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In the realm of large-scale underground transportation engineering, prefabricated box
culverts have emerged as a predominant structural element. However, their performance is
potentially compromised under the duress of high temperatures, prevalent during natural
or man-made disasters such as earthquakes and fires. Prior investigations predominantly
focus on the performance analysis of these structures at ambient temperatures, leaving their
behavior under elevated temperatures relatively unexplored. This gap in research is
addressed in this study, wherein the thermal stress-strain relationship of prefabricated box
culverts under high-temperature conditions is meticulously examined. A dynamical
constitutive model for these structures at elevated temperatures is also proposed, paving
the way for a comprehensive analysis of their seismic resilience. The insights gleaned from
this study not only furnish theoretical guidance for the design and construction of

prefabricated box culverts but also establish a foundational framework for subsequent
inquiries in this domain.

1. INTRODUCTION

The advent of rapid global economic progression has been
accompanied by an expansive growth in large-scale
infrastructure, leading to an extensive application of
prefabricated box culverts in diverse underground traffic
engineering projects [1-4]. These structures, subjected to high
temperatures resulting from natural and man-made
phenomena such as earthquakes and fires, may experience
alterations in structural performance [5, 6]. It is of high
importance, therefore, that the behavior of prefabricated box
culverts under conditions of elevated temperature is
thoroughly investigated [7-10].

The exploration of seismic resilience of prefabricated box
culverts is instrumental as it not only provides a scientific
foundation for both design and construction, but also
facilitates the effective prediction and assessment of safety and
reliability under specified conditions [11, 12]. It is
acknowledged that thermal stress, particularly at elevated
temperatures, holds the potential to significantly influence the
performance of these structures, a factor that becomes
increasingly critical under extreme conditions such as seismic
events [13]. Therefore, a comprehensive understanding of how
thermal stress impacts the seismic behavior of prefabricated
box culverts, especially when subjected to elevated
temperatures, is deemed imperative for the assurance of both
public safety and engineering integrity.

The predominant focus of extant research methodologies
has been placed upon the analysis of prefabricated box culverts
under ambient temperature conditions, leaving the phenomena
under elevated temperature states somewhat underexplored.
Additionally, it has been observed that prior investigations into
thermal stress within prefabricated box culverts have typically

been constrained to singular loading conditions [14-16],
thereby overlooking the intricate loading scenarios that may
manifest in practical engineering endeavors, such as cyclic
loading. Consequently, this has culminated in a partial
comprehension of the seismic resilience of prefabricated box
culverts when subjected to extreme conditions [17-19].

This text primarily revolves around two core topics: firstly,
the thermal stress-strain relationship of prefabricated box
culverts under elevated temperature conditions is analyzed;
secondly, the seismic performance of prefabricated box
culverts at elevated temperatures is investigated, with the
establishment of a corresponding dynamical constitutive
model and further dynamic time-history analysis conducted.
Through this series of studies, the text not only provides robust
theoretical support for the design, construction, and evaluation
of prefabricated box culverts but also offers new perspectives
and methodologies for research in related fields, holding
significant academic and engineering application value.

2. THERMAL STRESS-STRAIN RELATIONSHIPS OF
PREFABRICATED BOX CULVERTS UNDER
ELEVATED TEMPERATURE CONDITIONS

Box culverts, predominantly constructed from concrete and
steel, exhibit significant disparities in thermal properties when
subjected to elevated temperatures. Under such conditions,
concrete is prone to thermal cracking, moisture depletion, and
a diminution in strength, while steel may experience yielding
and a decline in its strength. The elucidation of thermal stress-
strain relationships of these materials at elevated temperatures
is crucial for the prediction and assessment of box culvert
behavior in scenarios such as fires or other high-temperature
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events.

The design of prefabricated box culverts necessitates the
utilization of various concrete materials, each selected for
specific functions and locations. Concrete Filled Steel Tube
(CFST), a composite material harnessing the advantages of
both steel and concrete, is recognized for its exceptional load-
bearing capacity and ductility. Consequently, it is usually
utilized in the primary load-bearing elements of prefabricated
box culverts, such as columns and main beams. Conversely,
conventional concrete is typically employed for the culvert's
top and bottom sections, where stress distribution is relatively
uniform, mitigating the necessity for materials with
heightened strength and ductility. This study focuses on the
analysis of thermal stress-strain relationships of both CFST
and conventional concrete within prefabricated box culverts
under conditions of elevated temperature.

In compressive states, the thermal stress-strain relationship
of CFST is initially linear at lower stress levels, attributed to
the collaborative load-bearing of both concrete and steel tube.
As temperatures escalate, the evaporation of internal moisture
in the concrete can result in micro-structural cracks and a
potential precipitous decline in load-bearing capacity beyond
certain strain levels. Subsequent to the failure of concrete, the
load is primarily borne by the steel tube. Nonetheless, a further
temperature increase leads to a reduction in the steel’s yield
strength, implying a diminished yield stress for the CFST at
elevated temperatures. Post-yielding of the steel tube, a phase
of hardening and subsequent softening is observed, paralleling
the thermal stress-strain behavior of steel.

Under high-temperature conditions, the protective efficacy
of concrete on the steel tube may be compromised, potentially
resulting in local buckling of the steel tube, particularly under
conditions of high stress and temperature. The synergistic
effects of concrete and steel may be compromised at elevated
temperatures, owing to alterations in the properties of both
materials. As a result, the cumulative load-bearing capacity of
CFST may not equate to the sum of the individual load-bearing
capacities of concrete and steel. At extreme strains and
temperatures, CFST is susceptible to fracturing, a
phenomenon attributable to the disintegration of concrete and
the rupture of steel. Assuming the maximal temperature is
represented by Yuux, then the stress-strain relationship model
of CFST can be written as follows:

2z-7%,(2<1)

o

o' O (1
8,0 =0, /[1+2.4(Yyp —20)-10™ |
7, =7, +800z°%-107%; %,
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/4

where:z =

t
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In conditions of compression and at lower stress levels,
conventional concrete is observed to demonstrate linear elastic
behavior within its thermal stress-strain relationship. This
phenomenon can be attributed to the preservation of the
material’s micro-structure during this initial phase. Upon
reaching temperatures in the vicinity of 100°C, the evaporation
of capillary water within the concrete commences, potentially
resulting in augmented internal pressure and the inception of
micro-cracks. As exposure to elevated temperatures is
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sustained, a discernible decline in the compressive strength of
the concrete is noted, accompanied by a possible increment in
strain. These alterations are ascribed to a series of micro-
structural transformations, including chemical dehydration
and the decomposition of limestone. Subsequent to these
events, the thermal stress-strain behavior of the concrete
transitions into a pronounced nonlinear regime, characterized
by an expedited reduction in strength and an increase in strain
rate. Thermal expansion of the material is manifested at
elevated temperatures, which may induce additional stresses
when external constraints are present. Continued thermal
elevation exacerbates the degradation of the concrete,
potentially leading to transformations in mineral components
such as quartz. Prolonged thermal exposure also raises the
possibility of concrete carbonation, further compromising the
material's structural integrity. In scenarios involving extreme
temperatures and strains, the concrete is susceptible to
fragmentation, primarily due to the destabilization of its
internal micro-structure. For the purpose of mathematical
representation, let d,; y; denote the cube compressive strength
of the concrete subsequent to high-temperature exposure, and
d,; represent its cube compressive strength at ambient
temperature, then he high-temperature degradation model of
conventional concrete is thus expressed as follows:

diy =d,; 0°C <Yy £200°C

Ay =0, -[ 0.0015-(200- Y, ) +1]
200%V <Y, <500°C

Ay =d,; -[0.003-(600 Y, ) +0.25
5009 <Y, <600°C

Ay =0y [ 7.5x107+(200Y, ) +0.25]
600%V <Y,,,, <800°C

Additionally, let yo and Jo respectively denote the peak
strain and stress of the concrete at room temperature, while yo,y;
and o,y represent the peak strain and stress after exposure to
high temperatures. The stress-strain relationship model under
these conditions is provided by the subsequent expressions:

t=0.632+1.742>-1.372> <1
t=(0.672—0.2222)/(1—1.332+O.7822)
where:z = 7/70,Y| t= 5/5o,w

z>1

You/70=1  Yuax £200°C

Yo /Yo :0-58+2-35'(YMA>< —20)/1000 3)
Yyuax > 200°C

Yow /%o =1—O.58'(YMAX —20)/1000
Yuax <200°C

o [0 =1.15-1.39-(Y,,,, —20)/1000
Yuax > 200°C

Under conditions of compression and lower stress, CFST
exhibits a thermal stress-strain relationship characteristic of
linear elastic behavior. The dual burden of tensile stress is
shared between the concrete and steel tube at this juncture.
Given the markedly lower tensile strength of concrete relative
to its compressive counterpart, micro-cracks in the concrete
are prone to initiate at relatively minor strains. The propensity



for cracking is exacerbated by elevated temperatures, as the
concurrent phenomena of water evaporation and thermal
expansion amplify internal stresses. Upon the formation of
cracks in the concrete, the onus of load-bearing shifts
predominantly to the steel tube, rendering the thermal stress-
strain relationship predominantly contingent on the steel’s
properties. A rise in temperature precipitates a gradual
diminution of the steel’s elastic modulus, culminating in
increased strains and a concomitant reduction in yield strength.
Notwithstanding, the steel’s comparatively superior tensile
strength ensures that the yield stress of the CFST remains
relatively robust under tensile conditions. High temperatures
induce thermal expansion, potentially engendering additional
stresses, especially when external constraints are imposed.
Escalating temperatures may further compromise the
synergistic interaction between concrete and steel, a
deterioration exacerbated post-cracking of the concrete.
Although steel retains a degree of ductility at elevated
temperatures, it is acknowledged that this property diminishes
with increasing temperature. In extreme scenarios of high
strains and temperatures, the steel tube is susceptible to
fracture, culminating in the structural failure of the CFST.

Conversely, conventional concrete, under compressive
conditions and lower stress levels, tends to manifest a linear
elastic behavior in its thermal stress-strain relationship,
attributed to the preservation of its micro-structure. When
temperatures approach 100°C, the evaporation of capillary
water within the concrete is initiated, potentially escalating
internal stresses and fostering the development of micro-
cracks, thereby diminishing the concrete's capacity to bear
tensile loads. The inherently low tensile strength of concrete is
further compromised at elevated temperatures. As stresses
intensify, the concrete is observed to exhibit a pronounced
nonlinear increase in strain, which may eventually culminate
in the formation of macro-cracks. High-temperature
conditions facilitate the expansion and coalescence of these
cracks, precipitating a significant reduction in cross-sectional
area and, by extension, load-bearing capacity. Thermal
expansion at elevated temperatures may exacerbate internal
stresses, particularly under constrained conditions.
Transformations in mineral components such as quartz,
induced by high temperatures, contribute to structural
degradation and further strength reduction. Under conditions
of thermal cycling, the concrete may exhibit symptoms of
thermal fatigue, manifesting as a progressive increase in strain
under constant stress levels. In scenarios of protracted tensile
stress and high-temperature exposure, the concrete is
vulnerable to sudden failure, evidenced by rapid crack
propagation and fracture. The following expression
encapsulates the relationship model between the tensile
strength of concrete post high-temperature exposure and the
maximum fire temperature:

1.56(Yyu /100) — 4.35- (Y, /100)°

A, (Y ) =0.98+
() 0,34 (Y, /100)°

1002-d,

“

Let yCR(YMAx):dyg(YMA)()/RVO(YMA)(), and the post-high-
temperature elastic modulus of concrete represented by
Rvo(Ymax), then the limit tensile strain calculated by the
following equation:

Y1u (YMAX ) =15y (YMAX ) (%)
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Under conditions of elevated temperatures, certain
characteristics are exhibited by the tensile thermo-stress-strain
relationship of steel in prefabricated box culverts. In the
regime of lower stress, the steel’s thermo-stress-strain
relationship is characterized by linear elastic behavior, a
phenomenon attributed to the maintenance of the steel’s
micro-structural integrity within this specific stress range. As
a function of increasing temperature, a reduction in the steel’s
elastic modulus is observed, leading to increased strain under
a constant stress condition. Concurrently, a diminution in the
steel’s yield strength is noted, indicative of a potential onset of
yielding at reduced stress levels. Despite this observed
reduction in yield strength under elevated temperatures, the
steel is found to maintain its strain hardening behavior
subsequent to yielding, a phenomenon that may be expedited
under conditions of elevated temperature. Like most materials,
the steel in question is subject to thermal expansion when
subjected to heating, a process that has the potential to induce
additional internal stresses, especially under conditions of
constraint. Extended exposure to both tensile stress and high
temperatures is linked to the manifestation of creep, a
phenomenon characterized by a time-dependent increase in
strain, even under conditions of constant stress. At specific
temperature thresholds, micro-structural alterations in the steel,
such as phase transformations, may transpire, exerting further
influence on its mechanical properties. The steel’s
susceptibility to oxidation or corrosion, contingent on the
prevailing environmental conditions and temperatures, may
precipitate changes in both surface and internal mechanical
properties. In scenarios characterized by extremely high
strains and temperatures, areas of the steel with pre-existing
flaws or damage may be predisposed to fracturing.

Figure 1. Stress-strain relationship of steel material in
prefabricated box culvert

In instances of exposure to high temperatures, a transient
reduction in the steel’s elastic modulus is often recorded, with
the potential for partial or complete restoration of its original
value during the cooling phase, particularly under conditions
of gradual cooling. Conversely, rapid cooling has the potential
to precipitate swift alterations in the steel’s micro-structure,
implications of which extend to the recovery trajectory of its
elastic modulus. Prolonged exposure to elevated temperatures
is correlated with a reduction in yield strength, whereas
specific micro-structural changes during the cooling phase,
such as recrystallization or solid solution treatment, may
contribute to an augmentation in yield strength. It is



noteworthy, however, that an excessively rapid cooling rate
may lead to the formation of a hard and brittle Martensite
Phase, resulting in an enhanced yield strength but
compromised toughness. The stress-strain relationship of steel
in prefabricated box culverts, post exposure to high
temperatures, is depicted in Figure 1.

Assuming di(Yuax) represents the yield strength at the
maximum temperature Y, then the stress-strain relationship of
the steel after high-temperature natural cooling is:

Ra(YMAX)17<7t (YMAX)
o= dt (YMAX )+ Ra (YMAX )[7_71 (YMAX ):|’
7>71(YMAX)

(6)

And d{(Yuux) can be calculated using the following equation:

d, (YMAX)

dy

{1.0,(\(MAX <500)
= (7)

1-5.82x107(Yyax —500),(Yyax >500)

Assuming R.(Yuux) represents the elastic modulus of the
steel during the elastic phase, then the elastic modulus of the
steel post-high-temperature cooling can be calculated using
the subsequent equation:

R,(Y,)  [10.(Yp <500)
a\ max / _ 8
R, 1-1.30x107*(Y,,, —500),(Y,., >500) ®

The elastic modulus during the strengthening phase can be
determined through the subsequent equation:

R, (YMAX ) =0.01R, (YMAX ) ©

3. SEISMIC PERFORMANCE OF PREFABRICATED
BOX CULVERT UNDER HIGH-TEMPERATURE
CONDITIONS

3.1 Dynamic constitutive model of prefabricated box
culvert under high-temperature conditions

Figure 2 is delineated to demonstrate the interactions
occurring between the soil and the prefabricated box culvert
structure. As can be known from the figure, building a plastic
loss model for analyzing the various loads of soil and the
prefabricated box culvert and determining parameters required
by the model are of important significance for both scholarly
inquiry and practical engineering scenarios. Common linear
elastic models are found wanting in their capacity to faithfully
predict the response characteristics of prefabricated box
culvert concrete under complex loading conditions, especially
in regions experiencing substantial deformation and plasticity.
The material under scrutiny, the concrete of the prefabricated
box culvert, is observed to manifest pronounced nonlinear
behavior when subjected to substantial or recurrent loads.
Enhancement in prediction accuracy is achieved through the
introduction of a damage factor, rooted in both plastic and
inelastic strain.

In this study, six input parameters have been discerned.
Under compressive conditions, these parameters are &, y™,,
and f,, while under tensile conditions, they are &, %, and f,.
Compression and tension induced stresses in the concrete
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under dynamic loading are symbolized by 4, and o,
respectively. In a similar vein, y, and yV, symbolize the
inelastic compressive and tensile strains, serving as input for
the plastic damage model. Damage factors corresponding to
the material’s behavior under compressive and tensile states
are represented by f, and /,, respectively.
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Figure 2. Interactions between soil and the prefabricated box
culvert structure

The stress-strain relationship of the concrete under
compressive and tensile conditions post high-temperature
exposure is postulated to be d,-y, and d,-y,, respectively. The
undisturbed elastic moduli of the concrete, following high-
temperature exposure and under compressive and tensile states,
are designated as R,o and Ry, respectively. The inelastic strains,
yN, and y™V,, are derivable through following equations:

T =y =7 =y, =
\ \ \ Vv RVO 10
Yy =¥y =V =y i "
y y y y Ryo

Introducing proportional coefficients between plastic
strains (y*%,, yfL,) and inelastic strains (y™,, y™), yields
n=y Ly N, and n=yPL/yN,. With subscripts v and y
denoting the stress states of compression and tension in the
concrete, the equation below is provided for the computation
of the damage factor:

-1
- Oy Ruiypo
~PL 1
7V(y)(]/nV(y) _1)+ 5V(y)RV(y)0

3.2 Dynamic time-history analysis of prefabricated box
culvert under high-temperature conditions

fuy) =

(11

Distinctive stress and deformation characteristics are
exhibited by the structure of prefabricated box culverts under
various seismic magnitudes (minor, moderate, or major
earthquakes). During minor earthquakes, the components of
the prefabricated box culvert structure primarily remain in an
elastic working state, with negligible apparent damage. In
contrast, moderate to major earthquakes induce increased
stress and deformation, potentially leading to various
phenomena ranging from minute cracks to severe damage.
Particular attention should be paid to the stress and
deformation at the connections, as these represent the
vulnerable links in the prefabricated structure.

Under the influence of major earthquakes, the prefabricated
box culvert structure may demonstrate pronounced nonlinear



behavior, including plastic deformation, crack propagation,
and damage at the joints. The elasto-plastic time-history
analysis method is capable of capturing these nonlinear
responses, providing engineers with a more accurate
prediction of the structural performance. In this study, the
elasto-plastic time-history analysis method is employed to
offer precise predictions for the response of the prefabricated
box culvert structure under consecutive or multiple earthquake
excitations. It is posited that the nodal displacement vector is
denoted as i, while the mass, damping, and stiffness matrices
of the structure are represented by L, V, and J, respectively.
External forces are denoted by D, time by y, and ground
motion acceleration by ij. Given that the earthquake effect can
be expressed as D =-Lij, the theoretical formula for the elasto-
plastic time-history analysis adopted in this study is given by
the following equation:

Li'+Vi+Ji=D(y) (12)
Artificial Infinite
Boundary Foundat}on
Domain
Infinite Infinite
Foundation Foundation
Domain Domain
Structure
Generalized
Structure

Figure 3. Artificial boundary of prefabricated box culvert
structure

In Figure 3, a schematic representation of the artificial
boundary of a prefabricated box culvert structure is presented.
Due to internal friction within materials and other nonlinear
factors, energy is dissipated during the vibrations experienced
by actual structures. Compared to other complex damping
models, the proportional viscous damping model boasts a
simpler mathematical form. This simplicity facilitates
implementation within computer programs, enhancing
computational efficiency while ensuring accuracy. In this
study, the proportional viscous damping model has been
selected for analyzing the dynamic response of the
components of the prefabricated box culvert structure. This
selection aims to simulate the effect of energy dissipation,
providing a more realistic prediction of dynamic response. The
proportional coefficients within the model are denoted by S
and a, and are calculated based on the natural frequency of the
structure:

V1= plL]+eld] (13)
3.3 Seismic performance indicators and structural failure
criteria

In this section, seismic safety evaluation indicators for
prefabricated box culvert structure components are
enumerated from two aspects: structural and performance
displacement responses. Structural displacement responses
encompass: a) Maximum Top Displacement: The overall
deformation extent of the structure under seismic impact is
directly reflected by the displacement magnitude at the
structure's top. b) Relative Displacement: The evaluation of
relative displacements between various floor slabs can be
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utilized to assess the shear deformation of the structure.
Should the relative displacement at any level surpass the
stipulated limit, potential structural damage or failure may
ensue. ¢) Displacement Angle: The overall deformation and
tilt of the structure are indicated by the displacement angle,
defined as the ratio of the displacement difference between the
lowest and highest points of the structure to its height.
Exceedance of a certain threshold may impact the overall
stability of the structure. d) Residual Displacement: Post-
seismic activity, the structure may exhibit certain residual
displacements, predominantly due to plastic deformation.
High residual displacements may necessitate structural repair
or impede its usability.

Performance displacement responses include: a) Inter-story
Drift: By evaluating the displacement differences between
stories, insights into the shear deformation of the structure
during an earthquake can be gained. It serves as a crucial index
for assessing whether the structure has entered a nonlinear
state and the potential extent of damage. b) Displacement
Demand-to-Capacity Ratio: The seismic safety margin of the
structure is assessed by comparing the actual displacement
demand during an earthquake to its displacement capacity.
Exceedance of capacity by demand could result in structural
damage. c) Performance Point Displacement: Based on the
structure's shear displacement curve, its performance point
displacement can be determined. This displacement can then
be compared to a predetermined performance target
displacement to assess whether the structure meets the set
performance objectives. d) Formation and Development of
Plastic Hinges: The formation and development of plastic
hinges at critical structural locations, such as columns, beams,
and connections, serve as a significant indicator for evaluating
the seismic performance of the structure.

Special attention needs to be given to the failure criteria of
prefabricated box culvert structure components subjected to
earthquake forces following exposure to high temperatures, as
their structural performance may have been compromised.
Stress failure may occur if, post high-temperature exposure,
the strength of concrete, steel reinforcement, and steel
materials has likely diminished. Structural components may
fail if the actual stress exceeds the yield or ultimate strength of
the materials post high-temperature exposure. Displacement
failure is of particular concern for prefabricated structures,
where joints and connections are critical. Joints or connections
may be compromised if the structure's maximum displacement
during an earthquake exceeds the maximum allowable design
displacement. Figure 4 presents the load-displacement curve
of the prefabricated box culvert structure components.

20
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-l
810
-
g L
g L Heating Phag

4 b Cooling Down Phase

mbient Temperature
Loading Phase

2+

0 6 13

Displacement

20 23

Figure 4. Load-displacement curve of prefabricated box

culvert structure components



Let 4i, denote the maximum inter-story displacement of a
structure subjected to a frequent earthquake, [¢,] denote the
allowable value of inter-story drift, and g denote the standard
height of a story. The verification formula for inter-story drift
is given by the following equation:

Ai, <[¢ Jo

r

(14)

4. EXPERIMENTAL RESULTS AND ANALYSIS

At first, this study discussed the thermal stress-strain
relationship of prefabricated box culverts under high-
temperature conditions. The two figures provided above
display the maximum acceleration of the CFST and the
ordinary concrete in the prefabricated box culvert during the
transition from high temperatures to cooling. Several
observations were made from the data presented in the figures.
It is observed that the maximum acceleration at all
measurement points of the CFST is consistently higher than

1.8
1.6
1.4
1.2

1
0.8

0.6 =—s—Room Temperature

Maximum Acceleration

0.4
—=—400 Degrees
0.2

0 500 Degrees

[,

2 3 4

w

Measurement Point Number

A) CFST

Maximum Acceleration

that of the ordinary concrete. At a constant temperature, there
is a noticeable difference in maximum acceleration between
components of different specifications or strength grades. It
can be concluded that the concrete and steel may experience a
decrease in strength and thermal expansion under high
temperatures. These changes might lead to variations in the
dynamic response of the materials, as indicated by the data,
where an increase in temperature correlates with an increase
in maximum acceleration. This phenomenon is potentially
related to changes in material properties and thermal
expansion. It is evident from the figures that the maximum
acceleration of the CFST is generally higher than that of the
ordinary concrete. This disparity could be attributed to the
internal steel tube of the CFST, which endows it with superior
load-bearing capacity and rigidity. Consequently, under the
same dynamic load, the acceleration experienced is greater.
Materials of different specifications or strength grades might
exhibit varying performance and responses, as reflected in the
maximum acceleration of components with different
specifications presented in the Figure 5.
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Figure 5. Maximum acceleration of prefabricated box culvert concrete during the high-temperature to cooling process
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Figure 6. Maximum shear force of prefabricated box culvert concrete during the high-temperature to cooling process

From Figure 6, it is observed that both the CFST and the
ordinary concrete exhibit a decreasing trend in their maximum
shear force. This trend correlates with the previously discussed
changes in material properties under high-temperature
conditions; elevated temperatures may lead to a degradation in
some mechanical properties of concrete and steel, resulting in
a reduced shear resistance when subjected to external forces.
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Across all considered temperature ranges, the maximum shear
force of the CFST consistently surpasses that of the regular
concrete. This can be attributed to the composite structure of
CFST, which combines concrete with steel, enhancing its
shear resistance. Additionally, the introduction of steel may
increase the structural ductility, slowing down the rate of
performance degradation under high temperatures. The three



curves—representing room temperature, 400 degrees, and 500
degrees—depict  different  high-temperature  treatment
scenarios. It is evident from the figure that the trend of
decreasing maximum shear force becomes more pronounced
with increasing temperature, indicating that higher
temperatures exert a further detrimental impact on the shear
resistance of the concrete. Therefore, it can be concluded that
during the process from high temperature to cooling, the
maximum shear force of both the CFST and ordinary concrete
in the prefabricated box culvert decreases, with the CFST
consistently exhibiting superior shear resistance. Furthermore,
the higher the temperature during high-temperature treatment,
the more pronounced the reduction trend. This underscores the
importance of considering the impact of temperature on the
performance of prefabricated box culvert structures in their
design.

Table 1. Comparison of the dynamic characteristics of the
prefabricated box culvert structure

Mode R?ferer_lce Si_mula.ted Sim.ulate.d/Refel:ence
Order Vibration Vibration Vibration Period
Period Period Ratio
1 1.895 1.784 0.951
2 1.357 0.324 0.942
3 0.784 0.784 0.983
4 0.532 0.517 0.941
5 0.461 0.475 1.024
6 0.328 0.312 0.975

In this study, a dynamical constitutive model of the
prefabricated box culvert under high temperatures was
established and its seismic performance was analyzed. By
examining the "Simulated/Reference Vibration Period Ratio"
column, it is observed that the simulated vibration periods
across all modes are remarkably close to the reference
vibration periods. The majority of the ratios lie between 0.9
and 1.1, indicating that the results of the simulation are
relatively accurate and in good agreement with actual
conditions. As can be seen from the Table 1, both the reference
vibration period and the simulated vibration period exhibit a
declining trend as the mode order increases. This trend is in
accordance with the fundamental principles of structural
dynamics, where higher modes correspond to higher
frequency vibrations, resulting in shorter vibration periods.
Previous discussions have established that the mechanical
properties of the prefabricated box culvert deteriorate in high-
temperature environments, potentially affecting its dynamic
performance and altering the vibration periods. Despite certain
discrepancies between the simulated and reference vibration
periods, as indicated in the Table 1, these discrepancies are not
substantial. This suggests that the impact of high-temperature
environments does not induce drastic changes in the seismic
performance of the structure. In conclusion, the simulated
vibration periods of the prefabricated box culvert structure in
high-temperature environments are relatively close to the
reference vibration periods, with minor differences. This
implies that the dynamic characteristics of the structure may
not be severely affected by high-temperature environments.
However, it is crucial to take into consideration other factors,
such as changes in material properties and stress distribution
under high temperatures, to ensure the structural safety in
practical applications.

In Figure 7(a), the displacement response of the
prefabricated box culvert structure at different temperatures is
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depicted. It is observed that, as time progresses, the
displacement responses under all temperature conditions
initially increase and then tend to stabilize. For the concrete at
room temperature, both the rate of increase and the stable
value of its displacement response are smaller than those of the
concrete under the other three temperature conditions. This
could be attributed to the concrete at room temperature not
being affected by high temperatures, thus exhibiting more
stable mechanical properties. In contrast, as the temperature
rises (400 degrees, 500 degrees, 600 degrees), the peak values
of the displacement response gradually increase, though the
differences are not significant. Figure 7(b) illustrates the
variation of the displacement response of the prefabricated box
culvert structure over time under different temperature
conditions. A strong vibration response is manifested under all
temperature conditions. It is noticeable that the responses
under all temperature conditions display a similar oscillatory
pattern, yet the amplitude of fluctuation for the concrete at
room temperature is relatively smaller, consistent with the
observations made in Figure 7(a). It can be concluded that high
temperatures indeed exert an influence on the displacement
response of the prefabricated box culvert structure, resulting
in its increase. With the escalation of temperature, the peak
values of the displacement response also gradually rise. The
concrete at room temperature, unaffected by high temperatures,
manifests a relatively smaller displacement response,
demonstrating better stability. In designing prefabricated box
culvert structures under high-temperature environments,
particular attention needs to be paid to their displacement
responses, and measures should be considered to mitigate the
additional displacement induced by high temperatures.
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Figure 7. Displacement response of the prefabricated box
culvert structure under high temperatures

Figure 8 illustrates the variation over time of the base shear
force of the prefabricated box culvert under earthquake



conditions at high temperatures. Two scenarios are considered:

the concrete at room temperature and the concrete at a high
temperature of 500 degrees. In both the room temperature and
the 500-degree high-temperature conditions, a pronounced
oscillatory pattern in base shear force is displayed, reflecting
the dynamic response of the structure under seismic activity.
For the concrete at room temperature, a larger amplitude of
oscillation in the base shear is observed, and it remains within
a relatively stable range throughout the entire observation
period. In the case of the 500-degree high-temperature
condition, the amplitude of oscillation in base shear force is
comparatively smaller, and both the peak and trough values
are slightly lower than those of the concrete at room
temperature throughout the observation period. It can be
concluded that the base shear force induced by seismic activity
exhibits a strong oscillatory response under both conditions.
The high-temperature condition (such as 500 degrees) has a
noticeable impact on the base shear force of the prefabricated
box culvert. Compared to the concrete at room temperature,
the shear response at 500 degrees is reduced. This may imply
that the structural performance of concrete under seismic
activity may be compromised at high temperatures. When
designing prefabricated box culvert structures, in addition to
conventional seismic loads, the impact of temperature should
also be taken into consideration, especially in potential high-
temperature environments. Ensuring the stability and safety of
the structure under these extreme conditions is of high
importance.
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Figure 8. Base shear force of the prefabricated box culvert
under earthquake conditions at high temperatures

5. CONCLUSION

An in-depth investigation into the prefabricated box culvert
under high-temperature conditions has been conducted. The
thermal stress-strain relationship of the prefabricated box
culvert under high temperatures has been thoroughly explored.
In addition, a dynamic constitutive model of the prefabricated
box culvert under high temperatures has been established, and
its seismic performance has been further analyzed. The
experimental results have demonstrated that, under high-
temperature conditions, both the CFST and the ordinary
concrete exhibit varying degrees of stress reduction, indicating
that an increase in temperature might adversely affect the
mechanical properties of the materials. During the process
from high temperature to cooling, the maximum shear forces
of both the CFST and the ordinary concrete in the
prefabricated box culvert decrease over time. Among them,
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the maximum shear force of the ordinary concrete shows a
more significant reduction, while the differences in the CFST
under various temperature conditions are relatively small. A
comparison of the dynamic characteristics of the prefabricated
box culvert structure reveals that the difference between the
simulated vibration period and the reference vibration period
is not significant, indicating a high reliability of the model.
Under the influence of seismic activity, both the displacement
response and the base shear force of the prefabricated box
culvert exhibit oscillatory characteristics. Under high-
temperature conditions, the responses of both displacement
and shear force are relatively reduced, especially under the
condition of 500 degrees.

The structural performance of the prefabricated box culvert
is clearly affected by high-temperature conditions. Under such
conditions, the stress performance of the concrete is
diminished, and the dynamic response of the prefabricated box
culvert under seismic activity is also influenced by
temperature. Overall, the seismic performance of the
prefabricated box culvert under high-temperature conditions
may be relatively fragile. Therefore, when designing and
constructing the prefabricated box culvert, the impact of
temperature on structural performance should be fully
considered, and necessary measures should be taken to ensure
the safety and stability of the structure.
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