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 4 

Biehn Baik1, Ahmet Kaan Akpunar2 5 

Abstract 6 

Temperature-induced deformation is a dominant component of the long-term response of long-span 7 

bridges, yet its behavior under in-service conditions remains insufficiently quantified, particularly for 8 

hybrid structural systems. This study investigates the temperature distribution and 9 

temperature-induced displacement behavior of the Yavuz Sultan Selim Bridge in Türkiye, a combined 10 

cable-stayed and suspension bridge with mixed steel and concrete deck systems, using long-term field 11 

measurements supported by numerical analysis. Temperature and displacement data recorded by the 12 

bridge’s permanent Structural Health Monitoring System, in continuous operation since 2016, are 13 

analyzed to evaluate daily and seasonal thermal effects. Measured deck temperatures are decomposed 14 

into effective uniform temperature and sectional temperature gradients, and their relationships with 15 

longitudinal and vertical displacements at abutments, tower bearings, and midspan are examined. The 16 

results show strong linear correlations between effective deck temperature and longitudinal 17 

displacements at supports, while vertical displacements are interpreted as secondary responses 18 

associated with longitudinal thermal expansion. At midspan, seasonal temperature variation governs 19 

vertical deck displacement, with measured amplitudes comparable to design-stage analytical 20 

predictions. 21 

Keywords: Yavuz Sultan Selim Bridge; bridge; SHMS; temperature; thermal effect; displacement. 22 

 23 

 24 

Monitoring the dynamic behavior of long-span bridges is critical for ensuring structural durability 25 

and safety. Among various environmental factors, thermal actions play a significant role in influencing 26 

bridge performance. Bridges experience daily and seasonal temperature variations due to solar 27 

radiation and ambient air temperature changes. These fluctuations induce complex structural responses, 28 

affecting geometry, mechanical properties, and boundary conditions. Accurately quantifying these 29 

effects remains a challenge due to their nonlinear and time-dependent characteristics. Several studies 30 

have suggested that environmental thermal effects might have a greater impact on structural behavior 31 
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than external operational loads, potentially leading to unexpected deformations, fatigue, and long-term 32 

damage.  33 

Previous studies have investigated thermal effects on various bridge types, developing numerical 34 

models, field monitoring, or a combination of them.  35 

Lan et al. [3] developed an improved numerical model for analyzing wind-induced thermal effects 36 

on a box-girder bridge, using hourly simulations. Their study demonstrated the importance of 37 

considering wind in thermal analysis, relying primarily on numerical simulations.  38 

Linren et al. [4] investigated the temperature behavior of a long-span suspension bridge using 39 

approaches of field monitoring and numerical analysis. The study analyzed both vertical and 40 

transversal temperature differences and validated temperature distribution models for the Humber 41 

Bridge. Their analysis was based on a 24-hour dataset, capturing only short-term fluctuations without 42 

assessing seasonal and long-term thermal effects. They acknowledged the need for future studies to 43 

acquire temperature data over an extended period in an in-service bridge, allowing for a more 44 

comprehensive understanding of long-term temperature distributions and their impact on structural 45 

behavior.  46 

Xia et al. [5] and Xu et al. [2] investigated temperature behavior of the Tsing Ma Suspension 47 

Bridge, integrating numerical simulations and field monitoring data. Their analysis relied on 48 

temperature and displacement data collected for a single day (July 17, 2005) with hourly variations, 49 

providing understanding of short-term hourly fluctuations. However, long-term seasonal variations 50 

and cumulative thermal effects are essential for understanding temperature-induced movements over 51 

extended periods. These long-term thermal effects may play a crucial role in structural performance, 52 

fatigue assessment, and potential damage accumulation. 53 

Lucas et al. [7] analyzed the thermal effects in the orthotropic box girder and in stay cables of the 54 

Normandy Bridge. They analyzed the average temperature and thermal gradient of a steel box-girder 55 

bridge, which showed that a steel box-girder bridge would have a large temperature gradient along the 56 

cross section and significant variation over time. For practical purposes, they compared the calculated 57 

results with the measured values to justify the numerical model, but actual structural movements 58 

caused by these thermal effects were not considered. 59 

Shashi et al. [11] developed a theoretical method of predicting bridge temperatures and the 60 

resulting movements for skewed and curved bridges. They highlighted discrepancies between 61 

AASHTO temperature assumptions and actual conditions and then verified their analytical model by 62 

comparing with a short-term (3-day) field test data.  63 

This study aims to investigate the long-term thermal behavior of a hybrid long-span bridge using 64 

one year of field monitoring data (December 2016 – November 2017). By analyzing seasonal 65 

variations and cumulative thermal effects, this research provides a comprehensive assessment of 66 

temperature-induced displacements over an extended period. Additionally, the measured 67 
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displacements are compared with calculated values from the design phase, enabling validation of 68 

thermal movement assumptions and improving predictive accuracy for future bridge designs. 69 

 70 

 71 

 Bridge System  72 

The Yavuz Sultan Selim (YSS) Bridge, located in Türkiye, is a hybrid long-span bridge that 73 

combines cable-stayed and suspension systems within a single structural configuration. With a total 74 

length of 2,164 m, the bridge consists of a central main span of 1,408 m and two side spans of 378 m 75 

each. This hybrid structural arrangement results in a complex load-transfer mechanism and global 76 

stiffness characteristics that differ from those of conventional suspension or cable-stayed bridges. 77 

The bridge deck system varies along the longitudinal direction. An orthotropic steel box girder is 78 

employed in the main span, while prestressed concrete box girders are used in the side spans [1]. The 79 

coexistence of steel and concrete decks introduces distinct thermal expansion characteristics along the 80 

bridge length, making the structure particularly sensitive to temperature variation and thermal 81 

gradients. 82 

Boundary conditions further contribute to the complexity of the bridge’s thermal response. The 83 

deck is supported by tower bearings and abutment bearings with different restraint conditions, 84 

including fixed and longitudinally movable supports, as well as expansion joints at the abutments. 85 

These constraints govern how thermal expansion and contraction are redistributed along the bridge 86 

and directly influence displacement patterns at critical locations. 87 

Due to its exceptional span length, mixed deck materials, and hybrid structural system, thermal 88 

actions play a dominant role in governing the global deformation behavior of the YSS Bridge. As a 89 

result, accurate characterization of temperature-induced displacement is essential for understanding 90 

its in-service structural performance. 91 

 Structural Health Monitoring System Application  92 

To monitor the in-service behavior of the Yavuz Sultan Selim Bridge and to capture its response 93 

to environmental actions, a permanent Structural Health Monitoring (SHM) system was installed and 94 

has been in continuous operation since the bridge opened to traffic in 2016. The primary objective of 95 

the SHM system is to record long-term structural response data under actual operational and 96 

environmental conditions. 97 

An important advantage of continuous monitoring is that it provides information on the condition 98 

and configuration of the structure in real time, such that any changes (e.g., sudden changes due to an 99 

extreme event such as an earthquake, or slow changes due to environmental factors, aging, and 100 

deterioration) can be detected and identified immediately [2]. 101 

In the present study, temperature and displacement measurements obtained from the SHM system 102 

are used to investigate temperature-induced structural behavior.  103 
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 Temperature Sensor Network  104 

Temperature sensors are installed at representative locations within both the steel and concrete 105 

deck sections, allowing measurement of deck section temperatures as well as ambient air temperature. 106 

Their positions are shown in Figure 1 in which the numbers in boxes are the sensor identification 107 

numbers at the different positions. 108 

The collected temperature data from the SHMS can be grouped into three categories: (1) air 109 

temperature (TH-1, set on the control room); (2) concrete deck section temperature (T-01, 10); and (3) 110 

steel deck section temperature (T-02 to T-09). An air temperature sensor (TH-1) is at the outside roof 111 

of the control room where the SHMS is in operation. Two temperature sensors (T-01, T-10) are placed 112 

at the middle sections of concrete box decks in the European- and the Asian-side back spans. And 113 

other 8 temperature sensors are placed on the upper and the lower decks inside an orthotropic steel 114 

deck and measuring the deck section temperature of the main span. The SHMS is providing these 115 

temperature data daily in the 10-minute sampling rate.  116 

 117 

 118 

Figure 1 Position of temperature sensors and cross section of the YSS Bridge 119 
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Temperature sensor specification: 

• Type: J type 

• Surface mountable 

• Operating temperature range: -60 to +120℃ 

• Error limit: < 1.0 ℃ 

• Response time: < 0.2 sec 
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 Displacement Sensor Network 121 

Displacement sensors are installed at critical structural interfaces, including abutments and tower 122 

bearings, to measure longitudinal and vertical movements of the bridge deck. These locations were 123 

selected because thermal expansion and contraction are expected to demonstrate most clearly at 124 

supports and expansion joints. The displacement sensors measure relative movement between fixed 125 

and movable structural components, enabling evaluation of temperature-related deformation over time. 126 

The positions of displacement sensors on the European side of the YSS Bridge are shown in 127 

Figure 2 in which the numbers in boxes are the sensor identification numbers at different positions. It 128 

goes in the same way on the opposite Asian side. 129 

Displacement sensors can measure the length modification between a fixed part and a movable 130 

one. They will be used to monitor bearing movement and expansion joint movement. The sensor type 131 

and its installation are shown in Figure 3. Using steel or aluminum structure, sensors were placed to 132 

monitor the vertical and the longitudinal movement of the deck depending on their locations. At 133 

expansion joint, sensors were placed under the deck, each edge of the sensor fixed to each side of the 134 

joint. Sensors were installed parallel to the bridge. 135 

The collected data from these displacement sensors are stored in the form of the wire length of 136 

each displacement sensor, so each wire length can be different depending on the sensor configuration 137 

at each position.  138 

For monitoring displacement variation with respect to one-year term temperature change, two 139 

locations are picked up where are abutments (D-01, 02) and tower bearings (D-10, 11) and their 140 

displacement data are calculated as the daily average displacements. And these displacements are 141 

plotted and compared to the effective temperature.  142 

 143 
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Figure 2 Locations of displacement sensors on the European side of the YSS Bridge  144 

 145 

 146 

Figure 3 Displacement sensor type and installation 147 

 148 

For the displacements of the bridge deck, it is noted that the displacements are obtained from 149 

where two GPS stations were installed on the bridge deck (Figure 4). 150 

 151 

 152 

Figure 4 Position of GPS sensors on bridge deck 153 
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To evaluate temperature-induced structural response, the measured temperature field of the 156 

bridge deck is decomposed into representative thermal components that can be directly related to 157 
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global deformation behavior. In accordance with established practice for long-span bridges, the 158 

thermal field is expressed as a combination of a uniform effective temperature and sectional 159 

temperature gradients. This decomposition enables separation of global expansion effects from local 160 

bending effects and provides a consistent basis for interpreting temperature-induced displacement. 161 

 Temperature Calculation 162 

With respect to given time, temperature field over the cross section (Figure 1) varies and should 163 

be considered. A two-dimensional temperature field on the cross section is usually decomposed into a 164 

uniform part Teff, called the average effective temperature, two linear gradients GTy and GTz, as 165 

described in the following equations [6]: 166 𝑇௘௙௙ = ܣ1 ∬ 𝑇(ݕ, ݕ݀(ݖ ஺ݖ݀ (1) 167 

𝑇௬ܩ = ௭ܫ1 ∬ 𝑇(ݕ, ஺ܣ݀ݕ(ݖ (2) 168 

𝑇௭ܩ = ௬ܫ1 ∬ 𝑇(ݕ, ஺ܣ݀ݖ(ݖ (3) 169 

where A is the cross-sectional area of the steel deck, and Iy and Iz the moment of inertia of the 170 

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

From these equations, the daily average effective temperature in x-axis can be calculated and two 172 

temperature gradients in the y and z axes are estimated. 173 

 Thermal Action Assessment 174 

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

Eurocode 1 [6] suggests: 176 

⚫ Representative values of thermal actions should be assessed by the uniform temperature 177 

component and the temperature difference components. 178 

⚫ The uniform temperature component depends on the minimum and maximum temperature 179 

which a bridge will achieve. 180 

⚫ And the values of minimum and maximum shade air temperatures for the site location shall 181 

be obtained, and based on them, the variation of the temperatures which a bridge will receive 182 

should be assessed. 183 

⚫ Then these values affect heating and cooling of a bridge deck’s upper surface that will result 184 

in a maximum heating (top surface warmer) and a maximum cooling (bottom surface 185 

warmer) temperature variation.  186 

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

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

comparison between design assumptions and actual in-service thermal behavior. 189 
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As the number of sensors was limited and measurement was taken at discrete points, we have 190 

assumed that temperatures are constant in the vicinity of sensors and each temperature sensor on the 191 

upper and the lower decks represents temperature distribution on each individual steel plate of a cross 192 

section [6]. Furthermore, it has been studied that temperature differences in the longitudinal direction 193 

of a bridge are generally neglected [8]. Therefore, all of temperature sensors on the main span represent 194 

in the assessment of the average temperature in the steel deck cross section. With the measured data 195 

on the upper and the lower decks, the temperature distribution on the orthotropic steel deck cross 196 

section is evaluated.  197 

A limited number of temperature records exhibiting abnormal values outside historical climatic 198 

ranges were excluded from the analysis. These outliers are attributed to sensor malfunction or data 199 

acquisition issues. Their exclusion does not affect the observed seasonal trends or the linear 200 

relationships identified in subsequent analyses, as the evaluation focuses on long-term average 201 

behavior rather than isolated extreme events. 202 

Based on the characterized effective temperature and sectional gradients, the resulting thermal 203 

actions provide a rational basis for interpreting measured displacement behavior and for assessing 204 

temperature-induced deformation mechanisms, which are examined in the following sections. 205 

 206 

 207 

 Temperature Distribution 208 

As of the end of 2017, it had been almost a year since the SHMS started recording the 209 

measurement data on 1 Dec 2016, temperature variations for a year were obtained.  210 

It is common on the surface of the deck that daily temperatures vary the most. The biggest range 211 

observed during a day was about 37℃ on the 30/06/2016 between the day temperature of 57℃ and 212 

the night temperature of 20℃ from T-04.  213 

For monitoring one-year term temperature variation, with temperature data obtained from eight 214 

temperature sensors (T-02~09) on the main span, deck effective temperature is defined and calculated 215 

as daily average temperatures of four locations within steel deck cross section. 216 

And these temperatures are considered measuring ambient temperatures around the steel deck 217 

section. In addition, air temperature data obtained from the air temperature sensor (TH-1) are 218 

calculated as daily average air temperature and then compared to the deck effective temperature 219 

defined above, as shown in Figure 5. 220 

 221 
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 222 

Figure 5 Daily max, min, and average air temperatures, and deck effective temperatures during 223 

01/12/2016 to 30/11/2017 224 

 225 

As a result, some data missing or drifting extremely out of overall trends are seen and a few of 226 

them are out of the range of -11.7 to 41.5, which are the minimum and maximum recorded air 227 

temperatures (on a period of 52 years and for two meteorological stations located close to the bridge) 228 

[9]. These might be caused by a malfunction occurring in some sensors or there might be something 229 

failure near them or near data acquisition units. Such abnormal components of the data are excluded 230 

from thermal effect evaluation. As considered as a whole, the average air temperature for a year 231 

resulted in 15.1℃, equal to the bridge reference temperature, 15℃, assumed and adopted at the design 232 

phase. 233 

Deck temperature data measured on two temperature sensors (T-01, T-10) on concrete decks are 234 

plotted and compared to the deck effective temperature data, as shown in Figure 6. As a result, less 235 

differences are seen between daily maximum, minimum, and average values of T-01 and T-10. And 236 

from comparison made of these daily average temperatures with those of the deck effective 237 
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temperatures, they are well matched. Therefore, it can be assumed that the deck effective temperatures 238 

represent long-term structural temperatures. 239 

  240 

 241 

Figure 6 Daily max, min, and average temperatures on concrete deck, and deck effective 242 

temperatures  243 

 244 

 Analysis of Daily Cycles 245 

For the summer season, the temperature in the upper deck plate is much higher than the ambient 246 
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(July 30, 2017), as shown in Figure 7. 249 
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solar radiation in January, as shown in Figure 8. This leads to small solar radiation that may cause less 260 

thermal effect to the steel deck. 261 

 262 

 263 

Figure 7 Temperatures in the steel deck on July 30, 2017 264 

 265 

 266 

Figure 8 Temperatures in the steel deck on January 6, 2017 267 

 268 

 269 

 Extreme Temperature Distribution  270 

 Maximum Effective Temperature 271 

A direct correlation between the daily maximum effective temperature in the steel deck and the 272 

daily ambient air temperature recorded during the monitoring period is investigated. (Figure 9). The 273 

correlation described in Eurocode 1 is also plotted together and most of the high measured values are 274 

somewhat over the baseline of Eurocode 1.  275 

The maximum effective temperature in the steel deck (57℃ on June 30, 2017) is much higher 276 

than the ambient air temperature (37℃ on June 30, 2017), and the maximum daily difference, (Teff – 277 

Tair)max which is equal to 26℃ in Figure 9.  278 

 279 

 Minimum Effective Temperature 280 
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A direct correlation between the daily minimum effective temperature in the steel deck and the 281 

daily ambient air temperature recorded during the monitoring period is investigated. (Figure 10). The 282 

correlation described in Eurocode 1 is also plotted together.  283 

The minimum effective temperature in the steel deck (-3.2℃ on January 7, 2017) is a little higher 284 

than the ambient air temperature (-5.5℃ on January 7, 2017). The daily difference, (Teff – Tair)min, is 285 

equal to -2.3℃. This result agrees with the baseline given in Eurocode 1. 286 

 287 

 288 

Figure 9 (a) Daily maximum effective temperature versus ambient air temperature, and (b) 289 

Distribution of maximum differences between maximum effective temperature and ambient air 290 

temperature (Dec 2016 to Nov 2017) 291 
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 293 

Figure 10 (a) Daily minimum effective temperature versus ambient air temperature, and (b) 294 

Distribution of maximum differences between minimum effective temperature and ambient air 295 

temperature (Dec. 2016 to Nov. 2017) 296 

 297 

 Extreme Temperature Vertical Gradient 298 

 Maximum Vertical Gradient 299 

As the daily maximum effective temperatures increase, the vertical gradients become large. 300 

Figure 11 shows the correlation between the daily maximum effective temperature on the x-axis and 301 

the maximum vertical gradient on the y-axis. It appears that the data are scattered but the correlation 302 

looks linear, which can be expressed as: 303 ܩ𝑇௭ ௠௔௫ = 0.5𝑇௘௙௙ ௠௔௫ − 2.6 (4) 304 

 305 

 Minimum Vertical Gradient 306 

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

The value is higher than -13℃, the recommended value for steel deck in the case of bottom warmer 308 

than top in Eurocode 1. 309 
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 311 

Figure 11 (a) Daily maximum effective temperature and of the vertical gradient, and (b) Distribution 312 

of minimum daily vertical gradient 313 

 314 

 Numerical Analysis for Temperature-induced Displacement 315 

Long-term thermal actions normally affect the entire bridge structure, which shows its response 316 

in the form of displacement, strain, and stress.  317 

At design stage, the critical impact caused by thermal actions should be figured out to determine 318 

threshold values of such structural phenomena and the values will be taken as technical criteria for 319 

operation and maintenance later. Therefore, for a service life, static analysis with temperature loading 320 

cases defined was carried out and their results were presented [10]. In the analysis, loading cases 321 

corresponding to thermal effects on steel and concrete decks are shown in Table 1. 322 

 323 

Table 1 Temperature loading cases for numerical analysis (Unit: Celsius) 324 

Cases ΔT Steel 
deck 

ΔT 
Concrete 

deck 

Vertical 
gradient 

steel deck 

Vertical 
gradient 
concrete 

deck 

Transverse 
gradient 

steel deck 

Transverse 
gradient 
concrete 

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 

 325 

A global 3D beam model was developed, and the global axes system consisted of x-axis in 326 
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symmetry plane; and z-axis in vertical direction with z=0 at sea level, respectively. As a result, support 328 

displacements at deck level were calculated in Table 2. 329 

 330 

Table 2 Calculated displacements at supports 331 

 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 

 332 

The displacement values of steel deck at mid-span are given in Table 3. 333 

 334 

Table 3 Calculated displacements at mid-span 335 

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 

 336 

The seasonal temperature-induced bridge displacements for a year can be obtained from data 337 

measured by the monitoring system. These numerical results are compared to and evaluate the 338 

measured displacement data.  339 

 340 

 341 

 Displacement Behavior at Bridge Abutment 342 

It is commonly expected that the displacement in the longitudinal direction increases along with 343 

the seasonal transition from the winter to the summer.  344 

As can be seen in Figure 12, the wire length of the horizontal displacement sensor is getting 345 

shorter (Lh0 > Lh1) when the bridge deck becomes to elongate from mid span to abutment in the 346 

longitudinal direction when the deck effective temperature increases. 347 

In addition, these days the wires of the vertical displacement sensors have been found inclined to 348 

some extents toward the back span. In the same way, when the bridge deck span moves from A0 to A1, 349 

the inclined wire length of the vertical displacement sensor is getting longer (Lv0 < Lv1). For this reason, 350 

the observed vertical displacements are interpreted as secondary responses associated with 351 

longitudinal displacement of the bridge deck. 352 

 353 
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It is assumed that the lengths of the wires of the displacements on 1 Dec 2016 would have the 354 

initial values of the associated displacement record, which means the measurement starts on a given 355 

shape of the structure. 356 

The daily calculations of longitudinal displacement of the European- and the Asian-side 357 

abutments are drawn in Figure 13 as compared with each other recorded, showing a good agreement.  358 

The displacements calculated in the longitudinal direction (x-axis) are obviously correlated with 359 

the seasonal variation and reach approximately 200 mm relative to the initial winter reference state in 360 

the summer.   361 

The wire lengths of the vertical displacement sensors on 1 Dec 2016 were recorded 1,009 mm at 362 

the European side abutment, and 465 mm at the Asian side abutment, assumed as the initial values set 363 

on the starting point. Accordingly, all reported displacements represent relative variations with respect 364 

to the initial monitored configuration rather than absolute structural positions. 365 

As can be seen in Figure 14, the vertical displacements are likewise expected to show minor 366 

increases and decreases in a back‑and‑forth pattern associated with the seasonal transition from winter 367 

to summer.  368 

 369 

 370 

Figure 12 Displacement sensor movement with the seasonal transition  371 

 372 

Bridge deck moves in the longitudinal direction. 
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 373 

Figure 13 Daily average displacement at bridge abutment in the longitudinal direction 374 

 375 

 376 

Figure 14 Daily average displacements at bridge abutments in the vertical direction 377 

  378 

The daily average displacements of the bridge abutments in the longitudinal direction during Dec 379 

2016 to Nov 2017 are plotted with respect to the deck effective temperature for exploring the 380 

temperature-displacement relationship, as shown in Figure 15.  381 
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The measured values are within the range of the maximum and the minimum values obtained 382 

from the numerical analysis. 383 

 384 

 385 

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

deck effective temperature 387 

 388 

The daily longitudinal displacements present a very good linear relationship with the deck 389 

effective temperature. The corresponding linear regression model is taken as  390 ݕ = ݐܽ + ܾ + ௬ߝ [5] 391 

where y is the displacement, a (slope) and b (intercept) are regression coefficients, and εy is the 392 

error. With least-square fitting, the regression coefficients are obtained as a = 9.253 mm/℃ and b = -393 

61.099 mm for the longitudinal displacement in the abutment (Europe), and a = 9.285 mm/℃ and b = 394 

-56.021 mm for the longitudinal displacement in the abutment (Asia).  395 

 396 

 Displacement at Bearing 397 

The longitudinal and the vertical displacements of the tower bearings, P1 (Europe) and P2 (Asia), 398 

are calculated. The longitudinal displacements at the bearings of the towers are shown in Figure 16.  399 

 400 

 401 

 402 
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 403 

Figure 16 Daily average displacements at tower bearings in the longitudinal direction  404 

 405 

However, the parts of them since August 2017 have unexpectedly jumped up to around 1 m, and 406 

indicating constantly 1 m with no change, so it seemed the horizontal displacement sensor would have 407 

a problem.   408 

At the tower, P2 (Asia), the displacements in the longitudinal direction differ from ones at P1 409 

(Europe). They are increasing along with the seasonal transition from the winter to the summer, which 410 

is attributed to the horizontal displacement sensor having a problem.   411 

Since the range of displacements at P2 (Asia) is almost the same as at P1 (Europe), it seems there 412 

is a plus-minus sign error in the output values of the longitudinal displacements at P2 (Asia). 413 

The vertical displacements (z) at the bearings of the towers, P1 and P2, are shown in Figure 17.  414 

 415 
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 416 

Figure 17 Daily average displacement at tower bearing in the vertical direction  417 

 418 

The displacements calculated in the vertical direction (z-axis) are less correlated with the seasonal 419 

variation, compared to the displacements calculated in the longitudinal direction (x-axis). 420 

As similar as described in the bridge abutments, the vertical displacements respond to the 421 

longitudinal displacements. Hence, it may be difficult to evaluate accurately the amount of the vertical 422 

displacements data alone. 423 

The daily average longitudinal displacements of the tower bearings are plotted with respect to the 424 

deck effective temperature for exploring the temperature-displacement relationship, as shown in 425 

Figure 18.  426 

It is noted that the output values of the longitudinal displacements at P2 have plus/minus switched, 427 

assumed that there is a plus-minus sign error.  428 

Data segments exhibiting constant or non-physical values were excluded from regression analysis. 429 

Only displacement records showing continuous variation consistent with temperature changes were 430 

retained for evaluating temperature–displacement relationships. 431 

As similar as described in the bridge abutment, the daily longitudinal displacements present a 432 

very good linear relationship with the deck effective temperature.  433 

For P2, the maximum measured value was 185 mm, comparable to the corresponding analytical 434 

displacement range obtained from the design-stage numerical analysis. 435 

  436 
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  437 

Figure 18 Relationship between daily average longitudinal displacement at tower bearing and deck 438 

effective temperature 439 

 440 

The corresponding linear regression model is taken as  441 ݕ = ݐܽ + ܾ + ௬ߝ [6] 442 

where y is the displacement, a (slope) and b (intercept) are regression coefficients, and εy is the 443 

error. With least-square fitting, the regression coefficients are obtained as a = 6.773 mm/℃ and b = -444 

42.428 mm for the longitudinal displacement at P1 (Europe), and a = 6.902 mm/℃ and b = -39.252 445 

mm for the longitudinal displacement at P2 (Asia).  446 

The regression coefficients for the displacement at other locations, not shown here for brevity, 447 

can be used to quantify the temperature-induced movement of the bridge.  448 

Slope a is 9.253, 9.285, 6.773, and 6.902 mm/℃ for the longitudinal displacements at the four 449 

displacement sensors (the European- and the Asian-side abutments and tower bearings) respectively.  450 

The difference of the slope might be attributed to the distance from the middle of the bridge, 451 

while the thermal coefficients of linear expansion of steel and concrete are 1.2 and 1.0×10-5 / ℃ in the 452 

Eurocode 1. Thus, the global responses of the bridge are associated with the temperatures over the 453 

entire section. 454 

 455 

 Displacement of Bridge Deck 456 

The bridge deck tends to move slightly in all directions, possibly because displacements are 457 

affected not only by temperature loading but also by other loadings such as traffic and wind. However, 458 

these effects are not isolated in the present study, and the analysis focuses on displacement components 459 

exhibiting consistent correlation with temperature. 460 
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The daily average displacements of bridge deck in mid-span are illustrated in Figure 19. A 461 

constant seasonal variation in the vertical displacements can be observed from the figure, including 462 

some influence from instant vehicle loading. In particular, the bridge deck moves downwards in the 463 

summer, and upwards in the winter. The vertical displacements (z-axis) are going down to around 500 464 

mm at maximum in the summer period.  465 

The longitudinal and the transverse displacements, however, do not exhibit a clear or stable 466 

seasonal correlation with temperature. They are showing in part the constant variation, but it seems 467 

hard to find the relationship of them with the seasonal trends. And they differ in the North and the 468 

South and even have an offset each other. The first part of the plot has sudden variations around March, 469 

and the transverse displacement values are much drifting. This error might be attributed to sensor 470 

accuracy and the initial value setting. And noise measurement is also another factor, so recalibration 471 

must be needed.  472 

 473 

 474 

Figure 19 Daily average displacements of bridge deck in the middle of the main span (D28 block) 475 
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 476 

The daily average displacements for a year are also plotted with respect to the deck effective 477 

temperature for exploring the temperature-displacement relationship, as shown in Figure 20.  478 

As found above, both longitudinal and transverse displacements turned out to have no clear 479 

relation with the temperature and then are excluded from displacement evaluation here. 480 

The daily vertical displacements present a very good linear relationship with the seasonal 481 

variation. With respect to the deck effective temperature, the corresponding linear regression model is 482 

taken as  483 ݕ = ݐܽ + ܾ + ௬ߝ [7] 484 

where y is the displacement, a (slope) and b (intercept) are regression coefficients, and εy is the 485 

error. With least-square fitting, the regression coefficients are obtained as a = -19. 683 mm/℃ and b 486 

= 116.45 mm for the vertical displacement in the North, and a = -19. 321 mm/℃ and b = 129.35 mm 487 

for the vertical displacement in the South.  488 

 489 

 490 

Figure 20 Relationship between daily average displacement of bridge deck (D28) and deck effective 491 

temperature during 2017 492 

 493 

The maximum difference of displacement (z-axis) reaches up to approximately 600 mm 494 

depending on the seasonal temperature change, and the measured maximum displacement is of the 495 

same order of magnitude as the analytical prediction (744 mm), while remaining within the expected 496 

design-stage envelope.    497 
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501 

 502 

This study provides one of the first long-term, field-based characterizations of temperature-503 

induced displacement in a hybrid cable-stayed and suspension bridge, based on a continuous one-year 504 

monitoring dataset. Unlike previous studies that focused primarily on short-term or diurnal thermal 505 

effects, the present work captures seasonal trends and cumulative thermal behavior, enabling direct 506 

observation of how thermal actions govern global bridge movements over time. 507 

The results demonstrate that longitudinal displacements at abutments and tower bearings exhibit 508 

a strong and stable linear relationship with effective deck temperature, with seasonal movements 509 

reaching approximately 200 mm. Importantly, the analysis reveals that vertical displacements 510 

measured at these locations are predominantly secondary responses induced by longitudinal expansion 511 

and contraction, rather than direct effects of temperature variation alone. This finding provides a 512 

mechanistic interpretation of displacement sensor data and highlights the need for coupled evaluation 513 

of longitudinal and vertical measurements in long-span bridge monitoring. 514 

At midspan, the bridge deck shows a clear and repeatable linear correlation between seasonal 515 

temperature variation and vertical displacement, with measured movements approaching 500 mm 516 

during summer periods. These observations offer a data-driven basis for defining displacement 517 

threshold levels under normal thermal conditions, supporting more reliable differentiation between 518 

temperature-induced behavior and abnormal structural response. 519 

In addition, the long-term monitoring data enabled identification of sensor drift, sign 520 

inconsistency, and calibration issues that would not be detectable from short-duration measurements. 521 

This emphasizes the value of sustained monitoring not only for structural assessment but also for 522 

validating the reliability of SHM systems themselves. 523 

Overall, the study advances the understanding of thermal effects on hybrid long-span bridges by 524 

linking long-term temperature measurements, structural response mechanisms, and monitoring system 525 

performance. The findings contribute to improved interpretation of SHM data and provide practical 526 

guidance for both bridge design verification and in-service performance evaluation under thermal 527 

actions. 528 

 529 
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