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Abstract: Bridges are critical components of modern infrastructure, yet their long-term
performance is often compromised by thermal stresses induced by environmental and
material factors. Despite advances in remote sensing, characterizing the complex ther-
mal dynamics of bridge structures remains challenging. In this study, we investigate the
seasonal and diurnal thermal behavior of two common bridge types—a water channel
bridge with paving stone surfacing and a highway bridge with asphalt surfacing—using
high-resolution UAV thermography. A pre-designed photogrammetric flight plan (yielding
a ground sampling distance of <5 cm) was implemented to acquire thermal and visual
imagery during four distinct temporal windows (winter morning, winter evening, summer
morning, and summer evening). The methodology involved generating thermal orthopho-
tos via structure-from-motion techniques, extracting systematic temperature measurements
(n = 150 per bridge), and analyzing these using independent-samples and paired t-tests
to quantify material-specific thermal responses and environmental coupling effects. The
results reveal that the water channel bridge exhibited significantly lower thermal variability
(1.54–3.48 ◦C) compared to the highway bridge (3.27–5.66 ◦C), with pronounced differences
during winter mornings (Cohen’s d = 2.03, p < 0.001). Furthermore, material properties
strongly modulated thermal dynamics, as evidenced by the significant temperature differ-
entials between the paving stone and asphalt surfaces, while ambient conditions further
influence surface–ambient coupling (r = 0.961 vs. 0.975). The results provide UAV-based
quantitative metrics for bridge thermal assessment and empirical evidence to support the
temporal monitoring of bridges with varying materials and environmental conditions for
future studies.

Keywords: UAV; photogrammetry; aerial thermography; bridge temperature analysis;
temporal thermal dynamics

1. Introduction
Bridge infrastructure represents a critical component of modern transportation net-

works, requiring continuous monitoring and maintenance to ensure structural integrity
and public safety [1]. The long-term performance of these structures is governed by com-
plex interactions between environmental conditions, material properties, and mechanical
loads, with thermal behavior emerging as a particularly crucial yet often underappreci-
ated determinant of structural health [2]. Temperature-induced stresses and deformations
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can significantly impact both immediate structural responses and long-term deterioration
patterns, necessitating sophisticated approaches to thermal assessment and monitoring [3].

The challenges of understanding bridge thermal dynamics have grown increasingly
complex as infrastructure ages and climate patterns have evolved [4]. Traditional structural
health monitoring approaches, primarily focused on mechanical responses and visible
deterioration, often fail to capture the subtle yet significant impacts of thermal behavior on
structural performance. These thermal effects manifest through multiple mechanisms, in-
cluding differential expansion and contraction, thermal gradients inducing internal stresses,
and temperature-dependent material property variations [5]. The cumulative impact of
these thermal phenomena can accelerate deterioration processes, affect load-carrying ca-
pacity, and influence maintenance requirements, highlighting the critical importance of
comprehensive thermal assessment in bridge management strategies [6].

Recent technological developments, particularly in remote sensing and data process-
ing, have significantly enhanced our ability to study bridge thermal behavior. While
traditional point-based temperature measurements offer a narrow perspective, modern
assessment methods allow for a comprehensive examination of thermal patterns across
entire structures [7]. This improvement in assessment capabilities has highlighted the
complexity of bridge thermal responses and their significant implications for structural
health monitoring and maintenance planning [8].

The development of thermal assessment methods has led to a systematic increase in
bridge structural monitoring capabilities. Early foundational work by Zuk [9] and Wah and
Kirksey [10] established fundamental principles through static temperature distributions
and basic thermal characteristics using fixed sensor networks. Although constrained
by technological limitations, this initial research provided an essential understanding of
thermal impacts on structural performance. Subsequent investigations by Fu et al. [11]
and Chang and Im [12] expanded the field by conducting more sophisticated studies on
composite bridge structures, demonstrating critical relationships between thermal effects
and structural durability.

A significant development emerged through long-term monitoring studies in the
early 2000s, fundamentally altering our understanding of thermal impacts. Research by
Liu et al. [13] showed that temperature-induced deformations could substantially exceed
traffic-induced stresses, particularly in regions experiencing extreme temperature varia-
tions. The impact of thermal loading was further demonstrated by Yang et al. [14] through
detailed monitoring of a cable-stayed bridge. They established strong linear relationships
between temperature variations and tower displacements, documenting how thermal ac-
tions substantially influence quasi-static structural responses and cable forces. Burdet’s [3]
comprehensive analysis quantified this phenomenon, demonstrating that thermal effects
could account for up to 60% of observed structural deformations, highlighting thermal
behavior as a critical parameter in structural assessment and maintenance planning.

Modern bridge thermal assessment has transcended traditional point measurement
limitations through integrated technological approaches. While fixed sensor networks
provide continuous temporal data, their discrete nature often fails to capture the complex
spatial distributions of thermal gradients crucial for identifying structural anomalies [15,16].
Recent developments have addressed these limitations through comprehensive monitoring
systems that capture both spatial and temporal variations in thermal behavior [2,17]. The
integration of advanced technologies has enabled sophisticated multi-modal assessment
capabilities, including the combination of InSAR and LiDAR for comprehensive structural
assessment [18,19] and the application of deep learning algorithms for thermal anomaly
classification [20].
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Among these advancements, thermal imaging technologies, particularly when inte-
grated with Unmanned Aerial Vehicle (UAV) systems, have played a transformative role
in bridge inspection capabilities. Recent developments in UAV technology, coupled with
enhanced sensor integration, have greatly broadened the scope of aerial applications. In
particular, thermal imaging platforms mounted on UAVs offer exceptional spatial reso-
lution, operational agility, and cost efficiency. These attributes have paved the way for
their deployment across a variety of disciplines—from agricultural monitoring [21–23] and
evaporation analysis [24] to archaeological investigations [25], assessments of building
energy performance [26], the monitoring of land cover types [27–32], and detection of urban
heat islands [33–35]. Within the context of bridge inspection, Omar and Nehdi [36] demon-
strated the efficacy of UAV thermography for concrete bridge deck inspection, achieving
detection accuracies exceeding 85% for subsurface delaminations. This capability has been
further enhanced through automated analysis protocols [37] and 360-degree inspection
methodologies [38], significantly improving assessment comprehensiveness.

Recent research has developed advanced methodologies for understanding material-
specific thermal responses and environmental modulation effects. Studies by Mariani
et al. [39] demonstrated that material-specific thermal responses significantly influence
both short-term temperature distributions and long-term structural performance, building
on the thermal pattern identification work by Truong et al. [40]. Moreover, researchers
have developed refined protocols accounting for material variations in thermal assess-
ment procedures [41,42], improving the accuracy of structural evaluations. Additionally,
environmental context has emerged as a crucial modulator of bridge thermal behavior.
Research by Biscarini et al. [43] documented the significant influences of water bodies on
bridge thermal characteristics exerted through enhanced convective cooling and humidity
variations. Research on harsh environmental conditions has expanded this perspective [44],
contributing to comprehensive infrastructure asset management strategies [45].

Despite significant advances in bridge thermal assessment methods, several critical
knowledge gaps persist that warrant systematic investigation. Although recent studies
have demonstrated the effectiveness of UAV-based thermal imaging for structural assess-
ment, quantitative methods for analyzing high-resolution thermal data—especially in
bridges across diverse environmental conditions—remain insufficiently developed. The
interpretation of spatial thermal patterns and their relationship to structural health requires
more sophisticated analytical approaches that can account for environmental variability
and material-specific responses. Given that highway and water channel bridges are among
the most commonly encountered bridge types, understanding how they respond to varying
environmental conditions remains a critical area for further investigation.

Understanding how environmental factors influence thermal behavior in water chan-
nel and highway bridges requires further investigation, as the existing research primarily fo-
cuses on isolated structural contexts without comprehensive comparative analysis. This gap
is particularly significant given the diverse environmental conditions bridges experience
and their potential impact on maintenance requirements and structural longevity. Further-
more, integrating material-specific thermal response analysis into maintenance planning
strategies requires further methodological development, with new approaches needed to
translate thermal behavior patterns into practical maintenance guidelines. To address these
gaps, this study analyzes thermal data collected via UAV-based imaging for two bridge
types—a water channel bridge with paving stone surfacing and a highway bridge with as-
phalt surfacing—across seasonal (summer/winter) and diurnal (morning/evening) cycles.
The results aim to provide a comprehensive understanding of seasonal and diurnal thermal
variations and their implications for structural assessment and maintenance planning.
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In this study, four fundamental research questions are explored to better our under-
standing of bridge thermal dynamics: [RQ1] How do spatial temperature distributions
differ between water channel and highway bridges across seasonal and diurnal cycles?
[RQ2] What are the quantitative relationships between environmental factors and bridge
thermal dynamics? [RQ3] What are the material-specific thermal responses of bridges?
[RQ4] Can statistical methods and UAV thermography effectively identify and characterize
significant thermal patterns?

The remainder of this paper is organized to systematically present the research method-
ology, findings, and implications. Section 2 describes the methodology, including data
acquisition protocols, processing procedures, and analytical approaches. Section 3 presents
comprehensive results of seasonal and diurnal thermal analyses, featuring statistical char-
acterization of thermal patterns, comparative analysis between bridge types, and material-
specific thermal responses. Section 4 discusses the broader implications of these findings
for bridge monitoring and maintenance practices, while Section 5 concludes with specific
recommendations for implementation and future research directions.

2. Materials and Methods
2.1. Study Area

The research was conducted at Harran University’s Osmanbey Campus, located in
Şanlıurfa Province, southeastern Türkiye, in a semi-arid region characterized by hot, dry
summers and mild winters. The study focused on two characteristic bridges within the
campus infrastructure network: a water channel bridge and a highway bridge, separated
by approximately 300 m along a north–south axis (Figure 1).

Figure 1. Geographic location and spatial configuration of the study area at Harran University’s
Osmanbey Campus, Şanlıurfa, Türkiye. Red rectangles delineate the two bridge study sites.

The water channel bridge, positioned at the northern extent of the study area, spans
an engineered waterway that serves as an irrigation channel. This reinforced concrete
structure is situated within a mixed-use campus zone bordered by institutional buildings
to the north and open spaces to the south. The water channel bridge, extending 41 m in
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length and spanning 35.5 m in width, features a reinforced concrete deck with paving stone
surface treatment and maintains a vertical clearance of 2.40 m from the water surface to the
bridge surface.

The highway bridge, located approximately 300 m south of the water channel bridge,
crosses a major transportation corridor. This reinforced concrete structure, measuring
48.6 m in length and 12.3 m in width, incorporates an asphalt surface material over its
concrete deck and features a 7 m vertical clearance between the underlying road surface
and bridge surface. The bridge is situated in an urban environment and subject to heavy
traffic loads.

The study area within Osmanbey Campus provided a controlled environment for
comparative analysis as both bridges experience similar macroclimatic conditions while
maintaining distinct microenvironmental characteristics. The selection of these specific
bridge locations allowed for the investigation of how different environmental contexts—
specifically water proximity and high traffic density—influence structural thermal dynamics.

2.2. Data Acquisition

Data acquisition was conducted using a DJI Mavic 3E Thermal quadcopter UAV
equipped with a dual-camera payload system [46]. The primary thermal sensor consisted
of a radiometric thermal camera utilizing a 640 × 512 pixel microbolometer array with a
40 mm lens (DFOV: 61°). The thermal imager operates in the long-wave infrared spectral
range (8–14 µm) with a noise equivalent temperature difference, enabling high-fidelity
temperature measurements across a detection range of −20 °C to 150 °C. Temperature
measurement accuracy was maintained at ±2 °C or for ±2% of the reading, whichever
was greater. While this level of accuracy is robust, our study primarily emphasizes relative
temperature differences rather than absolute temperature values; consequently, minor
deviations in absolute temperature do not affect the validity of our conclusions.

The system’s complementary RGB camera, featuring a 4/3 CMOS sensor with a me-
chanical shutter, provided concurrent visual imagery at 20 MP resolution (5280 × 3956 pixels).
This dual-sensor configuration enabled precise spatial correlation between thermal and visual
data during post-processing.

The UAV was operated at an altitude of 30 m above ground level, yielding a ground
sampling distance (GSD) of 4.98 cm/pixel for thermal imagery and 1.44 cm/pixel for
RGB orthomosaic data. Data collection flights followed pre-designed routes with 80%
forward overlap and 80% side overlap between adjacent flight lines, ensuring complete
coverage and facilitating accurate photogrammetric processing. Ambient temperature was
recorded using a portable weather station positioned near the bridge sites during each
flight. Environmental factors such as humidity, wind speed, and general temperature
changes were assumed to be equal and constant, as both bridges are in close proximity,
ensuring similar meteorological conditions.

Data acquisition campaigns were conducted in two seasons, winter (January) and
summer (July), to capture the extreme seasonal conditions where the most significant
temperature variations occur. Spring and autumn were not included due to logistical
constraints and the more gradual temperature changes in these transitional seasons, which
may result in less distinct thermal contrasts. For each season, flights were performed at
08:30 and 16:30 to capture key phases of the diurnal thermal cycle. The morning (08:30)
measurements represent the early warming stage following nighttime cooling, while the
evening (16:30) measurements reflect the later stage of heat retention before the onset
of evening cooling. A total of four flights were conducted per bridge, resulting in eight
datasets for analysis.
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It is important to note that our UAV thermography analysis focused exclusively on
the bridge deck surfaces. We specifically targeted these areas because they are the most
indicative of material-specific thermal behavior, and other structural components were not
included in this study.

2.3. Data Processing

Thermal images acquired during each flight were processed using a photogrammetric
workflow to generate high-resolution thermal orthophotos. The workflow included image
alignment, sparse point cloud generation, dense point cloud generation, Digital Elevation
Model creation, and orthophoto export. After UAV-based thermal imagery acquisition, the
orthophoto generation process began with structure-from-motion (SfM) photogrammetry,
a sophisticated technique that reconstructs two-dimensional thermal distributions into
geometrically corrected orthomosaics [47]. SfM is particularly valuable in thermal imaging
applications due to its ability to process radiometric data while preserving temperature
accuracy across the merged dataset. The technique involves processing overlapping thermal
images captured from multiple vantage points, employing specialized algorithms to detect
and match corresponding key points across the thermal image sequence.

To capture the spatial variability in thermal behavior across the bridge, we iden-
tified three distinct zones on the bridge deck: the central zone and the entrance/exit
zones. Within each zone, a stratified random sampling strategy was implemented by
applying varying minimum distance criteria—ranging from 0.5 m to 1 m—tailored to the
characteristic features of that region, ensuring both randomness and a balanced spatial dis-
tribution of temperature measurement points. Specifically, 150 temperature measurements
were extracted from the bridge deck, and 30 thermal reference points were systemati-
cally established in the immediate vicinity of each bridge to serve two primary functions:
(1) quantifying ambient temperature conditions for environmental baseline measurements,
and (2) conducting a comparative analysis of thermal characteristics between paving stone
and asphalt surface materials. This 150 − 30 split was chosen to enable robust statistical
comparisons between different parts of each bridge as well as between each bridge and its
immediate environment (Figure 2).

2.4. Analysis Methods
2.4.1. Statistical Analysis Framework

The temperature distributions of the bridge surfaces were characterized using descrip-
tive statistics. Confidence intervals were computed at the 95% level using t-distribution
methods, accounting for sample size considerations and uncertainty propagation. Com-
parative analysis between the bridge types was conducted using independent-samples
t-tests for between-bridge comparisons and paired t-tests for within-bridge temporal anal-
ysis (α = 0.05). Effect sizes were quantified using absolute Cohen’s d, calculated as the
difference between the mean values of the two compared datasets divided by the pooled
standard deviation, as shown in Equation (1):

d =
M1 − M2

SDpooled
(1)

Here, M1 and M2 represent the mean surface temperatures of the datasets being
compared, such as those of the two different bridges (water channel bridge vs. highway
bridge) or the same bridge at different times of the day (morning vs. afternoon). SDpooled

is the pooled standard deviation, calculated as the square root of the average variance of
both datasets. Established thresholds for interpretation were used: small (0.2), medium
(0.5), and large (0.8) effects.
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Figure 2. Spatial distribution of temperature measurement points across the water channel bridge
(left) and highway bridge (right) captured via UAV thermal orthophoto. Blue points represent bridge
surface measurements (n = 150 per bridge) that were systematically distributed across the deck using
a stratified random sampling strategy with minimum distance criteria ranging from 0.5 m to 1 m to
capture thermal variations. Yellow points indicate thermal references (n = 30 per bridge) strategically
positioned around the entrance and exit zones to establish ambient baseline conditions.

Building on these foundational assessments, temporal patterns were examined using a
repeated-measures design for diurnal comparisons and an independent-samples approach
for seasonal variations. Surface and thermal reference point temperature analysis was
performed using a balanced sampling approach (150 surface measurements and 30 thermal
reference points per bridge), with differences evaluated through paired t-tests. Bridge type
temperature variations were assessed using independent-samples t-tests across four tempo-
ral conditions, with effect sizes quantified for practical significance. Visualization incorpo-
rated standardized box plots with 1.5 × IQR (interquartile range) outlier criteria, enabling
direct comparison of thermal patterns between bridge types and temporal conditions.

2.4.2. Material Thermal Characterization

The material thermal behavior analysis employed a systematic protocol to characterize
the thermal properties and responses of two primary surface materials: paving stone (water
channel bridge) and asphalt (highway bridge). Thermal reference points (n = 30 per
bridge) were established in the immediate vicinity of each bridge structure to enable direct
comparison between material types.

A correlation analysis was developed to examine the relationships between material
properties and surface thermal behavior. The Pearson correlation coefficients were used to
assess associations between surface temperatures and key material characteristics. These
coefficients were computed across all temporal conditions (winter–summer, morning–
evening) to quantify the strength and direction of material-specific thermal responses.

2.4.3. Thermal Response Metrics

The thermal behavior of bridge structures was characterized through several quan-
titative metrics designed to capture different aspects of thermal response patterns. The
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primary analysis focused on heating rates calculated from temperature measurements taken
at standardized morning (08:30) and evening (16:30) times, which ensured a consistent 8
h measurement interval. The heating rate (R) was computed as the ratio of temperature
change (∆T) to the time interval (∆t), providing a standardized measure of thermal re-
sponse speed across different bridge types and seasonal conditions. These thermal response
metrics were selected to systematically assess how bridge surfaces absorb and dissipate heat
under different environmental conditions. Heating rate provides insight into the rate of
thermal energy accumulation, temperature differentials quantify the influence of surround-
ing environmental factors, and statistical comparisons help evaluate material-dependent
thermal stability.

2.4.4. Environmental Response Analysis

Surface ambient temperature differential analysis was performed through a systematic
protocol to evaluate how bridges respond to changing environmental conditions. Environ-
mental baseline conditions were established using a temperature sensor positioned adjacent
to each bridge structure (<10 m distance) to record ambient temperature measurements
concurrent with the UAV thermal imaging operations. Correlation analysis between surface
and ambient temperatures was performed using Pearson’s correlation coefficients, with
statistical significance assessed at α = 0.05. Temperature differentials (∆T) were calculated
by subtracting ambient temperatures from the mean surface temperatures derived from the
systematically distributed measurement points (n = 150 per bridge), with positive values
indicating surface temperatures exceeding ambient conditions. Standard error estimates
for temperature differentials were computed using propagation of uncertainty principles,
incorporating both instrument measurement uncertainty (±0.5 °C) and spatial variation
across the sampling points. The temporal stability of environmental coupling was evaluated
through analysis of surface ambient temperature relationships across four discrete mea-
surement periods (winter morning/evening, summer morning/evening), with coefficients
of determination (R2) being calculated to quantify the strength of environmental coupling.

3. Results
3.1. Thermal Distribution Characteristics

To comprehensively analyze thermal dynamics in the study, thermal orthophotos were
generated to include both the bridges and their surrounding environments. Rather than
isolating the bridges, this approach captures thermal variations in a broader context, incor-
porating all surrounding surfaces from multiple directions. By doing so, the assessment
provides a more accurate representation of the thermal interactions between the bridges
and their environments.

The generated thermal orthophotos for the water channel bridge captured both the
bridge structure and its surrounding environment, ensuring a comprehensive assessment
of the thermal dynamics (Figure 3). Temperature fluctuations ranged from −4.4 °C to 5.2 °C
during winter mornings, with pronounced thermal stratification near the water interface.
Evening measurements indicated significant thermal increases, reaching 6.7–25.2 °C. Under
summer conditions, thermal responses were more pronounced, with morning temperature
variations from 22.4 to 53.5 °C and evening temperatures reaching a maximum of 62.7 °C.
These values represent not only the bridge surface but also adjacent areas, reflecting the
broader thermal interactions within the study environment.

The generated thermal orthophotos for the highway bridge encompassed both the
bridge structure and its surrounding environment to provide a comprehensive analysis of
thermal dynamics. Winter morning temperatures ranged from −4.1 °C to 11.2 °C, reflect-
ing variations across the bridge and adjacent surfaces. Summer measurements revealed
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intense heating patterns, with morning temperatures varying from 27.4 °C to 55.3 °C and
evening peaks reaching 62.7 °C (Figure 4). The thermal orthophotos encompassed both the
bridge structure and its adjacent environmental context, providing comprehensive spatial
temperature distributions.

Figure 3. Spatiotemporal thermal distribution of water channel bridge obtained via UAV thermogra-
phy. Thermal orthophotos documenting surface temperatures across diurnal and seasonal cycles:
(a) winter morning, (b) winter evening, (c) summer morning, and (d) summer evening.
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Figure 4. Spatiotemporal thermal distribution of highway bridge obtained via UAV thermography.
Thermal orthophotos capturing bridge surface temperatures across diurnal and seasonal cycles:
(a) winter morning, (b) winter evening, (c) summer morning, and (d) summer evening.

3.2. Statistical Characterization of Surface Temperatures
3.2.1. Descriptive Statistics

To quantify surface temperature variations across different seasonal and diurnal
conditions, 150 thermal measurements were collected from both bridge surfaces, and the
results are summarized in Table 1. Key descriptive statistics, including minimum and
maximum values, mean temperatures, standard deviations, and confidence intervals, were
computed to assess thermal variability.

The water channel bridge exhibited moderate temperature variations, with standard
deviations ranging from 1.54 °C (winter morning) to 3.48 °C (summer evening), whereas
the highway bridge demonstrated greater thermal variability, with standard deviations
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from 3.27 °C to 5.66 °C. The most pronounced temperature range was observed in the
highway bridge during summer evenings, spanning 29.96 °C (from 31.60 °C to 61.56 °C),
while the water channel bridge exhibited more constrained thermal behavior, particularly
during winter mornings, with a range of 6.78 °C (from −3.95 °C to 2.83 °C). Measurement
precision remained high across all conditions, with 95% confidence intervals consistently
spanning less than 2 °C, except for under highway bridge summer conditions, where
increased thermal variability was observed. Standard deviations and temperature ranges
were consistently lower for the water channel bridge, indicating reduced thermal variability
compared to the highway bridge.

Table 1. Descriptive statistics of bridge surface temperatures by bridge type and temporal condition.

Bridge Type Condition n Min
(◦C)

Max
(◦C)

Mean
(◦C)

Med.
(◦C)

SD
(◦C)

SE
(◦C) 95% CI

Water Channel

Winter Morning 150 −3.95 2.83 0.02 0.42 1.54 0.13 [−0.23, 0.26]
Winter Evening 150 14.89 24.95 21.82 21.97 2.34 0.19 [21.45, 22.20]
Summer Morning 150 33.42 53.46 48.40 49.02 3.43 0.28 [47.85, 48.95]
Summer Evening 150 47.39 62.69 55.43 54.88 3.48 0.28 [54.88, 55.99]

Highway

Winter Morning 150 −1.60 9.75 5.21 6.32 3.27 0.27 [4.69, 5.74]
Winter Evening 150 7.58 23.02 17.31 18.26 3.98 0.32 [16.67, 17.94]
Summer Morning 150 34.34 55.30 47.72 47.05 5.46 0.45 [46.85, 48.59]
Summer Evening 150 31.60 61.56 49.43 50.26 5.66 0.46 [48.52, 50.33]

Note: n = sample size; SD = standard deviation; SE = standard error; CI = confidence interval. All temperature
measurements are in degrees Celsius (◦C). Confidence intervals are calculated at the 95% level.

3.2.2. Temperature Distribution Analysis

As illustrated in Figure 5, the box plot visualization provides a detailed representation
of temperature distributions across seasonal and diurnal cycles. The plot reveals distinct
thermal regimes between the two bridge types, with the highway bridge exhibiting wider
interquartile ranges, particularly during winter morning conditions where temperatures
ranged from −1.6 °C to 9.7 °C. In contrast, the water channel bridge displays more com-
pressed temperature distributions, especially evident in the winter morning measurements.
The visualization also captures the temporal evolution of surface temperatures, with the
highway bridge showing more pronounced temperature variations in summer evening
conditions, ranging from 31.6 °C to 61.6 °C with several outliers.

3.3. Comparative Thermal Analysis
3.3.1. Surface and Thermal Reference Point Temperature Analysis

Thermal behavior analysis was conducted using a balanced sampling approach in-
corporating 150 surface temperature measurements and 30 thermal reference point mea-
surements for each bridge type. Statistical significance was assessed using paired t-tests,
with effect sizes quantified through Cohen’s d. To evaluate the precision of the temperature
measurements, 95% confidence intervals were calculated (Table 2).

The water channel bridge exhibited selective temporal sensitivity to thermal differen-
tials, with statistically significant differences primarily observed during winter conditions.
The most pronounced differential occurred on winter mornings, where surface temper-
atures were, on average, −1.22 °C lower than the thermal reference points (p < 0.01),
demonstrating medium-to-large practical significance (Cohen’s d = 0.75). In contrast,
summer measurements indicated more moderate thermal behavior. Morning tempera-
tures exhibited a non-significant positive differential of 0.92 °C (d = 0.27), while evening
measurements showed a non-significant negative differential of −1.18 °C (d = 0.32).
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Figure 5. Box plot distribution of surface temperatures across seasonal and diurnal cycles for highway
and water channel bridges.

Table 2. Comparative analysis of bridge surface and thermal reference point temperatures.

Bridge Type Condition
Surface
Temp. (◦C)

Thermal Ref.
Temp. (◦C)

Diff.
(◦C) t-Stat. Effect

Size (d) Sig.

Water Channel

Winter Morning 0.02 ± 1.54 1.24 ± 2.09 −1.22 −3.039 0.75 **
Winter Evening 21.82 ± 2.34 21.12 ± 2.58 0.70 1.383 0.30 ns
Summer Morning 48.40 ± 3.43 47.48 ± 3.63 0.92 1.284 0.27 ns
Summer Evening 55.43 ± 3.48 56.61 ± 4.39 −1.18 −1.384 0.32 ns

Highway

Winter Morning 5.21 ± 3.27 7.04 ± 2.08 −1.83 −3.943 0.59 ***
Winter Evening 17.31 ± 3.98 21.99 ± 2.03 −4.68 −9.505 1.26 ***
Summer Morning 47.72 ± 5.46 50.21 ± 4.72 −2.49 −2.568 0.47 *
Summer Evening 49.43 ± 5.66 57.50 ± 5.52 −8.08 −7.288 1.43 ***

Note: Values are presented as mean ± standard deviation. Sample sizes: surface temperatures n = 150, thermal
reference points n = 30. Effect size reported as absolute Cohen’s d. Significance levels: * p < 0.05, ** p < 0.01,
*** p < 0.001, ns = not significant.

The highway bridge exhibited consistent and highly significant thermal differentials
across multiple temporal conditions throughout the study period. The most pronounced
temperature difference occurred during summer evenings, with surface temperatures aver-
aging 8.08 °C below the thermal reference points (p < 0.001), indicating very large practical
significance. This thermal differential pattern persisted across other conditions, with winter
evenings showing a −4.68 °C differential, winter mornings a −1.83 °C differential, and
summer mornings a −2.49 °C differential. Temporal analysis identified consistent patterns
of significant temperature differentials across all conditions, with particularly pronounced
effects during evening periods.

3.3.2. Comparative Analysis of Bridge Temperature Variations

Independent-samples t-tests were performed to assess temperature differences be-
tween water channel and highway bridges across four temporal conditions. Each analysis
included 150 measurements per condition for each bridge type. Three of the four compar-
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isons yielded statistically significant differences (p < 0.001) with substantial effect sizes
(Table 3).

During winter mornings, the highway bridge exhibited significantly higher temper-
atures than the water channel bridge with the largest effect size (d = 2.03). In contrast,
winter evening measurements showed higher temperatures in the water channel bridge
relative to the highway bridge (d = 1.38).

The most pronounced temperature differential occurred during winter mornings, with
the highway bridge maintaining significantly higher temperatures (−5.20 °C higher) com-
pared to the water channel bridge, exhibiting the largest effect size (d = 2.03). In contrast,
summer morning measurements showed minimal thermal differentiation between the
bridge types, with only a 0.68 °C difference that was not statistically significant (d = 0.15).

Table 3. Statistical comparison of bridge temperature variations.

Condition
Water Channel
(◦C)

Highway
(◦C) Difference t-Statistic df Effect

Size (d) Sig.

Winter Morning 0.02 ± 1.54 5.21 ± 3.27 −5.20 −17.62 298 2.03 ***
Winter Evening 21.82 ± 2.34 17.31 ± 3.98 4.52 11.99 298 1.38 ***
Summer Morning 48.40 ± 3.43 47.72 ± 5.46 0.68 1.29 298 0.15 ns
Summer Evening 55.43 ± 3.48 49.43 ± 5.66 6.01 11.07 298 1.28 ***

Note: Values are presented as mean ± standard deviation. Effect size is reported as absolute Cohen’s d. Signif-
icance levels: *** p < 0.001, ns = not significant. Sample size: n = 150 for each bridge type and condition, df:
degrees of freedom.

Pattern analysis showed distinct variations in thermal behavior between the two
bridge types. Temperature differentials ranged from 0.68 °C in summer mornings to 6.01 °C
during summer evenings. Effect size calculations revealed substantial magnitudes in three
temporal conditions, particularly during winter mornings and evenings. The water channel
bridge exhibited more stable thermal characteristics, as reflected in the lower standard
deviations in temperature measurements compared to the highway bridge. Notably, the
water channel bridge maintained higher average temperatures in most conditions, except
during winter mornings.

3.4. Material Thermal Behavior
3.4.1. Material-Specific Thermal Response Analysis

The comparative analysis of thermal reference point temperatures (n = 30 per bridge)
between paving stone (water channel) and asphalt (highway) surfaces revealed temporal
patterns in the thermal behavior. Statistical assessment using independent-samples t-tests,
along with effect size calculations, identified significant material-dependent variations
across different temporal conditions (Table 4).

The paving stone surface of the water channel bridge exhibited seasonal thermal
variation, with mean temperatures ranging from 1.24 °C to 56.61 °C across temporal condi-
tions. The asphalt surface of the highway bridge displayed a similar thermal profile, with
temperatures varying between 7.04 °C and 57.50 °C. Standard deviations in temperature
measurements showed variable patterns; while similar on winter mornings, paving stone
demonstrated lower thermal variability during summer conditions, particularly in the
morning (SD = 3.63 °C vs. 4.72 °C) and evening (SD = 4.39 °C vs. 5.52 °C).
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Table 4. Statistical comparison of thermal reference point temperatures by material type and temporal
condition.

Temporal
Condition Material Type Mean Temp

(◦C) SD (◦C) Diff. (◦C) t-Stat. Effect Size
(d) Sig.

Winter Morning Paving Stone (Water Channel) 1.24 2.09 −5.80 −10.769 2.78 ***Asphalt (Highway) 7.04 2.08

Winter Evening Paving Stone (Water Channel) 21.12 2.58 −0.87 −1.452 0.38 nsAsphalt (Highway) 21.99 2.03

Summer Morning Paving Stone (Water Channel) 47.48 3.63 −2.73 −5.869 0.87 ∗Asphalt (Highway) 50.21 4.72

Summer Evening Paving Stone (Water Channel) 56.61 4.39 −0.90 −1.554 0.18 nsAsphalt (Highway) 57.50 5.52

n = 30 thermal reference points per bridge type. Significance levels: * p < 0.05, *** p < 0.001, ns = not significant.
Effect size reported as absolute Cohen’s d.

During winter mornings, asphalt surfaces exhibited substantially higher temperatures
than paving stone, with a significant differential of −5.80 °C (p < 0.001) and a notably
large effect size (d = 2.78). Evening measurements during winter showed a non-significant
temperature difference, with asphalt maintaining marginally higher temperatures than
paving stone. The observed thermal behavior pattern reflects the distinct absorption and
retention characteristics of the two materials during cold weather conditions.

Summer conditions continued to evoke material-dependent thermal responses, though
with characteristics distinct from winter patterns. Morning measurements showed asphalt
temperatures significantly exceeding those of paving stone by 2.73 °C (p < 0.05) with a large
effect size (d = 0.87). Evening measurements displayed minimal thermal differentiation
between the two surface types, with a non-significant difference. The observed temporal
patterns of thermal differentials suggest complex heat transfer mechanisms specific to each
material type.

Morning measurements consistently revealed statistically significant temperature
differentials, while evening conditions showed convergence in the thermal behavior of the
materials. The greatest differentiation occurred on winter mornings (−5.80 °C), with the
thermal gap narrowing considerably during evening periods in both seasons. Effect sizes
demonstrated a notable pattern, ranging from very large during winter mornings (d = 2.78)
to small during summer evenings (d = 0.18), with an intermediate peak during summer
mornings (d = 0.87).

The results indicate consistent material-dependent thermal behavior patterns, with
thermal differentials varying across temporal conditions. Pronounced morning differentials
and evening convergence patterns were observed, reflecting variations in thermal inertia
between paving stone and asphalt surfaces. The data demonstrate that asphalt surfaces
maintain significantly higher temperatures during morning periods, particularly in winter,
whereas evening measurements show thermal convergence between the materials. Ef-
fect size calculations confirmed substantial differences in thermal behavior between the
two materials during morning periods, with winter mornings exhibiting the most pro-
nounced effect (d = 2.78), highlighting distinct temporal patterns in thermal retention and
dissipation characteristics.

3.4.2. Material–Temperature Correlations

Pearson correlation coefficients were calculated to assess the thermal response charac-
teristics of the paving stone and asphalt surfaces across four temporal conditions (Table 5).
The analysis revealed strong positive correlations during winter mornings and moderate
negative correlations during winter evenings, with correlation coefficients of 0.714 and
−0.571, respectively.
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Summer conditions exhibited more variable correlations, with morning measurements
showing a weak, non-significant correlation and evening measurements displaying a
moderate negative correlation.

Table 5. Pearson correlation coefficients between material type and surface temperatures.

Temporal Condition Correlation Coefficient (r) p-Value Statistical Significance

Winter Morning 0.714 <0.001 ***
Winter Evening −0.571 <0.001 ***
Summer Morning −0.075 0.197 ns
Summer Evening −0.540 <0.001 ***

Note: Significance levels: *** p < 0.001, ns = not significant.

Winter conditions produced the most pronounced material-dependent thermal re-
sponses, with substantial effect sizes observed in both the morning and evening measure-
ments. The temporal analysis revealed complex patterns between material properties and
environmental conditions, particularly in the differential heating and cooling responses
during diurnal cycles. While summer evening measurements showed significant material-
specific patterns, summer morning measurements exhibited weak, non-significant correla-
tions, suggesting that the thermal behavior differences between the two surface types are
most pronounced during specific temporal conditions.

3.4.3. Thermal Response Characteristics

Thermal behavior analysis was conducted through systematic measurements at 08:30
and 16:30 local time, establishing an 8-hour measurement interval for calculating heating
rates. Table 6 presents a comprehensive analysis of the heating rates across bridge types and
seasonal conditions. The results indicate distinct thermal response patterns, with the water
channel bridge exhibiting significantly higher heating rates in winter (2.73 °C/h) compared
to the highway bridge (1.51 °C/h, p < 0.001). This differential was less pronounced
under summer conditions, with the water channel bridge maintaining a substantially
higher heating rate of 0.88 °C/h than the highway bridge’s 0.21 °C/h (p < 0.05). The
seasonal heating rate differentials indicated greater temporal variation in the water channel
bridge compared to the highway bridge, reflecting distinct thermal response characteristics
between the structures.

Table 6. Heating rate analysis by bridge type and season.

Bridge Type Season Mean ∆T (◦C) Heating Rate (◦C/h)

Water Channel
Winter +21.80 2.73 ± 0.22
Summer +7.03 0.88 ± 0.31

Highway
Winter +12.10 1.51 ± 0.33
Summer +1.71 0.21 ± 0.49

Note: Values are presented as mean ± standard deviation. Heating rates were calculated over exact 8 h periods
(08:30–16:30).

3.5. Environmental Response Analysis

Environmental monitoring during the measurement campaigns identified substantial
temporal variations in the ambient conditions across seasonal and diurnal cycles. Winter
measurements were conducted at ambient temperatures of 7.00 °C (morning) and 10.80 °C
(evening), while summer measurements occurred under warmer conditions of 32.70 °C
(morning) and 41.50 °C (evening). Under these varying environmental conditions, statistical
analysis of temperature differentials (Table 7) identified characteristic thermal signatures
for each bridge type. The water channel bridge exhibited more pronounced temperature
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differentials during most temporal conditions, with values ranging from −6.98 °C on winter
mornings to +15.70 °C on summer mornings. The highway bridge generally showed more
moderate differentials, particularly in winter conditions (−1.79 °C to +6.51 °C), though it
demonstrated comparable thermal deviation during summer mornings (+15.02 °C).

Table 7. Temporal analysis of bridge surface ambient temperature differentials.

Temporal Condition Water Channel Bridge ∆T (◦C) Highway Bridge ∆T (◦C)

Winter Morning −6.98 −1.79
Winter Evening +11.02 +6.51
Summer Morning +15.70 +15.02
Summer Evening +13.93 +7.93

Note: ∆T represents the difference between surface and ambient temperatures (surface temperature minus
ambient temperature).

Correlation analysis revealed distinct thermal behavior patterns for the two bridge
types (Table 8). The analysis was conducted using mean values derived from the bridge
surface measurement points. Both bridges demonstrated strong correlations with am-
bient temperatures, with the highway bridge exhibiting a marginally higher correlation
(r = 0.975) compared to the water channel bridge (r = 0.961), suggesting slightly more
predictable thermal response patterns.

Table 8. Correlation analysis of ambient and bridge surface temperatures.

Metric Water Channel Bridge Highway Bridge

Pearson’s Correlation (r) 0.961 0.975
Coefficient of Determination (R2) 0.924 0.951
Mean Temperature Differential (∆T) 8.42 ◦C 6.92 ◦C
Standard Error of Estimate 5.86 ◦C 4.73 ◦C

Note: Temperature differentials were calculated as the absolute differences between surface (mean of surface
measurement points) and ambient temperatures (n = 4 temporal conditions).

Temporal analysis revealed the greatest thermal deviation under summer morning
conditions for both structures, with the water channel bridge exhibiting a greater departure
from the ambient temperatures than the highway bridge. The highway bridge maintained
relatively consistent thermal differentials across seasonal conditions, particularly in winter,
where its minimum differential indicated a moderate departure from ambient conditions
relative to the water channel bridge. The results suggest that water body proximity may
amplify thermal response variations, particularly during extreme temperature conditions.

The results indicate differential thermal responses between the bridges, with the water
channel bridge exhibiting greater thermal independence from ambient conditions. These
variations highlight the influence of environmental context on bridge thermal behavior.

4. Discussion
This study reveals fundamental differences in thermal behavior between water chan-

nel and highway bridges through UAV-based thermography, thereby demonstrating the
viability of aerial thermography with high-precision sensors for detailed bridge thermal
analysis. The systematic sampling approach—incorporating 150 surface measurements and
30 thermal reference points per bridge—provides an effective framework for comparative
thermal assessment. The high measurement precision, evidenced by the narrow confidence
intervals in winter conditions, validates the reliability of this methodology for structural
thermal evaluation. Furthermore, the study establishes a comprehensive statistical frame-
work for analyzing structural thermal behavior encompassing temporal analysis across
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diurnal and seasonal cycles, material-specific thermal response characterization, and the
assessment of environmental coupling.

The observed thermal behavior patterns indicate a complex interplay between envi-
ronmental context and structural characteristics. Specifically, the presence of water appears
to create a microclimate that moderates temperature fluctuations, acting as a thermal buffer.
This buffering effect is particularly evident in the consistently lower standard deviations of
temperature measurements for the water channel bridge, suggesting that water bodies may
form thermal boundary layers that influence structural temperature dynamics. The mech-
anism likely involves both convective heat transfer through air movement and radiative
heat exchange with the water surface, thereby creating a more stable thermal environment.
In contrast, the highway bridge showed significant thermal differentials compared to the
thermal reference points, which can be interpreted as evidence of a cooling effect facilitated
by the air circulation under the bridge.

The analysis demonstrates a sophisticated interaction between material properties and
environmental context that extends beyond simple thermal conductivity considerations.
The distinct thermal signatures, with paving stone surfaces displaying more consistent
thermal behavior than asphalt, particularly under extreme temperature conditions, high-
light the impact of material choice on bridge thermal performance. This adaptive behavior
suggests a dynamic thermal response system where material properties and environmental
conditions create unique thermal signatures. Furthermore, material properties such as
heat absorption, release capacity, and sensitivity to temperature changes contribute to
thermal variations.

The superior thermal stability of paving stone surfaces suggests potential benefits
for structural longevity, while the proximity of water emerges as a significant factor in
thermal stabilization. Notably, evening periods exhibited more consistent thermal distri-
butions, implying that these times may be optimal for inspection activities. The increased
measurement uncertainty in summer conditions highlights the need for season-specific
monitoring strategies.

Several limitations of the current study warrant consideration. First, using discrete
measurement times (08:30 and 16:30) may overlook critical thermal transitions—particularly
midday peak thermal conditions when solar radiation reaches maximum intensity—which
suggests valuable opportunities for future research to capture more comprehensive diurnal
thermal profiles. While the study primarily focused on temperature, other atmospheric
factors—including humidity, wind, and ambient temperature fluctuations—could also in-
fluence thermal readings and therefore merit further investigation. The seasonal dichotomy
approach (winter/summer) effectively captured extreme thermal conditions but excluded
transitional seasons that might reveal distinct thermal adaptation patterns. Though this
selection was based on logistical considerations and the need to observe maximum thermal
contrast, expanding temporal coverage to include spring and autumn would provide a
more nuanced understanding of seasonal thermal transitions.

Moreover, the accuracy of UAV thermal measurements is closely tied to sensor cali-
bration; even minor deviations can introduce significant uncertainties. Although direct
absolute temperatures were not required in this study due to the focus on comparative
analysis, variations in atmospheric conditions could still have influenced thermal readings.
To facilitate reliable comparisons, it is essential to minimize environmental variability by
collecting data within short temporal intervals and ensuring consistent flight parameters.
Nonetheless, maintaining uniform flight conditions—such as altitude, image overlap, and
sensor orientation—across diverse environmental settings remains a substantial operational
challenge that may compromise data uniformity. Finally, it is important to note that the
inability to completely isolate material effects from environmental influences stems from
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the fact that the two bridges differ not only in surface materials—paving stone versus
asphalt—but also in their surrounding conditions. While the two selected bridge types
represent common infrastructure configurations, expanding the bridge typology to include
varying structural designs, span lengths, orientation angles, and construction materials
would enhance the generalizability of findings. Regions with spatially proximate yet
structurally diverse bridge types under similar environmental conditions would enable
broader validation of thermal behavior patterns and facilitate simultaneous data collection
for improved comparative analysis.

The findings have practical implications for bridge health monitoring and maintenance.
UAV-based thermal surveys can help detect material degradation by identifying abnormal
temperature patterns, aiding in early maintenance planning. Additionally, insights into
material-specific thermal behavior can optimize maintenance schedules and inform bridge
design improvements, particularly in environments affected by temperature fluctuations
and water proximity.

5. Conclusions and Recommendations
This study examined the seasonal and diurnal thermal dynamics of bridge infrastruc-

ture using high-resolution UAV thermography, comparing a water channel bridge and
a highway bridge. The research systematically addressed four fundamental questions
related to bridge thermal behavior, environmental influences, material responses, and
analytical approaches.

Regarding spatial temperature distributions [RQ1], the analysis revealed distinct dif-
ferences in thermal behavior between the bridge types, with the water channel bridge
exhibiting significantly more stable thermal characteristics than the highway bridge. The
investigation of environmental factor relationships [RQ2] uncovered complex patterns of
environmental coupling between the bridge structures and their surroundings. Analysis
of material-specific thermal responses [RQ3] identified distinct thermal signatures for the
paving stone and asphalt surfaces. The implementation of the statistical framework [RQ4]
successfully quantified thermal variations and confirmed the effectiveness of UAV ther-
mography for thermal assessment. The findings provide a comprehensive foundation for
understanding the complex thermal interactions between structural materials and environ-
mental factors, paving the way for further advancements in bridge thermal assessment and
monitoring strategies.

Future research should focus on continuous monitoring systems, responses to extreme
weather conditions, and detailed models for water-proximity effects. These investigations
should emphasize location-specific approaches to infrastructure design and monitoring,
particularly considering the implications for urban infrastructure planning in regions
experiencing increasing temperature extremes. Additionally, regions with spatially close
yet diverse bridge types under similar environmental conditions would enable broader
validation of thermal behavior patterns and facilitate simultaneous data collection for
improved generalizability.
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