. Deformation of the box girder after the installation of hanging rods (unit: m). Measurement
time: 17:36-18:20 on 4 October 2019. Environmental temperature: 23 °C.
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To assess the effective temperature (ET) action, most bridge design codes, such as the
Eurocode [25], British standard [26], AASHTO standard [27], and Chinese standard [28],
recommend an indirect method, considering a conversion between air temperature and
bridge temperature. Regarding the action of the temperature gradient, the specifications
of different countries regulate the form of the vertical temperature gradient curve of the
main girder [29]. Since the bridge was designed according to the Chinese standard [28],
the deformation of temperature action was analyzed according this standard in the FE
model simulation. The simulation results of the deformation (theoretical deformation) of
temperature action in the Chinese standard are shown in Figures 28-30. The deformation
of the steel box girder is 3.7 cm at the midpoint due to the overall heating at 25 °C, and
there is no abnormal deformation at the end of the steel box girder. The deformation of the
steel box girder due to the overall cooling of 25 °C is also 3.7 cm in the mid-span. Under the
action of the forward temperature gradient, the deformation direction of the steel box beam
differs from the simulation results of the deformation, and the measured deformation due
to the measured temperature field. The testing temperature deformation of the beam-arch
combination bridge is slightly different from the result of the FE model, which means that
the current temperature gradient in the Chinese standard (JTGD60-2015) is not applicable
to the beam-arch combination bridge during construction.

DISPLACEMENT
2Z-direction

4,59210e+001
4.16691e+001
3.74172e+001
3.31652e+001
2.89133e+001
2.46614e+001
2.04095e+001
1.61575e+001
1.19056e+001
= 7.65368e+000
gt 0.00000e+000
-8.50168e-001

Icoefficient =
1.9712E+002

Figure 28. Theoretical deformation of the temperature action of overall heating at 25 °C (unit: mm).

POST -PROCESSOR
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Z-direction
1.86985e+001
1.35648e+001
8.43115e+000
3.29750e+000
0.00000e +000

-3.77717e+001

.coefficient =
2.3965E+002

Figure 29. Theoretical deformation of the temperature action of overall cooling at 25 °C (unit: mm).
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0.00000e+000
-6.34675e+000
-1.25771e+001
-1.88074e+001
-2.50377e+001
-3.12680e+001
-3.74984e+001

coefficient =
2.4139€+002

Figure 30. Theoretical deformation of the temperature gradient in the China standard (JTGD60-2015)
(unit: mm).

4. Rehabilitation Measures and Rehabilitation Effect

As highlighted in the previous analysis results, the exact cause of the abnormal
deformation of the bridge is the inconsistency of the temperature field between the top and
bottom plates of the box girder. However, the internal force due to the temperature gradient
was stored in the steel box girder, and it is difficult to release by cutting and reforming
the box girder of the formed bridge. To solve the abnormal deformation, rehabilitation
measures should consider technology, cost, and the necessary construction period. From
the monitoring and numerical simulation, the following steps were taken and put into
engineering practice.

Step 1: Increase the force of the tie rods by 1000 kN based on the original design, and
adopt the temporary concrete block, shown in Figure 31a, to position the end of the box
girder downwards while pre-stressing the tie rods.

(@) (b)

Figure 31. Rehabilitation measures: (a) Adopt the temporary concrete block to position the end of the
box girder downwards. (b) Replace bearings by jacking up the overall box girder.

Step 2: Remove the temporary concrete block, jack up the steel box girder and lower
the pad-stones by 45 mm, and remove the bearing anchor bolts and the original bearing.
Drop the elevation of the box girder, replace the new bearings, and then position the whole
steel box girder in place, as shown in Figure 31b.
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Step 3: Adjust the force of the hanging rods to improve the whole deformation of the
box girder. Add the pressure weight by casting concrete inside the compartment cell at the
end of the box girder, to increase the reserve force of the support reaction. After the above
adjustment, the side support (support away from the bridge axis) could have a sufficient
pressure reserve to prevent the negative reaction force of the support.

The rehabilitation-measures process mainly involved the following steps: After the
overall jacking-up of the box girder, all the bearings were removed to adjust the padstone
height; the elevation at the whole bearing supports was lowered by 4.5 cm in stages; and
the force of the hanging rods was adjusted according to the FE simulation. The primary
issue dates before and after the rehabilitation measures are shown in Table 3.

The changes in the elevation of the box girder are shown in Figure 32. Figure 32a shows
the elevation change of the end of the box girder above abutment #0. The elevation of this
section increased by 4 cm after the rehabilitation measures. Figure 32b shows the elevation
change of the mid-span of the main span of the box girder, and the overall elevation
at this section increased by 3 cm after rehabilitation. Figure 32c shows the elevation
change of the box girder at the section of hanging rod #11, and the overall elevation of
this section increased by 5 cm. Figure 32d shows the elevation change of the end of the
box girder above abutment #3. The elevation of this section increases by 6 cm after the
rehabilitation measures.

Table 3. Primary issue dates before and after the rehabilitation measures.

Dates Primary Issues
27 June 2019 Installation of box girder completed

12 August 2019 The day before Typhoon Lekima arrived

14 August 2019 The day after Typhoon Lekima arrived
11 September 2019 Pre-stress of the hanger rods completed

17 October 2019 Demolition of the frame scaffolding completed
24 December 2019 Plan of rehabilitation measures research completed
29 December 2019 Overall jacking-up of the box girder completed

2 January 2020 First time of descent of the box girder

4 January 2020 Adjustment of the force of the hanging rods completed

8 January 2020 Second time of descent of the box girder

12 January 2020 Rehabilitation measures completed

The contour map deformation of the box girder in the main span is shown in
Figures 33 and 34. The deformation before treatment demonstrated obvious parabolic
characteristics between the longitudinal section and the cross-section, and the maximum
deformation was —11.5 cm, forming a concave “pot cover” shape as shown in Figure 33.
After the treatment, the deformation ranged from —0.6 cm to —0.8 cm, and the error was
close to the error value of —0.7 cm. This result means that rehabilitation measures improved
the overall linearity of the bridge deck.

To ensure that bridge deformation after rehabilitation does not develop in service,
long-term monitoring of the deformation was performed at different temperatures. Rep-
resentative deformation monitoring data are shown in Figure 35, from 16 January 2020,
30 March 2020, and 7 June 2020, with temperatures of 3 °C, 19 °C, and 24 °C, respectively.
Figure 35 shows that the box girder’s deformation at the bridge’s central axis at 3-24 °C
was mainly from —4.0 cm to —6.3 cm, and the deformation area was stable, which indicates
that the bridge can withstand different temperatures under service.
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Figure 36 compares the box girder elevation and design theoretical elevation at the
longitudinal section of the central axis of the bridge. The elevation is generally 4 cm to
6 cm lower than the design elevation. Because the entire support elevation was uniformly
reduced by 4.5 cm during rehabilitation processing, the actual elevation error can be
considered to compensate by 0.5~1.5 cm.

Figure 37 shows that the measured forces of the main arch hanging and the vice arch
hanging rods were stable, the environmental temperature was 3 °C on 13 January, and
25 °C on 26 March 2020. The intermittent relaxation of the states after Typhoon Lekima no
longer appears. Hence, the rehabilitation measures proposed in this paper achieved the
expected target to solve the abnormal deformation of the bridge.
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Figure 32. Deformation of the key section of the box girder before and after the rehabilitation
measures. (a) End of the box girder above abutment #1. (b) mid-span of the main span of the box
girder. (c) Section of hanging rod #11. (d) End of the box girder above abutment #4.
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Figure 33. Deformation of the whole box girder before rehabilitation measures.
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Figure 34. Deformation of the whole box girder after rehabilitation measures.
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Figure 35. Long-term monitoring of the deformation at different temperatures of different times.
(a) Test result on 16 January 2020, 3. (b) Test result on 30 March 2020, 7. (c) Test result on 7 June 2020.
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Figure 36. Elevation of the box girder after demolition of rehabilitation measures.
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Figure 37. Measured force value of the main arch hanging rods.

5. Discussions and Suggestion

Through the investigation in this research, the exact cause of abnormal deformation of
the beam-arch combination bridge was found to be the temperature effect of the typhoon.
The arrival of the typhoon led the temperature of the entire top and bottom to drop to
a very low temperature field in a short time, which aggravated the inconsistency of the
temperature field between the top and bottom plates. The inconsistency of the temperature
field changed the internal force and deformation of the steel box girder, led to the failure of
some of the top pipes of the frame scaffolding by shear, and the frame scaffolding damage
exacerbated the abnormal deformation. The internal force induced by the temperature
action of the bridge gradually acted on the frame scaffolding, and changes in the bridge
geometry gradually appeared because of the constraints between internal components
of bridge structures. Changes in the bridge geometry appeared after several days, once
the typhoon had passed. After the later removal of the frame scaffolding, once the low
temperature weather appeared, the twisting deformation at the end of the box girder
above the abutment inevitably reappeared. Therefore, the possibility of wind load or the
settlement of the foundation of the frame scaffolding can be excluded as the exact cause.
Furthermore, if the abnormal deformation is due to the wind load or the settlement of the
foundation, the twisting deformation could be recovered in the subsequent construction

stages, and would not reappear at certain times such as at nighttime and daytime with
low temperatures.
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Hence, when the steel box girder of the beam-arch combination bridge is assembled
in open air, the temperature inevitably increases in the daytime along the cross-section of
the girder segment; therefore, it is necessary to propose control measures to ensure the
uniform distribution of the temperature field inside and outside the steel girder during
the construction period. Otherwise, similarly to the background bridge in this article,
unrecoverable abnormal deformation under extreme temperature fields is likely to occur,
which brings great harm in the construction of similar bridges. Moreover, due to the
temperature difference of the box girder segments before and after girth-welding in the
open air, some residual thermal deflections will appear on the box girder segments because
of the change of the boundary conditions of the structure by the girth-welding [22].

Combined with the temperature control measures taken in the construction of the steel
box girder of other bridges that have already been built [30,31], the following suggestions
are proposed to avoid abnormal deformation occurring: (1) to ensure the uniform distri-
bution of the temperature field inside and outside the steel box girder, it is necessary to
establish a construction shed with a constant temperature during assembling and welding
in the daytime. (2) Girth-welding of the divided parts of the box girder segment should be
performed during a period when the vertical temperature difference of the girder is within
1 °C, such as after 22:00.

6. Conclusions

To reveal the exact causes of the abnormal deformation of a construction bridge
following Typhoon Lekima, an FE model considering the temperature field based on
measurement data was established, and rehabilitation measures were proposed based on
simulation and on-site monitoring. The conclusions are summarized as follows:

(1) The exact cause of the abnormal deformation of the bridge was the inconsistency of
the temperature field between the top and bottom plates, and the sudden approach of
the typhoon aggravated the inconsistency of this temperature field;

(2) Abnormal deformation of the construction bridge was the result of a temperature
decrease caused by the typhoon, and other abnormal weather conditions should be
addressed with special treatments, such as replacing bearings by jacking the whole
superstructure before forming the bridge because short-term recovery is difficult.

(3) An extreme temperature field should be considered in the design of a beam-arch
combination bridge. To prevent abnormal deformation of the beam-arch combination
bridge caused by the extreme temperature field, controlling measures should be taken
to ensure the uniform distribution of the temperature field inside and outside the steel
box girder during the construction period, such as assembling the steel box girder in a
construction shed with a constant temperature. These results can provide a reference
for the design and construction of similar bridges.
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