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Temperature-Induced Displacement Behavior of a Hybrid Cable-Stayed
and Suspension Bridge Based on Long-Term Field Monitoring

Biehn Baik!, Ahmet Kaan Akpunar?

Abstract

Temperature-induced deformation is a dominant component of the long-term response of long-span
bridges, yet its behavior under in-service conditions remains insufficiently quantified, particularly for
hybrid structural systems. This study investigates the temperature distribution and
temperature-induced displacement behavior of the Yavuz Sultan Selim Bridge in Tiirkiye, a combined
cable-stayed and suspension bridge with mixed steel and concrete deck systems, using long-term field
measurements supported by numerical analysis. Temperature and displacement data recorded by the
bridge’s permanent Structural Health Monitoring System, in continuous operation since 2016, are
analyzed to evaluate daily and seasonal thermal effects. Measured deck temperatures are decomposed
into effective uniform temperature and sectional temperature gradients, and their relationships with
longitudinal and vertical displacements at abutments, tower bearings, and midspan are examined. The
results show strong linear correlations between effective deck temperature and longitudinal
displacements at supports, while vertical displacements are interpreted as secondary responses
associated with longitudinal thermal expansion. At midspan, seasonal temperature variation governs
vertical deck displacement, with measured amplitudes comparable to design-stage analytical

redictions.

ntroduction
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Monitoring the dynamic behavior of long-span bridges is critical for ensuring structural durability
and safety. Among various environmental factors, thermal actions play a significant role in influencing
bridge performance. Bridges experience daily and seasonal temperature variations due to solar
radiation and ambient air temperature changes. These fluctuations induce complex structural responses,
affecting geometry, mechanical properties, and boundary conditions. Accurately quantifying these
effects remains a challenge due to their nonlinear and time-dependent characteristics. Several studies

have suggested that environmental thermal effects might have a greater impact on structural behavior
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than external operational loads, potentially leading to unexpected deformations, fatigue, and long-term
damage.

Previous studies have investigated thermal effects on various bridge types, developing numerical
models, field monitoring, or a combination of them.

Lan et al. [3] developed an improved numerical model for analyzing wind-induced thermal effects
on a box-girder bridge, using hourly simulations. Their study demonstrated the importance of
considering wind in thermal analysis, relying primarily on numerical simulations.

Linren et al. [4] investigated the temperature behavior of a long-span suspension bridge using
approaches of field monitoring and numerical analysis. The study analyzed both vertical and
transversal temperature differences and validated temperature distribution models for the Humber
Bridge. Their analysis was based on a 24-hour dataset, capturing only short-term fluctuations without
assessing seasonal and long-term thermal effects. They acknowledged the need for future studies to
acquire temperature data over an extended period in an in-service bridge, allowing for a more
comprehensive understanding of long-term temperature distributions and their impact on structural
behavior.

Xia et al. [5] and Xu et al. [2] investigated temperature behavior of the Tsing Ma Suspension
Bridge, integrating numerical simulations and field monitoring data. Their analysis relied on
temperature and displacement data collected for a single day (July 17, 2005) with hourly variations,
providing understanding of short-term hourly fluctuations. However, long-term seasonal variations
and cumulative thermal effects are essential for understanding temperature-induced movements over
extended periods. These long-term thermal effects may play a crucial role in structural performance,
fatigue assessment, and potential damage accumulation.

Lucas et al. [7] analyzed the thermal effects in the orthotropic box girder and in stay cables of the
Normandy Bridge. They analyzed the average temperature and thermal gradient of a steel box-girder
bridge, which showed that a steel box-girder bridge would have a large temperature gradient along the
cross section and significant variation over time. For practical purposes, they compared the calculated
results with the measured values to justify the numerical model, but actual structural movements
caused by these thermal effects were not considered.

Shashi et al. [11] developed a theoretical method of predicting bridge temperatures and the
resulting movements for skewed and curved bridges. They highlighted discrepancies between
AASHTO temperature assumptions and actual conditions and then verified their analytical model by
comparing with a short-term (3-day) field test data.

This study aims to investigate the long-term thermal behavior of a hybrid long-span bridge using
one year of field monitoring data (December 2016 — November 2017). By analyzing seasonal
variations and cumulative thermal effects, this research provides a comprehensive assessment of

temperature-induced displacements over an extended period. Additionally, the measured
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displacements are compared with calculated values from the design phase, enabling validation of

thermal movement assumptions and improving predictive accuracy for future bridge designs.

Bridge System
Bndthae"ga%rzu gﬁ?ﬁh@eﬁﬁﬁ Wé‘é’)oﬂ?i%gasltoec?ted in Tiirkiye, is a hybrid long-span bridge that

combines cable-stayed and suspension systems within a single structural configuration. With a total

length of 2,164 m, the bridge consists of a central main span of 1,408 m and two side spans of 378 m
each. This hybrid structural arrangement results in a complex load-transfer mechanism and global
stiffness characteristics that differ from those of conventional suspension or cable-stayed bridges.

The bridge deck system varies along the longitudinal direction. An orthotropic steel box girder is
employed in the main span, while prestressed concrete box girders are used in the side spans [1]. The
coexistence of steel and concrete decks introduces distinct thermal expansion characteristics along the
bridge length, making the structure particularly sensitive to temperature variation and thermal
gradients.

Boundary conditions further contribute to the complexity of the bridge’s thermal response. The
deck is supported by tower bearings and abutment bearings with different restraint conditions,
including fixed and longitudinally movable supports, as well as expansion joints at the abutments.
These constraints govern how thermal expansion and contraction are redistributed along the bridge
and directly influence displacement patterns at critical locations.

Due to its exceptional span length, mixed deck materials, and hybrid structural system, thermal
actions play a dominant role in governing the global deformation behavior of the YSS Bridge. As a
result, accurate characterization of temperature-induced displacement is essential for understanding
its in-service structural performance.

Structural Health Monitoring System Application

To monitor the in-service behavior of the Yavuz Sultan Selim Bridge and to capture its response
to environmental actions, a permanent Structural Health Monitoring (SHM) system was installed and
has been in continuous operation since the bridge opened to traffic in 2016. The primary objective of
the SHM system is to record long-term structural response data under actual operational and
environmental conditions.

An important advantage of continuous monitoring is that it provides information on the condition
and configuration of the structure in real time, such that any changes (e.g., sudden changes due to an
extreme event such as an earthquake, or slow changes due to environmental factors, aging, and
deterioration) can be detected and identified immediately [2].

In the present study, temperature and displacement measurements obtained from the SHM system

are used to investigate temperature-induced structural behavior.
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Temperature Sensor Network

Temperature sensors are installed at representative locations within both the steel and concrete

deck sections, allowing measurement of deck section temperatures as well as ambient air temperature.

Their positions are shown in Figure 1 in which the numbers in boxes are the sensor identification
numbers at the different positions.

The collected temperature data from the SHMS can be grouped into three categories: (1) air
temperature (TH-1, set on the control room); (2) concrete deck section temperature (T-01, 10); and (3)
steel deck section temperature (T-02 to T-09). An air temperature sensor (TH-1) is at the outside roof
of the control room where the SHMS is in operation. Two temperature sensors (T-01, T-10) are placed
at the middle sections of concrete box decks in the European- and the Asian-side back spans. And
other 8 temperature sensors are placed on the upper and the lower decks inside an orthotropic steel
deck and measuring the deck section temperature of the main span. The SHMS is providing these

temperature data daily in the 10-minute sampling rate.

o
o

4

5200mm

o &N}
i
T-01 T-04,05 [ T-06,07
. ! 4
I S I
i | |
NN
[ \l
Temp sensor on . Temp sensor on
concrete deck T-02, 04, 06, 08 ‘ steel deck
[F T UK
[« # |
’.f \ . / I ANS
T-03,05,07, 09 s memmmr i __
T L Z
Temperature sensors on deck section are placed inside the steel deck. y

Temperature sensor specification:

e Type: J type

e Surface mountable

e Operating temperature range: -60 to +120°C
e Error limit: < 1.0 °C

Figure 1 Position of temperature sensors and cross section of the YSS Bridge
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Displacement Sensor Network

Displacement sensors are installed at critical structural interfaces, including abutments and tower
bearings, to measure longitudinal and vertical movements of the bridge deck. These locations were
selected because thermal expansion and contraction are expected to demonstrate most clearly at
supports and expansion joints. The displacement sensors measure relative movement between fixed
and movable structural components, enabling evaluation of temperature-related deformation over time.

The positions of displacement sensors on the European side of the YSS Bridge are shown in
Figure 2 in which the numbers in boxes are the sensor identification numbers at different positions. It
goes in the same way on the opposite Asian side.

Displacement sensors can measure the length modification between a fixed part and a movable
one. They will be used to monitor bearing movement and expansion joint movement. The sensor type
and its installation are shown in Figure 3. Using steel or aluminum structure, sensors were placed to
monitor the vertical and the longitudinal movement of the deck depending on their locations. At
expansion joint, sensors were placed under the deck, each edge of the sensor fixed to each side of the
joint. Sensors were installed parallel to the bridge.

The collected data from these displacement sensors are stored in the form of the wire length of
each displacement sensor, so each wire length can be different depending on the sensor configuration
at each position.

For monitoring displacement variation with respect to one-year term temperature change, two
locations are picked up where are abutments (D-01, 02) and tower bearings (D-10, 11) and their
displacement data are calculated as the daily average displacements. And these displacements are

plotted and compared to the effective temperature.
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@ Displacement sensors: Total of 22 sensors
- 1 on P1 each axis (on each side)
2 on Tower LCB axis {on each side)
- 2 on each P2, P3 and P4 axes (on each side)
- 2 on each expansion joint (on each side)
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Figure 2 Locations of displacement sensors on the European side of the YSS Bridge

Europe Asia

@ Displacement sensor

Expansion joint at Tower bearing
abutmeit/\ \N

Movable $ tﬁ

Vertical displacement sensor

Fixed

Displacement sensor specification
o Type: Magnetostrictive type

e Sampling rage: > 100 Hz

e Measurement range: + 1000 mm
» Measurement resolution: 50 um
« Contactless

Figure 3 Displacement sensor type and installation

For the displacements of the bridge deck, it is noted that the displacements are obtained from

where two GPS stations were installed on the bridge deck (Figure 4).

G-02
North
Z

3. Thermal Analysis N G-03 K
N\ X
South N

Figure 4 Position of GPS sensors on bridge deck

To evaluate temperature-induced structural response, the measured temperature field of the

bridge deck is decomposed into representative thermal components that can be directly related to
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158  global deformation behavior. In accordance with established practice for long-span bridges, the
159  thermal field is expressed as a combination of a uniform effective temperature and sectional
160  temperature gradients. This decomposition enables separation of global expansion effects from local
161 bending effects and provides a consistent basis for interpreting temperature-induced displacement.
162 Temperature Calculation

1633.1‘ With respect to given time, temperature field over the cross section (Figure 1) varies and should
164 be considered. A two-dimensional temperature field on the cross section is usually decomposed into a

165  uniform part Tep called the average effective temperature, two linear gradients GT, and GT, as

166  described in the following equations [6]:

1

167 Ty = || T2y dz )
Ally
1

168 6ty = [[ T.2yaa @
1, JJ,
1

169 GT, = —ff T(y,z)zdA 3)
Iy JJa

170 where 4 is the cross-sectional area of the steel deck, and /, and /. the moment of inertia of the

171 steel deck cross section with respect to the y and z axes, respectively.

1724 5 From these equations, the daily average effective temperature in x-axis can be calculated and two
173 temperature gradients in the y and z axes are estimated.

174 Thermal Action Assessment

175 In addition to these thermal component equations, to consider thermal actions on bridge deck,

176  Eurocode 1 [6] suggests:

177 ® Representative values of thermal actions should be assessed by the uniform temperature
178 component and the temperature difference components.

179 ®  The uniform temperature component depends on the minimum and maximum temperature
180 which a bridge will achieve.

181 ®  And the values of minimum and maximum shade air temperatures for the site location shall
182 be obtained, and based on them, the variation of the temperatures which a bridge will receive
183 should be assessed.

184 ® Then these values affect heating and cooling of a bridge deck’s upper surface that will result
185 in a maximum heating (top surface warmer) and a maximum cooling (bottom surface
186 warmer) temperature variation.

187 In this study, the Eurocode-based framework is used not as a prescriptive design check, but as a

188  reference model against which measured temperature distributions are evaluated. This allows direct

189  comparison between design assumptions and actual in-service thermal behavior.



190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221

Temperature Induced Displacement Behavior of a Hybrid Cable Stayed and Suspension Bridge Based
on Long Term Field Monitoring

As the number of sensors was limited and measurement was taken at discrete points, we have
assumed that temperatures are constant in the vicinity of sensors and each temperature sensor on the
upper and the lower decks represents temperature distribution on each individual steel plate of a cross
section [6]. Furthermore, it has been studied that temperature differences in the longitudinal direction
of a bridge are generally neglected [8]. Therefore, all of temperature sensors on the main span represent
in the assessment of the average temperature in the steel deck cross section. With the measured data
on the upper and the lower decks, the temperature distribution on the orthotropic steel deck cross
section is evaluated.

A limited number of temperature records exhibiting abnormal values outside historical climatic
ranges were excluded from the analysis. These outliers are attributed to sensor malfunction or data
acquisition issues. Their exclusion does not affect the observed seasonal trends or the linear
relationships identified in subsequent analyses, as the evaluation focuses on long-term average
behavior rather than isolated extreme events.

Based on the characterized effective temperature and sectional gradients, the resulting thermal
actions provide a rational basis for interpreting measured displacement behavior and for assessing

temperature-induced deformation mechanisms, which are examined in the following sections.
Temperature Behavior of the YSS Bridge

Temperature Distribution

As of the end of 2017, it had been almost a year since the SHMS started recording the
measurement data on 1 Dec 2016, temperature variations for a year were obtained.

It is common on the surface of the deck that daily temperatures vary the most. The biggest range
observed during a day was about 37°C on the 30/06/2016 between the day temperature of 57°C and
the night temperature of 20°C from T-04.

For monitoring one-year term temperature variation, with temperature data obtained from eight
temperature sensors (T-02~09) on the main span, deck effective temperature is defined and calculated
as daily average temperatures of four locations within steel deck cross section.

And these temperatures are considered measuring ambient temperatures around the steel deck
section. In addition, air temperature data obtained from the air temperature sensor (TH-1) are
calculated as daily average air temperature and then compared to the deck effective temperature

defined above, as shown in Figure 5.
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Figure 5 Daily max, min, and average air temperatures, and deck effective temperatures during

01/12/2016 to 30/11/2017

As a result, some data missing or drifting extremely out of overall trends are seen and a few of
them are out of the range of -11.7 to 41.5, which are the minimum and maximum recorded air
temperatures (on a period of 52 years and for two meteorological stations located close to the bridge)
[9]. These might be caused by a malfunction occurring in some sensors or there might be something
failure near them or near data acquisition units. Such abnormal components of the data are excluded
from thermal effect evaluation. As considered as a whole, the average air temperature for a year
resulted in 15.1°C, equal to the bridge reference temperature, 15°C, assumed and adopted at the design
phase.

Deck temperature data measured on two temperature sensors (T-01, T-10) on concrete decks are
plotted and compared to the deck effective temperature data, as shown in Figure 6. As a result, less
differences are seen between daily maximum, minimum, and average values of T-01 and T-10. And

from comparison made of these daily average temperatures with those of the deck effective
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temperatures, they are well matched. Therefore, it can be assumed that the deck effective temperatures

represent long-term structural temperatures.

40
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Figure 6 Daily max, min, and average temperatures on concrete deck, and deck effective

temperatures

Analysis of Daily Cycles

For the summer season, the temperature in the upper deck plate is much higher than the ambient
air one during the afternoon. The difference can reach 21.5°C (49.3-27.8). The average deck
temperature (from 8§ points) is also higher than the ambient one by 10.3°C (38.1-27.8) on the same day
(July 30, 2017), as shown in Figure 7.

The solar radiation normally gives much impact on the deck’s temperature change, but the present
monitoring system does not consist of any component to enable to measure such a degree of solar
radiation to which the steel deck exposes itself.

In order to figure out the relationship between vertical thermal gradient and solar radiation, the
past solar radiation data, the average hourly solar radiation in Istanbul measured in July and January
from1992 to 1993 [9], are employed.

The vertical thermal gradient reaches 22°C and it follows at the peak of the average hourly solar
radiation in July, which indicates the high gradient is affected much by the solar radiation.

For the winter season, the average temperature of the deck plate corresponds roughly with the

ambient air temperature. The vertical thermal gradient reaches 1°C at the peak of the average hourly

10
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260  solar radiation in January, as shown in Figure 8. This leads to small solar radiation that may cause less

261 thermal effect to the steel deck.
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26744 Figure 8 Temperatures in the steel deck on January 6, 2017
2684.3.1.
269
270 Extreme Temperature Distribution
271 Maximum Effective Temperature
272 A direct correlation between the daily maximum effective temperature in the steel deck and the

273 daily ambient air temperature recorded during the monitoring period is investigated. (Figure 9). The
274  correlation described in Eurocode 1 is also plotted together and most of the high measured values are
2754 .3.2somewhat over the baseline of Eurocode 1.

276 The maximum effective temperature in the steel deck (57°C on June 30, 2017) is much higher
277  than the ambient air temperature (37°C on June 30, 2017), and the maximum daily difference, (Tef—
278 Toir)max Which is equal to 26°C in Figure 9.

279

280 Minimum Effective Temperature
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A direct correlation between the daily minimum effective temperature in the steel deck and the

daily ambient air temperature recorded during the monitoring period is investigated. (Figure 10). The

correlation described in Eurocode 1 is also plotted together.

The minimum effective temperature in the steel deck (-3.2°C on January 7, 2017) is a little higher

than the ambient air temperature (-5.5°C on January 7, 2017). The daily difference, (Tey— Tuir)min, 1S

equal to -2.3°C. This result agrees with the baseline given in Eurocode 1.

Eff. temp max

60 - 14
50 12
10
40
9
= 8
2
30 9}
>
g 6
w
20
4
10 O Air temp vs Eff. temp 2
— —Eurocode 1
o o linear regression 0
0 10 20 30 40 50 60 -0 6 -2 2 6 10 14 18 22 26 30

Air temp max (Teff-Tair)max (°C)

Figure 9 (a) Daily maximum effective temperature versus ambient air temperature, and (b)
Distribution of maximum differences between maximum effective temperature and ambient air

temperature (Dec 2016 to Nov 2017)
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294 Figure 10 (a) Daily minimum effective temperature versus ambient air temperature, and (b)
295 Distribution of maximum differences between minimum effective temperature and ambient air
296 temperature (Dec. 2016 to Nov. 2017)
2974.4.
4.4.1. ) )
298 Extreme Temperature Vertical Gradient
299 Maximum Vertical Gradient
300 As the daily maximum effective temperatures increase, the vertical gradients become large.

301 Figure 11 shows the correlation between the daily maximum effective temperature on the x-axis and
302  the maximum vertical gradient on the y-axis. It appears that the data are scattered but the correlation

3034.4.20o0ks linear, which can be expressed as:

304 GT;max = 0.5T¢ff max — 2.6 4)
305

306 Minimum Vertical Gradient

307 The minimum gradient measured is -6°C low, measured in the winter, as shown in Figure 11.

308  The value is higher than -13°C, the recommended value for steel deck in the case of bottom warmer
309  than top in Eurocode 1.
310
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Figure 11 (a) Daily maximum effective temperature and of the vertical gradient, and (b) Distribution

of minimum daily vertical gradient

Numerical Analysis for Temperature-induced Displacement

Long-term thermal actions normally affect the entire bridge structure, which shows its response

in the form of displacement, strain, and stress.

At design stage, the critical impact caused by thermal actions should be figured out to determine

threshold values of such structural phenomena and the values will be taken as technical criteria for

operation and maintenance later. Therefore, for a service life, static analysis with temperature loading

cases defined was carried out and their results were presented [10]. In the analysis, loading cases

corresponding to thermal effects on steel and concrete decks are shown in Table 1.

Table 1 Temperature loading cases for numerical analysis (Unit: Celsius)

. Vertical Transverse
AT Steel AT Vem.cal gradient Transyerse gradient
Cases Concrete gradient gradient
deck concrete concrete
deck steel deck steel deck
deck deck

1 46 30 16 12 3 0
2 46 30 16 12 -3 0
3 37 30 20 0 3 0
4 37 30 20 0 -3 0
5 -30 -30 -5 -3 0 0
6 -30 -25 -5 -3 0 0

A global 3D beam model was developed, and the global axes system consisted of x-axis in

longitudinal direction with x=0 at the center of the bridge; y-axis in transverse direction with y=0 at
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symmetry plane; and z-axis in vertical direction with z=0 at sea level, respectively. As a result, support

displacements at deck level were calculated in Table 2.

Table 2 Calculated displacements at supports

Unit Dx min Dx max
Abutment (Europe) m -0.279 0.385
Tower bearing P1 (Europe) m -0.186 0.285
Tower bearing P2 (Asia) m -0.286 0.187
Abutment (Asia) m -0.383 0.278

The displacement values of steel deck at mid-span are given in Table 3.

Table 3 Calculated displacements at mid-span

Direction Unit Min Max
Longitudinal (x) m -0.387 0.387
Transverse (y) m -0.008 0.008
Vertical (z) m -0.744 0.827

The seasonal temperature-induced bridge displacements for a year can be obtained from data

measured by the monitoring system. These numerical results are compared to and evaluate the
Temperature-induced Displacement from Field Measurements

measured displacement data.

Displacement Behavior at Bridge Abutment

It is commonly expected that the displacement in the longitudinal direction increases along with
the seasonal transition from the winter to the summer.

As can be seen in Figure 12, the wire length of the horizontal displacement sensor is getting
shorter (Lso > Lins) when the bridge deck becomes to elongate from mid span to abutment in the
longitudinal direction when the deck effective temperature increases.

In addition, these days the wires of the vertical displacement sensors have been found inclined to
some extents toward the back span. In the same way, when the bridge deck span moves from Ao to 4,
the inclined wire length of the vertical displacement sensor is getting longer (L.o < Ly). For this reason,
the observed vertical displacements are interpreted as secondary responses associated with

longitudinal displacement of the bridge deck.
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It is assumed that the lengths of the wires of the displacements on 1 Dec 2016 would have the
initial values of the associated displacement record, which means the measurement starts on a given
shape of the structure.

The daily calculations of longitudinal displacement of the European- and the Asian-side
abutments are drawn in Figure 13 as compared with each other recorded, showing a good agreement.

The displacements calculated in the longitudinal direction (x-axis) are obviously correlated with
the seasonal variation and reach approximately 200 mm relative to the initial winter reference state in
the summer.

The wire lengths of the vertical displacement sensors on 1 Dec 2016 were recorded 1,009 mm at
the European side abutment, and 465 mm at the Asian side abutment, assumed as the initial values set
on the starting point. Accordingly, all reported displacements represent relative variations with respect
to the initial monitored configuration rather than absolute structural positions.

As can be seen in Figure 14, the vertical displacements are likewise expected to show minor
increases and decreases in a back-and-forth pattern associated with the seasonal transition from winter

to summer.

Back Mid
Span Span

Elongation of Bridge | Shrinkage of Bridge
Deck (summer) Deck (winter)
4——»

Lnz

A

|
Lno |

Bottom of Bridge

L Deck Girder

- i [

\ ; N
Displacement wire

NFixed Vertical Pole

Figure 12 Displacement sensor movement with the seasonal transition
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Figure 13 Daily average displacement at bridge abutment in the longitudinal direction
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Figure 14 Daily average displacements at bridge abutments in the vertical direction

The daily average displacements of the bridge abutments in the longitudinal direction during Dec

2016 to Nov 2017 are plotted with respect to the deck effective temperature for exploring the

temperature-displacement relationship, as shown in Figure 15.
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382 The measured values are within the range of the maximum and the minimum values obtained

383  from the numerical analysis.

384
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386 Figure 15 Relationship between daily average longitudinal displacements at bridge abutments and

387 deck effective temperature

388

389 The daily longitudinal displacements present a very good linear relationship with the deck
390  effective temperature. The corresponding linear regression model is taken as

391 y=at+b+eg, [5]
392 where y is the displacement, a (slope) and b (intercept) are regression coefficients, and €y is the

393  error. With least-square fitting, the regression coefficients are obtained as @ = 9.253 mm/°C and b = -
394%2- 61.099 mm for the longitudinal displacement in the abutment (Europe), and @ = 9.285 mm/°C and b =
395  -56.021 mm for the longitudinal displacement in the abutment (Asia).

396
397 Displacement at Bearing
398 The longitudinal and the vertical displacements of the tower bearings, P1 (Europe) and P2 (Asia),

399  are calculated. The longitudinal displacements at the bearings of the towers are shown in Figure 16.
400
401
402
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404 Figure 16 Daily average displacements at tower bearings in the longitudinal direction

405

406 However, the parts of them since August 2017 have unexpectedly jumped up to around 1 m, and
407  indicating constantly 1 m with no change, so it seemed the horizontal displacement sensor would have
408  aproblem.

409 At the tower, P2 (Asia), the displacements in the longitudinal direction differ from ones at P1
410  (Europe). They are increasing along with the seasonal transition from the winter to the summer, which
411 is attributed to the horizontal displacement sensor having a problem.

412 Since the range of displacements at P2 (Asia) is almost the same as at P1 (Europe), it seems there
413  is a plus-minus sign error in the output values of the longitudinal displacements at P2 (Asia).

414 The vertical displacements (z) at the bearings of the towers, P1 and P2, are shown in Figure 17.
415
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Figure 17 Daily average displacement at tower bearing in the vertical direction

The displacements calculated in the vertical direction (z-axis) are less correlated with the seasonal
variation, compared to the displacements calculated in the longitudinal direction (x-axis).

As similar as described in the bridge abutments, the vertical displacements respond to the
longitudinal displacements. Hence, it may be difficult to evaluate accurately the amount of the vertical
displacements data alone.

The daily average longitudinal displacements of the tower bearings are plotted with respect to the
deck effective temperature for exploring the temperature-displacement relationship, as shown in
Figure 18.

It is noted that the output values of the longitudinal displacements at P2 have plus/minus switched,
assumed that there is a plus-minus sign error.

Data segments exhibiting constant or non-physical values were excluded from regression analysis.
Only displacement records showing continuous variation consistent with temperature changes were
retained for evaluating temperature—displacement relationships.

As similar as described in the bridge abutment, the daily longitudinal displacements present a
very good linear relationship with the deck effective temperature.

For P2, the maximum measured value was 185 mm, comparable to the corresponding analytical

displacement range obtained from the design-stage numerical analysis.
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438 Figure 18 Relationship between daily average longitudinal displacement at tower bearing and deck

439 effective temperature

440

441 The corresponding linear regression model is taken as

442 y=at+b+eg, [6]
443 where y is the displacement, a (slope) and b (intercept) are regression coefficients, and ¢, is the

444  error. With least-square fitting, the regression coefficients are obtained as a = 6.773 mm/°C and b = -
445  42.428 mm for the longitudinal displacement at P1 (Europe), and @ = 6.902 mm/°C and b = -39.252
446  mm for the longitudinal displacement at P2 (Asia).

447 The regression coefficients for the displacement at other locations, not shown here for brevity,
448  can be used to quantify the temperature-induced movement of the bridge.

449 Slope a is 9.253, 9.285, 6.773, and 6.902 mm/°C for the longitudinal displacements at the four
450  displacement sensors (the European- and the Asian-side abutments and tower bearings) respectively.
451 The difference of the slope might be attributed to the distance from the middle of the bridge,
4525.3. while the thermal coefficients of linear expansion of steel and concrete are 1.2 and 1.0x1073 / °C in the
453  Eurocode 1. Thus, the global responses of the bridge are associated with the temperatures over the

454 entire section.

455
456 Displacement of Bridge Deck
457 The bridge deck tends to move slightly in all directions, possibly because displacements are

458  affected not only by temperature loading but also by other loadings such as traffic and wind. However,
459  these effects are not isolated in the present study, and the analysis focuses on displacement components

460  exhibiting consistent correlation with temperature.
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The daily average displacements of bridge deck in mid-span are illustrated in Figure 19. A
constant seasonal variation in the vertical displacements can be observed from the figure, including
some influence from instant vehicle loading. In particular, the bridge deck moves downwards in the
summer, and upwards in the winter. The vertical displacements (z-axis) are going down to around 500
mm at maximum in the summer period.

The longitudinal and the transverse displacements, however, do not exhibit a clear or stable
seasonal correlation with temperature. They are showing in part the constant variation, but it seems
hard to find the relationship of them with the seasonal trends. And they differ in the North and the
South and even have an offset each other. The first part of the plot has sudden variations around March,
and the transverse displacement values are much drifting. This error might be attributed to sensor
accuracy and the initial value setting. And noise measurement is also another factor, so recalibration

must be needed.
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Figure 19 Daily average displacements of bridge deck in the middle of the main span (D28 block)
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The daily average displacements for a year are also plotted with respect to the deck effective
temperature for exploring the temperature-displacement relationship, as shown in Figure 20.

As found above, both longitudinal and transverse displacements turned out to have no clear
relation with the temperature and then are excluded from displacement evaluation here.

The daily vertical displacements present a very good linear relationship with the seasonal
variation. With respect to the deck effective temperature, the corresponding linear regression model is
taken as

y=at+b+eg, [7]

where y is the displacement, a (slope) and b (intercept) are regression coefficients, and ¢, is the
error. With least-square fitting, the regression coefficients are obtained as @ = -19. 683 mm/°C and b
= 116.45 mm for the vertical displacement in the North, and a = -19. 321 mm/°C and b = 129.35 mm

for the vertical displacement in the South.

700 o G-02 North Uz
400 o G-03 South Uz
300

B
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Figure 20 Relationship between daily average displacement of bridge deck (D28) and deck effective

temperature during 2017

These field measurements demonstrate that temperature-induced displacement dominates the

4941ong-term dihienamaximur: «diktaence wak cdisplagementc{goadiph oteaskas: mplifk approximately 600 mm
49 5structgahinding o tHinge4s6MAP eeimipethtiye lehwpeal sdothe NEAWHEN maximum displacement is of the

496
497
498
499
500

same order of magnitude as the analytical prediction (744 mm), while remaining within the expected

design-stage envelope.
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This study provides one of the first long-term, field-based characterizations of temperature-
Ouhiekrssibsplacement in a hybrid cable-stayed and suspension bridge, based on a continuous one-year
monitoring dataset. Unlike previous studies that focused primarily on short-term or diurnal thermal
effects, the present work captures seasonal trends and cumulative thermal behavior, enabling direct
observation of how thermal actions govern global bridge movements over time.

The results demonstrate that longitudinal displacements at abutments and tower bearings exhibit
a strong and stable linear relationship with effective deck temperature, with seasonal movements
reaching approximately 200 mm. Importantly, the analysis reveals that vertical displacements
measured at these locations are predominantly secondary responses induced by longitudinal expansion
and contraction, rather than direct effects of temperature variation alone. This finding provides a
mechanistic interpretation of displacement sensor data and highlights the need for coupled evaluation
of longitudinal and vertical measurements in long-span bridge monitoring.

At midspan, the bridge deck shows a clear and repeatable linear correlation between seasonal
temperature variation and vertical displacement, with measured movements approaching 500 mm
during summer periods. These observations offer a data-driven basis for defining displacement
threshold levels under normal thermal conditions, supporting more reliable differentiation between
temperature-induced behavior and abnormal structural response.

In addition, the long-term monitoring data enabled identification of sensor drift, sign
inconsistency, and calibration issues that would not be detectable from short-duration measurements.
This emphasizes the value of sustained monitoring not only for structural assessment but also for
validating the reliability of SHM systems themselves.

Overall, the study advances the understanding of thermal effects on hybrid long-span bridges by
linking long-term temperature measurements, structural response mechanisms, and monitoring system
Rreftranaace. The findings contribute to improved interpretation of SHM data and provide practical
guidance for both bridge design verification and in-service performance evaluation under thermal

actions.
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