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The application of composite materials in bridge engineering is increasingly widespread,
thanks to their excellent properties such as high strength, low density, and good corrosion
resistance. However, in practical applications, composite material bridges often face
complex thermal environments, especially thermal cycling, which imposes higher demands
on the thermodynamic properties of the materials. Thermal cycling can cause not only heat
transfer and expansion of composite materials but may also lead to material fatigue
damage, thereby affecting the stability and safety of the bridge structure. Although existing
research has some understanding of the thermal characteristics of composite materials,
studies on fatigue damage mechanisms and thermal stress analysis under extreme
temperature cycling conditions are still insufficient. This paper starts with the study of the
thermodynamic properties of composite material bridges under thermal cycling. On the
one hand, it analyzes the heat transfer and expansion deformation process of composite
material bridges under thermal cycling. On the other hand, a fatigue damage constitutive
model is established, and tests for model modification and constraint conditions are
conducted. The research results show that the revised constitutive model can more
accurately describe the fatigue damage behavior of composite materials under thermal
cycling, which has important practical and theoretical value for guiding the design,

construction, and maintenance of bridges.

1. INTRODUCTION

Bridges, as a key component of the transportation system,
have their durability and stability directly related to the safety
of people's lives and property and the sustainable development
of society [1-4]. With composite materials gaining increasing
application in bridge engineering due to their high strength,
low density, and excellent corrosion resistance [5, 6], studying
their thermodynamic performance in harsh environments has
become an important topic in engineering science. Especially
under thermal cycling, the thermal stress response and
thermally induced deformation and fatigue behavior of
composite material bridges have a profound impact on their
lifecycle and safety performance [7-9].

The study of the thermodynamic properties of composite
material bridges under the influence of thermal cycling is of
significant importance for bridge design, construction, and
subsequent maintenance [10, 11]. First, understanding the heat
transfer mechanism and thermal expansion behavior of
composite materials under temperature variations can guide
material selection and bridge structural design [12-14]. Second,
exploring the impact of thermal cycling on the fatigue
performance of composite material bridges helps assess their
reliability in long-term use, thereby guiding the development
of maintenance strategies to extend the lifespan of the bridges
[15-17].
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Previous research has made some progress in evaluating the
thermodynamic properties of composite materials, but there
are still deficiencies. For example, most studies focus on the
material properties at room temperature and pay insufficient
attention to the fatigue behavior and thermal stress analysis of
composite materials under extreme temperature cycling
conditions [18-21]. Additionally, existing methods have not
fully considered the non-linear behavior and temperature
dependency of materials when simulating thermal expansion
and fatigue damage, limiting the predictive accuracy and
application scope of the models [22-25].

The main content of this study involves two major research
areas: first, the analysis of the heat transfer process and the
resulting expansion deformation of composite material bridges
under multiple thermal cycles; second, the establishment of a
constitutive model for thermal cycle fatigue damage of
composite material bridges based on fatigue damage theory.
Through the constructed model, this paper not only proposes a
revision method to more accurately describe the fatigue
characteristics of materials under temperature influence but
also verifies the model's constraints and applicability with
experimental data. These research findings will provide
theoretical foundations and technical guidance for the design,
construction, and maintenance stages of composite material
bridges, having significant practical application value and
theoretical research significance.
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2. ANALYSIS OF HEAT TRANSFER AND EXPANSION
DEFORMATION PROCESS OF COMPOSITE
MATERIAL BRIDGES UNDER THERMAL CYCLING

2.1 Analysis of heat transfer process

Bridge composite materials are designed to meet complex
engineering needs and usually consist of two or more different
materials, each complementing the other's characteristics. In
bridge engineering, the design of composite materials aims to
achieve a balance of excellent strength, durability, weight, and
cost-effectiveness. Concrete is a commonly used base material
in bridge construction, capable of withstanding high loads and
relatively low in cost. In composite materials, concrete mainly
provides strength and stiffness in the compression zone.
Reinforcing bars or steel fibers in concrete mainly enhance its
tensile strength, as concrete has relatively low tensile strength.
Steel reinforcement significantly improves the overall
structural strength of the composite material. Bridge
composite materials may also include glass fiber-reinforced
plastic, composed of glass fibers and resin, providing a
lightweight strengthening option for composite material
bridges. It not only offers good tensile strength but also
excellent corrosion resistance. It can be used as external or
internal reinforcement for concrete or to replace traditional
steel bars, suitable for harsh environments, especially in high-
corrosion settings. Bridge composites may also incorporate
high-performance fiber-reinforced cementitious composites.
These materials typically contain high-performance fibers,
like polyethylene fibers, which can continue to bear loads after
the concrete cracks, improving the material's toughness and
durability. Such materials can be used in the tension zones of
bridges to control cracking and improve seismic performance.
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Figure 1. Characteristic point locations of the bridge
composite material sample

To propose feasible and effective measures for mitigating
damage to bridge composite materials under thermal cycling,
it is necessary to consider the temperature stress caused by the
differences in thermal expansion characteristics of the
constituent materials and the internal and external temperature
gradients. The difference in thermal expansion coefficients of
different materials is a primary cause of internal stress. For
example, the thermal expansion coefficients of concrete and
steel are not the same; they expand or contract at different rates
with temperature changes, leading to the accumulation of
internal stress. Therefore, analyzing the differences in thermal
expansion coefficients is necessary. Also, through thermal
transfer analysis of composite materials, key factors leading to
internal and external temperature gradients can be identified,
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such as the thermal conductivity of materials, environmental
conditions, and their internal structural design. This is
significant for guiding the design and maintenance of bridge
composite materials in practical engineering.

In this paper, the heat transfer process under thermal cycling
in bridge composite materials is first analyzed. Then, through
detailed steps for establishing and solving the heat transfer
problem, the temperature distribution and corresponding
thermal stress of materials under various environmental
conditions are predicted.
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Figure 2. Characteristic surface locations of the bridge
composite material sample

This paper first constructs a 3D model to describe how the
heat within the composite material changes over time and
across three-dimensional space. This model includes the
material's density, specific heat capacity, and thermal
conductivity, parameters that describe the material's ability to
store and transfer heat. Figures 1 and 2 show the schematic
diagrams of the characteristic points and surfaces of the bridge
composite material samples. Assume the material density is
represented by 9, specific heat capacity by z, temperature by s,
and spatial position by a, b, and c. The following equation
gives the three-dimensional transient heat conduction
differential equation for the bridge composite material:

0°s 0°s 0%
2 + 2 + 2
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(1

To solve this model, appropriate boundary conditions must
be set for the thermal exchange between the material surface
and the surrounding environment. This includes considering
the impact of ambient temperature on the material surface and
the phenomenon of thermal convection at the surface.

By wusing dimensionless techniques, which involve
converting temperature, time, and spatial coordinates into
dimensionless forms, the mathematical expression and
calculation process can be simplified. Dimensionless
transformation also helps reveal the nature of similar processes
under different conditions. For the composite material
specimens of bridges, especially when their shape is a
hexahedron, these dimensionless boundary conditions need to
be applied to solve the heat exchange between the surface and
the surrounding environment and the internal heat conduction
problems.

Assume the excess temperature at position ¢ at time 7 is
represented by ¢(a,7), and the initial excess temperature is



denoted as ¢y, where ¢o=s¢-s,. The initial temperature of the
concrete and the ambient temperature are represented by so and
sy, respectively. The root of the equation TAN(a,0)=Y./o.0 is
denoted by a1, with the Biot number represented by Y, where
Y.=go/n. Half the thickness of a one-dimensional bridge
concrete slab is represented by o, and the thermal conductivity
by x. The temperature solution for the one-dimensional
transient heat conduction problem of a hexahedral-shaped
composite material bridge specimen under the third type of
boundary conditions can then be obtained by the following
equation:
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Due to the complexity of three-dimensional problems,
numerical methods are usually employed for solutions. This
means simplifying the three-dimensional problem into a series
of one-dimensional problems, solving each separately, and
then combining these one-dimensional solutions to obtain the
temperature  distribution throughout the entire three-
dimensional space. Calculating the temperature change at any
point within the material requires independently solving for
the temperature distribution in each direction and synthesizing
these results to obtain the overall temperature field. Assuming
the temperature difference is represented by s,-so, the density
by 4, specific heat capacity by z, and surface heat transfer
coefficient by g, the following equation provides the one-
dimensional solution formula for the temperature at any point
in a transient heat-conductive hexahedral bridge composite
material:

tanon)-s oo ] o

2.2 Analysis of the expansion deformation process

In bridge composite materials, different material phases
possess distinct thermal expansion properties. When
composite materials are subjected to temperature changes,
these material phases expand or contract at varying rates and
magnitudes. For example, in bridge composite materials, the
mortar and aggregate have different coefficients of thermal
expansion. During temperature changes, materials with a
larger coefficient of thermal expansion will expand more than
those with a smaller coefficient, leading to significant
mechanical stress at the interface. Moreover, the interface
between different material phases in the composite material is
key to determining the material's overall performance. The
interface between aggregate and mortar experiences
particularly high stress, as it is the point where two different
material phases bond together. Any non-coordinated
deformation directly translates into interfacial stress, thereby
increasing the risk of damage at this point. If these changes are
not coordinated, i.e., there is a significant difference in thermal
expansion coefficients, stress concentration will occur at the
material interface, leading to damage, especially in areas
where aggregate and mortar are bonded. To address the stress
issues caused by thermal expansion differences between
aggregate and mortar in bridge composite materials, measures
such as selecting aggregate and mortar materials with closer
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thermal expansion coefficients, improving the bonding
interface between aggregate and mortar through surface
treatment or coating techniques, or designing the internal
structure of the material to accommodate or buffer thermal
expansion can be adopted to reduce the damage caused by this
thermal expansion incoordination.

In the actual composition of bridge composite materials,
coarse aggregates, fine aggregates, cement mortar, and
possibly other additives or cellulosic materials are usually
included. Coarse aggregates are typically composed of
crushed stone or gravel, while fine aggregates may be sand.
Cement mortar, a mixture of cement, water, and fine aggregate,
acts as the binder in the composite material. These components,
due to their differing physical properties, particularly in terms
of thermal expansion coefficients, result in complex
interactions during thermal cycling.

In thermal cycling, temperature changes first affect the
material's surface and then gradually penetrate inward. Since
coarse aggregates usually have lower coefficients of thermal
expansion, their temperature response is relatively slow,
meaning their expansion or contraction lags behind that of the
cement mortar. When the external environmental temperature
rises, the cement mortar expands before the aggregates. This
asynchronous expansion behavior causes a displacement
difference at the interface between the aggregates and the
cement mortar, resulting in stress. Similarly, when the
temperature drops, the cement mortar contracts before the
aggregates, further increasing stress. To coordinate this
displacement deformation, the ratio of the cement mortar can
be adjusted to increase its flexibility, allowing it to better
absorb stress caused by the expansion of the aggregates,
thereby reducing the formation of cracks. Assume the radius
of the aggregate is represented by E, the thermal expansion
coefficients of the aggregate and cement mortar are
represented by S and £, respectively, the elastic moduli by R,
and R;, Poisson's ratios by w. and w;, temperature change by
AS, the radial displacements caused by temperature changes in
the cement mortar and aggregate are represented by o5 and oys,
and the radial displacements caused by interfacial thermal
stress in the cement mortar and aggregate are represented by
o and oy The coordination of radial displacement
deformation at the interface can be characterized by the
following equation:

Ojs + 0|5 =0y T Oys “4)

Due to the different coefficients of thermal expansion
between aggregate and cement mortar, expansion or
contraction mismatches between them under rising or falling
environmental temperatures can generate tensile or
compressive stress at the contact surface. If this stress exceeds
the material's tensile or compressive limits, it could lead to
cracking at the interface. This paper further calculates the
normal stress A at the interface between coarse aggregate and
cement mortar, taking into account the shape, size, and
distribution of the aggregate, as well as the thickness and
elastic modulus of the cement mortar. By integrating these
factors, the stress distribution at the interface can be derived to
predict and assess potential crack risks. The calculation
formula is:

(ﬂl _ﬂx )RI Rx
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The following formula calculates the stress at a distance e
from the center of the aggregate in the cement mortar:
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During thermal cycling, cement mortar experiences
significant volume changes due to its higher coefficient of
thermal expansion. These changes lead to the development of
radial compressive stress and circumferential tensile stress
within the cement mortar. Radial compressive stress is due to
the outward expansion of the cement mortar pressing against
the surrounding aggregate; circumferential tensile stress arises
as the expanding mortar tries to maintain volumetric
consistency along the circumference. To analyze these stresses
in detail, finite element analysis or other numerical simulations
are needed in practical applications to simulate the specific
impact of temperature changes on the volume changes of
cement mortar. The analysis should consider the thermal
properties of the cement mortar, the geometric structure of the
composite material, and external temperature conditions.
Further, the stress analysis of cement mortar should consider
how microcracks caused by the mismatch between aggregate
and mortar affect the macroscopic stress distribution, and how
these microcracks affect the overall performance and
durability of the composite material after multiple thermal
cycles.

During thermal cycling, the Poisson's ratio significantly
impacts the thermal stress distribution in materials. For bridge
composite materials, analyzing the Poisson's ratio requires

considering the individual Poisson's ratios of concrete mortar
and aggregate, as well as their combined impact on the
composite system. Particularly, when considering the
mismatch in thermal expansion between mortar and aggregate,
the differing Poisson's ratios can lead to complex stress states,
especially near the interface between aggregate and mortar.
Combining the analysis of stress and Poisson's ratio, to
mitigate the deterioration of bridge composite materials under
thermal cycling, strategies could include reducing the thermal
conductivity of concrete, minimizing the difference in the
coefficients of thermal expansion between the constituent
phases, adjusting the elastic modulus, and optimizing the
surface heat transfer coefficient. These approaches aim to
lower the coefficient of thermal expansion of bridge composite
materials, prolong their service life, and maintain their
structural integrity and safety.

3. CONSTRUCTION OF FATIGUE DAMAGE
CONSTITUTIVE MODEL FOR COMPOSITE
MATERIAL BRIDGES UNDER THERMAL CYCLING

In bridge engineering, the fatigue damage constitutive
model of composite materials is a mathematical model used to
describe the stress-strain behavior of materials under repeated
or cyclic loading. Such models are crucial for predicting and
assessing the performance of bridges during long-term service,
especially when considering the effects of thermal cycling.
The constitutive model constructed in this paper provides a
framework to predict the mechanical response of composite
materials under various thermal cycling conditions. This
includes analyzing material strain accumulation, microcrack
formation, and expansion, and other fatigue behaviors under
repeated thermal stress. Figure 3 presents a flowchart for the
fatigue state analysis of bridge composite materials.
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Figure 3. Flowchart of fatigue state analysis for bridge composite materials
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3.1 Model construction

This paper divides the damage evolution process of
composite material bridges under thermal cycling into two
phases: performance enhancement and performance
degradation. During the performance enhancement phase,
bridge composite materials might experience a
"strengthening" phenomenon under initial cyclic loading,
where the dynamic elastic modulus increases due to the
closure of microcracks or adjustment of the internal structure
of the material. In the performance degradation phase, as the
number of cyclic loadings increases, microcracks within the
material begin to expand, leading to a gradual reduction in
material performance. This phase is typically characterized by
the accumulation of damage factors and exhibits nonlinear
characteristics. This nonlinearity in fatigue damage is often
related to the accumulation process of internal damage. In the
case of composite material bridges, this means that the growth
of damage is not at a constant rate but varies with the number
of loading cycles, involving the initiation, expansion, and
eventual possible formation of macroscopic cracks in the
material. Considering the impact of the performance
enhancement phase, the D-n curve can be shifted to ensure the
accuracy of the damage model during the performance
degradation phase. The magnitude of the shift may depend on
the impact coefficient of the performance enhancement phase,
which can be determined through experiments or theoretical
analysis. Combining the above principles, a complete damage
evolution model including both performance enhancement and
degradation phases can be established. This model can reflect
not only the possible strengthening effects in the initial phase
but also describe the gradual reduction in material
performance as the number of loading cycles increases.

Bridge composite materials often endure multiaxial stress in
practical applications, meaning the material is subjected to
forces in multiple directions simultaneously. For example,
bridge decks under vehicle loads may experience compressive
stress, tensile stress, and shear stress at the same time, often
involving nonlinear damage behavior under multiaxial stress
states. Multiaxial nonlinear cumulative fatigue damage
accumulation models are advanced analytical tools used to
describe and predict material fatigue behavior under complex
stress states. In multiaxial nonlinear cumulative fatigue
damage research, selecting appropriate damage variables is
crucial for describing the material damage state, predicting life,
and assessing performance. Direct measurement of internal
stress or strain in materials is both complex and costly,
especially for heterogeneous materials like composites. In
contrast, dynamic elastic modulus can be relatively easily
measured through non-destructive testing. Assuming the
elastic modulus of the specimen after v thermal cycles is
represented by R(v), and the initial elastic modulus is
represented by R(0), the expression is:

F =1—M (8)
R(0)

To construct an accurate thermal cycling fatigue damage
constitutive model, it is necessary to first determine the actual
load conditions produced by thermal cycling in bridge
composite materials. This includes identifying internal stress
states caused by temperature changes, such as tensile and
compressive stresses due to differences in coefficients of
thermal expansion, and how these stresses vary over time and
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with temperature cycles. Furthermore, analyzing whether the
loading caused by temperature changes is non-proportional,
that is, whether the stress or strain in different directions
changes disproportionately. In composite materials, due to
anisotropy and differences in thermal expansion coefficients
of different material components, such non-proportional
loading is likely to occur. By replacing the main control
parameter Ay*.,./2 with Ay/2, the thermal cycling fatigue
damage rate equation shown below can be constructed:

dF =(1-F)*6,fv ©)

The damage parameters ¢ and 6 in the equation can be
obtained as follows:

0, = plaris/2,6,)=1- 63 (e /2 -0,0-y5.)
rw XN (473 /2) -6, - yé,)

(10)

The selection of damage parameters directly affects the
accuracy and reliability of the model. The choice of damage
parameters is mainly influenced by the material's physical
properties (elastic modulus, Poisson's ratio, etc.), loading
conditions (stress level, stress ratio, loading frequency),
environmental factors (temperature range, rate of temperature
change, number of temperature cycles), and structural
characteristics (component size, geometric shape).

o _| Slaris/2)

= / 11
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Considering the impact of thermal loads on the material
damage process, it is necessary to evaluate the rate of damage,
i.e., how damage accumulates over time. The assessment of
damage rate needs to consider the material's fatigue
characteristics, including its durability and fatigue limit.
Constructing a damage accumulation model to simulate how
internal damage in the material develops with the increase in
the number of cycles under continuous thermal cycling. This
model needs to include the initial state of damage, the rate of
damage evolution, and potential cumulative effects of damage.
Integrating Eq. (9) yields the thermal cycling fatigue damage
constitutive model for bridge composite materials, as follows:

1

F=1- [1_ sz(l_ 6 )]1“91 6 #1 (12)
When the damage degree F'is 1, the number of cycles v for
thermal cycling fatigue failure of bridge composite materials
can be considered as the fatigue life ;. By substituting v=Vy

into the above equation, the following equation is obtained:

1

q
F=1-[1- YV
v

d

6, %1 (13)

3.2 Model modification

The behavior of bridge composite materials in thermal
environments exhibits complex nonlinear characteristics,
particularly in the initial stages of thermal exposure, where



short-term phenomena that differ from long-term behavior
may occur. These phenomena need to be appropriately
considered and modified in the fatigue damage constitutive
model. Assuming the modification coefficient is represented
by j, the expression for the modified model would be:

(14)

Fol-ji-ov-6)ka 6 1

1-6,

F=1-j - 0, #1 (15)
\Y)

d

3.3 Model constraint conditions verification

To reduce the disparity of the thermal cycling fatigue
damage constitutive model for bridge composite materials, it
is necessary to verify the model equation with multiple
constraint conditions.

(1) Boundary conditions. The model needs to define the
initial damage state of the material before the start of thermal
cycling, including any pre-existing cracks, voids, or other
defects. The state of the initial microstructure, including fiber
distribution, porosity, etc., is also an important initial
boundary condition. Let the initial undamaged F of bridge
composite materials be 0, and F be 1 at the time of fatigue
failure, then:

v=0,F=0v=V,,F=1 (16)

(2) Thermodynamic constraint conditions. In the thermal
cycling fatigue damage constitutive model for bridge
composite materials, thermodynamic constraint conditions
provide fundamental principles about energy dissipation and
damage progress. Since low-cycle fatigue damage during
thermal cycling is considered irreversible, the second law of
thermodynamics, especially the part related to entropy
increase, is crucial to ensure the physical rationality of the
constitutive model. The irreversible nature of fatigue damage
means that once damage occurs, it cannot be fully restored by
simple physical processes. In the constitutive model, this
irreversibility is typically represented by the monotonic
increase of the damage variable. In this paper, the constitutive
model F(v) is approximated as a monotonically increasing
function, then:

oF/ov >0 (17)

(3) Physical constraint conditions. In the thermal cycling
fatigue damage constitutive model for bridge composite
materials, physical constraint conditions are used to ensure
that the model's predictions remain consistent with actual
physical phenomena. Physical constraint conditions require
that the model reflects that under the same thermal cycling
conditions, greater internal expansion forces will lead to more
significant material damage. This is because larger thermal
expansion forces increase the micro stresses within the
composite material, thereby increasing the likelihood of crack
formation and expansion, namely:

O’F/ovos >0 (18)
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The constructed constitutive model is verified based on the
above three constraint conditions.

For boundary conditions, Eq. (16) satisfies V=0, F=0, V=V,
F=1;

For thermodynamic constraint conditions, taking the partial
derivative of Eq. (17), the following condition satisfies the
verification criteria:

v Vo)

VD

oF 1

om__ L (19)
oV vD(1—491)J

>0

For physical constraint conditions, taking the partial
derivative of Eq. (18), the following condition satisfies the
verification criteria:
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Figure 4. Experimental scheme

By integrating these physical constraint conditions into the
thermal cycling fatigue damage constitutive model of bridge
composite materials, it can be ensured that the model is not
only mathematically complete but also physically credible.
These constraint conditions help in precisely predicting the
thermal cycling damage behavior of composite materials in
actual bridge applications, thereby providing important
guidance for bridge design, evaluation, and maintenance.
Figure 4 presents the experimental scheme.

4. EXPERIMENTAL RESULTS AND ANALYSIS

Figure 5 shows the temperature gradient variation curve at
different locations in a single thermal cycle of bridge
composite material. It can be seen from the figure that for the
position (250,250,250), a peak value of 1.3 is reached between
the time points 40 to 60, then it gradually decreases, reaching
a second peak of 2.3 at 160, and then decreases again. This
indicates that the material at this location might be affected by
temperature fluctuations, possibly due to internal heat sources



or external environmental temperature changes. For the
position (250,250,125), the temperature remains stable from
20 to 60 time points, then gradually decreases, but reaches a
peak of 180 at time point 160, followed by a significant
decrease in temperature. This might suggest that the material
at this location has a buffering effect in the thermal cycle, but
when a certain critical point is reached, the temperature
gradient change significantly increases. For the position
(250,250,0), the temperature rises rapidly at the beginning,
reaching 330 at time point 40, then decreases at time point 60,
but reaches the highest peak of 700 at time point 160, followed
by a rapid decline. This indicates that this location might be
directly exposed to a heat source or the most direct thermal
influence.

It can be concluded that different material combination
positions show different temperature gradient changes during
the thermal cycle, which may imply that the thermal expansion
and heat conduction characteristics within the composite
material vary with the proportion and location of the materials.
For instance, positions closer to the heat source exhibit greater
temperature fluctuations in the thermal cycle. At certain time
points, such as time point 160, all positions experience peak
temperature gradients, which might indicate that the thermal
stability of the composite material is challenged under extreme
thermal cycling conditions. Due to the repeated fluctuations in
temperature gradients, especially when reaching very high or
low temperature gradients, the material might undergo thermal
fatigue damage. This kind of damage could affect its
mechanical properties and durability, so considering fatigue
due to thermal cycling is very important in the design of
composite material bridges.
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Figure 5. Temperature gradient variation curve at different
locations in single thermal cycle of bridge composite material

Figure 6 presents the temperature change curves inside the
composite material of a bridge at depths of 20mm and 40mm,
after undergoing different numbers of thermal cycles. The data
includes temperature changes over time at these two depths
after 0, 60, and 120 thermal cycles. It can be observed that after
0, 60, and 120 thermal cycles, the temperature at both depths
starts to decrease from the same initial temperatures of 65°C
or 63°C. This indicates that the material might have been
heated to a uniform initial temperature at the start of the
experiment. The graph shows that with an increasing number
of thermal cycles, the rate of temperature decrease inside the
material slows down. This might suggest a reduction in
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thermal conductivity after multiple thermal cycles, possibly
due to changes in the internal structure of the material, such as
the formation of microcracks or the accumulation of internal
stress. As the number of thermal cycles increases, the time it
takes for the initial temperature to drop to a stable temperature
becomes longer, indicating that the thermal stability of the
material might decrease after repeated thermal cycling.
Thermal fatigue damage in composite materials could lead to
a degradation of thermophysical properties. The thermal
response characteristics of the material show changes with an
increasing number of thermal cycles, which could be a direct
result of thermal fatigue damage. At the deeper position
(40mm), the rate of temperature decrease is relatively slower,
possibly because the heat takes longer to transfer through the
material. The temperature change trends at both depths are
broadly similar, but at the deeper position, the material's
response to thermal cycling seems slower. In conclusion, the
thermodynamic properties of composite material bridges
might degrade under repeated thermal cycling, manifesting as
a reduction in thermal conductivity and thermal stability. This
degradation could affect the long-term stability and durability
of the structure, especially in environments with frequent
temperature fluctuations. Considering these factors is crucial
in the design and evaluation of composite material bridges.
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Figure 6. Temperature changes during heating process inside
bridge composite materials under thermal cycling
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Figure 7. Cooling process temperature change curve of
bridge composite material under thermal cycling

Figure 7 shows the warming process of bridge composite
materials at depths of 20mm and 40mm after undergoing
different numbers of thermal cycles. These data can be used to
analyze how the internal thermal behavior of the material
changes with an increasing number of thermal cycles. Each
graph displays the process of heating from 18°C to a certain
temperature, over intervals of 10 minutes, recording
temperature changes over 150 minutes. The graphs indicate
that at both 20mm and 40mm depths, the rate of temperature
increase in the material gradually decreases as the number of
thermal cycles increases. This may be due to microstructural
changes in the material caused by fatigue, leading to an
increase in thermal capacity or a reduction in thermal
conductivity. After repeated thermal cycling, the final
temperature reached by the material within 150 minutes is
slightly reduced. This suggests that the thermal stability of the
material may be affected by thermal fatigue damage. Thermal
fatigue damage in composite materials could cause changes in
their heat transfer characteristics. The variation in the heating
curves after multiple thermal cycles may reflect the
cumulative effect of this damage. At the deeper location
(40mm), the rate of heating is relatively slower, indicating that
the transfer of heat to deeper levels is slower, which is related
to the material's thermal diffusion characteristics. In summary,
after multiple thermal cycles, the thermal response of bridge
composite materials slows down, indicating that thermal
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stability and heat transfer characteristics may have been
affected by fatigue damage. These changes could affect the
long-term performance and reliability of the structure,
especially in applications with frequent thermal loads.
Therefore, when designing and evaluating composite material
structures, it is necessary to consider the potential impact of
thermal cycling on material properties.

Table 1. Compressive strength test results of bridge
composite material under thermal cycling

Thermal Cycle Count 0 30 60 90 120
Compressive Strength 612 579 548 516 478
Relative Compressive 1500 945 921 846 789
Strength
Strength Loss Rate 0.0 4.3 89 138 214
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Figure 8. Compressive strength change graph of bridge
composite material under thermal cycling

Table 1 and Figure 8 show the compressive strength test
results of bridge composite materials after undergoing
different numbers of thermal cycles. The decrease in
compressive strength and changes in relative compressive
strength reflect the thermodynamic stability and structural
integrity of the material under thermal cycling conditions. It
can be observed that with an increasing number of thermal
cycles, the compressive strength of the composite material
decreases from 61.2 to 47.8. This indicates a gradual
degradation of the material under the influence of thermal
cycling. The relative compressive strength decreases from
100% to 78.9%, further verifying the degradation of material
performance. With an increasing number of thermal cycles,
the strength loss rate rises from 0% to 21.4%. This value can
be seen as a quantitative indicator of the impact of thermal
cycling on material performance. The conclusion can be drawn
that the compressive strength of the composite material
significantly decreases with an increasing number of thermal
cycles, suggesting that the material might undergo some
irreversible chemical or physical changes during thermal
cycling, such as the growth of microcracks, degradation of
material interfaces, or rearrangement of molecular structures.
Continuous thermal cycling leads to a gradual decrease in the
strength of composite materials, which could affect the long-
term durability and safety of bridges. In the design and
evaluation of composite material bridges, this strength
reduction caused by thermal cycling must be considered.



Design may require the introduction of certain safety factors
or the selection of materials more resistant to thermal cycling.
The fatigue life of the material may need to be predicted based
on the strength loss rate at specific thermal cycle counts.
Careful assessment is needed to determine after how many
thermal cycles the material will reach the critical point of its
service life. Continuous use under high temperatures or
periodic exposure in high-temperature environments may
require materials with better thermal stability. These test
results are crucial for predicting the thermal stability of the
material and determining its applicability under extreme
temperature conditions.

Table 2. Static elastic modulus test results of bridge
composite material under thermal cycling

Thermal Cycle Count 0 60 120
Static Elastic Modulus 359 352 312
Relative Static Elastic Modulus  100.0 92.8 824
Static Elastic Modulus Loss Rate 0.0 6.7 159

Data provided in Table 2 and Figure 9 show the static elastic
modulus test results of bridge composite materials under
different numbers of thermal cycles, which can be used to
analyze the impact of thermal cycling on the material's
stiffness. Initially, at 0 thermal cycles, the static elastic
modulus is 35.9, representing the baseline modulus of
elasticity for the composite material without any thermal
cycling. The static elastic modulus slightly decreases to 35.2,
with the relative static elastic modulus dropping to 92.8%, and
the loss rate of static elastic modulus being 6.7%. This
indicates that even after 60 thermal cycles, the material's
structure remains relatively intact, but some degree of
performance degradation can be observed. The static elastic
modulus further decreases to 31.2, with the relative static
elastic modulus dropping to 82.4%, and the loss rate increasing
to 15.9%. This larger loss rate suggests that after more thermal
cycles, the material's damage is more severe, and its stiffness
significantly reduced. The data indicate that the static elastic
modulus of the composite material decreases with an
increasing number of thermal cycles. This degradation might
be due to changes in the material's microstructure caused by
high-temperature cycling, such as thermal cracking, oxidation,
or other chemical changes. The static elastic modulus is an
indicator of a material's ability to resist deformation. With the
reduction in static elastic modulus, the material is more likely
to deform under load, which may affect the overall stability
and lifespan of the bridge structure. Significant loss in
modulus of elasticity indicates substantial changes in the
material's mechanical properties after thermal cycling,
pointing to a decrease in thermal stability after experiencing
high-temperature cycles. In bridge design, the potential impact
of thermal cycling on material properties must be considered.
Design may require additional measures, such as using more
heat-resistant materials, increasing cross-sectional dimensions,
or introducing other reinforcement measures, to compensate
for the impact of the decrease in modulus of elasticity on
structural performance. The impact of thermal cycling on the
static elastic modulus of composite materials suggests that the
fatigue life may be shortened due to degradation in material
properties. Therefore, when assessing the material's fatigue
life, the impact of thermal cycling must be considered.

Figure 10 presents the mortar damage and static elastic
modulus of bridge composite materials after undergoing
different numbers of thermal cycles. The data in the figure can
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be used to assess the impact of thermal cycling on the
performance of bridge composite materials. It shows that the
average damage value of the mortar linearly increases from
0.0000 at 0 thermal cycles to 0.2640 at 120 cycles. The
increase in damage is continuous and gradual, suggesting that
damage accumulates with the number of thermal cycles. The
damage growth rate appears to remain relatively constant with
increasing thermal cycle counts, but there is a slight
acceleration in the last few data points. The loss rate of elastic
modulus starts from 0.00% and grows with the number of
thermal cycles, reaching 19.50% at 120 cycles. The growth of
the loss rate is not entirely linear, and the rate of increase
accelerates with the number of thermal cycles, especially in
the later stages (around 100 thermal cycles and beyond).
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Figure 9. Static elastic modulus change graph of bridge
composite material under thermal cycling
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Figure 10. Mortar damage and static elastic modulus of
bridge composite material after different numbers of thermal
cycles

It can be concluded that bridge composite materials
experience continuous damage and performance degradation
after undergoing thermal cycling. This could be due to
microcracking caused by thermal stress, thermal aging, or
changes in the chemical structure. The data indicate that the
damage to the mortar and the loss of elastic modulus are
cumulative, meaning that the damage caused by thermal
cycling is irreversible and difficult to restore with simple
repair measures. As the number of thermal cycles increases,
the loss of elastic modulus in the composite material
intensifies, indicating a reduction in thermal stability. Under
extreme temperature cycling conditions, the material may not
be able to maintain its original mechanical properties. The
long-term behavior of composite materials under the influence



of thermal cycling must be considered in bridge design. It may
be necessary to select materials with higher thermal stability
or design more conservative structures to compensate for the
loss of strength and stiffness caused by thermal cycling. For
existing bridges, regular assessment of the impact of thermal
cycling on the material's elastic modulus is essential to ensure
structural safety. As the loss rate increases, the structure may
require more frequent inspections and possible reinforcement.

Table 3. Dynamic elastic modulus test results of bridge
composite material under thermal cycling

Thermal Cycle Count 0 60 120
Fundamental Vibration Frequency 2354 2189 2056
Relative Static Elastic Modulus 100.0 879 725
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Figure 11. Change graph of dynamic elastic modulus of
bridge composite material under thermal cycling

Table 3 and Figure 11 show the fundamental vibration
frequency and changes in the dynamic elastic modulus of
bridge composite materials under different numbers of thermal
cycles. These data can be used to evaluate the impact of
thermal cycling on the dynamic response characteristics of the
materials. Initially, at 0 thermal cycles, the fundamental
vibration frequency is 2354, and the relative dynamic elastic
modulus is 100.0%, representing the initial vibration
characteristics of the composite material without any thermal
cycling. After 60 thermal cycles, the fundamental vibration
frequency decreases to 2189, and the relative dynamic elastic
modulus drops to 87.9%, indicating a reduction in the
material's dynamic stiffness. After 120 thermal cycles, the
fundamental vibration frequency further decreases to 2056,
and the relative dynamic elastic modulus significantly drops to
72.5%, showing further degradation of material performance.

It can be concluded that the dynamic performance of bridge
composite materials significantly decreases with an increasing
number of thermal cycles, suggesting that the material may
undergo microstructural changes, such as thermal cracking,
material interface deterioration, or polymer chain breaking.
The significant reduction in dynamic elastic modulus indicates
that the material's ability to withstand dynamic loads decreases
after thermal cycling. Dynamic load-bearing performance,
more than static load-bearing, reflects the material's actual
working condition and reliability. The reduction in
fundamental vibration frequency may change the bridge's
response behavior during normal operation, which could affect
the bridge's service life and safety. The impact of thermal
cycling on the dynamic performance of composite materials
needs to be considered in bridge design and safety assessment.
Design may require the selection of materials with higher heat
resistance or the application of additional protective measures.
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Figure 12. Comparison of mechanical property degradation
test results and simulated damage in bridge composite
materials

Figure 12 lists the changes in the simulated static elastic
modulus, compressive strength, split tensile strength, and
measured static elastic modulus of bridge composite materials
after different numbers of thermal cycles. Assuming all values
are relative or percentage changes, the trend of mechanical
property degradation and the relationship between
experimental and simulated data can be analyzed. The
simulated and measured static elastic modulus both increase
linearly with the number of thermal cycles. This shows that the
trends of simulation and measurement are consistent, and the
stiffness of composite materials decreases with an increasing
number of thermal cycles, with the simulated values slightly
higher than the measured values, possibly indicating a
conservative approach in assessing material damage. The
compressive strength and split tensile strength also increase
with the number of thermal cycles, indicating a gradual decline
in the compression and tensile load-bearing capacity of
composite materials. Especially, the rate of increase in split
tensile strength is faster than that in compressive strength,
possibly implying that composite materials are more sensitive
to damage caused by thermal cycling under tensile conditions
than under compression.

The comparison analysis of simulation and measurement
data shows that the trends in simulated and measured data are
broadly aligned, suggesting that the simulation method may be
effective in predicting material behavior after thermal cycling.
There is a gap between simulated and measured values in all
mechanical property parameters, possibly due to assumptions
in the simulation model or simplifications, or differences
between experimental and simulation conditions. It can be
concluded that the mechanical properties of composite
materials degrade with an increasing number of thermal cycles,
indicating that the material may undergo thermal stress,
microcracking, material depolymerization, or other
microstructural degradation. The decline in mechanical
properties, particularly the rapid decrease in split tensile
strength, may indicate a reduction in the thermal stability of
composite materials, which is a key consideration for
structural applications such as bridges. In bridge design and
maintenance, the impact of thermal cycling on the
performance of composite materials must be considered.
Design may require the introduction of larger safety factors or
the selection of more heat-resistant materials to ensure long-
term structural integrity and safety.



5. CONCLUSION

The comprehensive conclusions of this paper focus on two
main research areas: first, the heat transfer and thermally
induced expansion deformation process of composite material
bridges under multiple thermal cycles; second, the
establishment and verification of a thermal cycling fatigue
damage constitutive model for composite material bridges
based on fatigue damage theory. Experimental data show that
bridge composite materials under thermal cycling exhibit
uneven temperature distribution, leading to different
temperature gradients and thermal expansion phenomena in
various parts. This temperature gradient and expansion
deformation may cause internal stress, affecting the integrity
and service life of the structure. By testing the mechanical
properties of bridge composite materials (including
compressive strength, static elastic modulus, and split tensile
strength) under different thermal cycles, the study reveals the
impact of thermal cycling on the degradation of mechanical
properties of composite materials. The model, based on fatigue
damage theory, can describe the fatigue characteristics of
composite materials under the influence of temperature
changes, and the modification method improves the predictive
accuracy of the model. The proposed modification method
more accurately describes the fatigue behavior of materials
under thermal cycling conditions, enhancing predictive
accuracy. The validation of experimental data shows that the
model is applicable under established constraints, indicating
its relevance to real engineering problems.

Through this research, comprehensive conclusions can be
drawn that composite material bridges undergo structural
performance degradation under the influence of thermal
cycling, including but not limited to a reduction in
compressive strength, static elastic modulus, and split tensile
strength. The damage caused by thermal cycling is cumulative
and irreversible, emphasizing the importance of considering
thermal cycling effects in material selection and bridge design.
The established thermal cycling fatigue damage constitutive
model provides an effective prediction tool for the design of
bridge composite materials, helping engineers assess changes
in material performance over long-term use. Furthermore, the
modification method and experimental validation of the model
provide a scientific basis for the safety assessment and lifespan
prediction of bridge composite materials under extreme
temperature environments.
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