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This study establishes a thermo-mechanical coupling framework to elucidate
the contribution mechanisms of nonlinear thermal loads in composite
girders through thermal effect decomposition. A novel decomposition
methodology for nonlinear temperature fields is developed based on the
thermal effect equivalence principle, integrating cross-sectional deformation
compatibility conditions to characterize the dynamic coupling between
thermal responses and temperature loads. The proposed approach enables
systematic decomposition of actual nonlinear temperature fields into three
equivalent components: uniform, linear, and nonlinear temperature gradients.
A computational framework incorporating statically indeterminate structural
effects is subsequently formulated for comprehensive thermal response
analysis. Four thermal loading models are comparatively investigated: field-
measured temperature gradients, two theoretical thermal loading models (TLM-I
and TLM-II), and the standardized gradient in Chinese Code JTG D60-2015. The
analysis encompasses temperature-induced self-restraint stresses, secondary
stresses, and axial deformation in variable-section continuous composite
girders. Key findings reveal that code-specified thermal stresses exhibit opposing
polarity characteristics at specific locations compared to other models.
Quantitative decomposition demonstrates that self-restraint stresses primarily
derive from equivalent uniform and nonlinear temperature components, while
secondary stresses predominantly originate from equivalent linear and uniform
temperature contributions. Axial deformations show 89%-94% dependence
on equivalent uniform temperature effects. The developed methodology
provides theoretical foundations for refined thermal design of composite bridge
structures, addressing critical limitations in current code-specified thermal
analysis approaches.

steel-concrete composite girder, temperature gradient, thermal effects, temperature
self-restrained stress, nonlinear temperature

1 Introduction

Steel-concrete composite girders take full advantage of the combined
strengths of steel and concrete. This not only offers a new option for
innovative bridge structure with long spans, high heights, and heavy loads,
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but also significantly enhances economic benefits. In recent years,
the investigation on the static and dynamic behaviour of composite
girders has witnessed significant advancements (Zhang et al., 2023;
Wang and Zhang, 2024; Wang et al., 2023; Yu, 2023).

Under the periodic temperature loading, the steel composite
girder can experience the temperature self-restrained stress,
secondary stress, as well as temperature variation, and all of these
effects may cause the damage to the bridge structure (Fan et al.,
2022; He et al, 2021; Zhang et al,, 2020). The linear expansion
coefficients of steel and concrete are 1.0 x 107°/°C and 1.2 x 107°/°C,
respectively, which are comparable. It is worth noting, however,
that the concrete has only 1/50 of the thermal conductivity of
steel. In addition, in the ambient temperature field, the concrete
bridge panels may experience temperature change hysteresis
phenomena, leading to significant temperature differences between
steel and concrete sections, thereby resulting in a pronounced
nonlinear temperature gradient (Chen et al., 2021; Zhou et al.,
2023; Wang et al, 2023). In steel-concrete composite girders,
the unrestricted deformation of a single material, whether steel
or concrete, is constrained by the presence of another material.
This constraint causes a redistribution of sectional stress within
the composite girders, which may result in the interface slip and
significant temperature-induced self-stress (Lawson et al., 2020;
Han et al., 2021). The combined influence of temperature and
vehicle load can potentially lead to structural failure (Zhang et al.,
2022a; Zhang et al.,, 2022b), with temperature response surpassing
even that of live load effects and becoming a primary factor
in design considerations (Zhao and Ye, 2019; Xia et al., 2017;
Guo et al., 2008a).

Currently, there have been numerous studies on the self-
stress behavior of bridges under extreme temperature distributions
across various regions (Silveira et al, 2000; Westgate et al,
2015; Liu et al, 2016; Hottel, 1976). A numerical analysis of
the temperature distributions on the bridges was conducted,
and found that the spatial thermal profile could be reduced to
linear thermal distributions under given conditions (Mirambell
and Aguado, 1990). The experimental analysis demonstrated
that the temperature-induced self-stress in concrete box-sectional
girders primarily depended on the form of thermal profile
distributions (Roberts-Wollman et al., 2002). The experiments and
analysis indicated that temperature effects have a typical nonlinear
characteristic (Liu, 1986). The vertical temperature gradient effect
of composite girder bridges in Chinese, American, and European
standards was compared through the numerical analysis, and found
that the standard temperature gradient modes and parameter values
mentioned above exhibited significant differences (Wang et al.,
2016). In addition, in order to further streamline the temperature
gradient, the multi-parabola model (Gottsdter et al., 2018) and
the multi-linear segment model (MOT, 2015; ASHTO, 2017;
Guo et al., 2008b) were proposed. The temperature gradient of
composite girder in China was modified based on the thermal grads
model of AASHTO considering the climatic characters. However,
it should be noted that the AASHTO temperature model was
derived through statistical analysis on the temperatures of concrete
bridges. As a result, there may be uncertainties regarding the
accuracy of the temperature action model for composite girder
bridges in China (Fan et al., 2020). Recently, the bridge health
monitoring system and probabilistic limit state method were used to
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determine the representative value of temperature action during the
design base period, and a temperature action model for composite
girders that incorporates distinctive Chinese characteristics was
proposed (Yan et al., 2022; Wang et al., 2015). However, whether
using the previous standard or the latest temperature action
mode proposed by scholars, only the probability and statistical
analysis of the cross-section temperature are used to obtain the
uniform temperature and nonlinear gradient temperature in the
design reference period. The approach used to construct this
temperature action mode does not consider the cross-section
characteristics of the bridge and the one-to-one correspondence
between different temperature actions and responses. Therefore, it
is critical to propose a practical nonlinear temperature gradient
decomposition calculation method using temperature response
classification.

In terms of the temperature effect, a simplified mechanical
model for an inclined concrete box girder was developed (Zhang,
2009), and examined the effect of the slope and flexo-torsional
stiffness ratio on the temperature response of both single-span
and multi-span inclined box girders. A uniform distribution of
temperature difference is assumed by the traditional method
for calculating temperature-induced stress in steel-concrete
composite girders. By incorporating the strain coordination
between the steel beam and concrete bridge deck at the joint
interface, the impact of temperature difference was equivalent
to the tension-bending or compression-bending effect of steel-
concrete composite girder when calculating the temperature
stress (JTG 3362, 2018; BS EN, 2003; Ye, 2016). The proposed
method posits that the distribution of bending moment between
the concrete deck slab and steel beam is determined by their
respective distances from the joint surface to their center of
gravity axis, which contradicts the principle of distributing
bending moment based on structural stiffness. Consequently,
its analytical solution increases stress on the bridge panel while
decreasing stress on the steel beam, thereby causing potential
risks in design.

While existing research on thermal behavior of steel-concrete
composite girders has established fundamental temperature-stress
relationships, two critical limitations persist: (1) The intrinsic
coupling mechanisms between thermal excitation and sectional
deformation remain underexplored, particularly regarding system-
level structural interactions; (2) Conventional thermal effect
analyses predominantly employ simplified temperature patterns
with restrictive assumptions, lacking generalized computational
frameworks for arbitrary thermal environments. To bridge these
knowledge gaps, this study makes three pivotal contributions:
proposes a novel temperature-equivalent decomposition method
that enables accurate resolution of nonlinear thermal loads
through mathematical decoupling techniques; develops a system-
sensitive thermal response formulation incorporating structural
constraint effects; and systematically elucidates the load-transfer
mechanisms of nonlinear temperature fields, quantitatively
distinguishing between membrane and bending components in
thermal stress generation. The proposed methodology establishes
a theoretical framework for precisely characterizing thermo-
structural interactions in composite systems, offering both analytical
tools for complex thermal condition assessments and fundamental
insights for code specification improvements.
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2 Nonlinear temperature
decomposition

Taking the centroid of the transformed section in the steel
concrete composite girder as the origin of coordinates, the
temperature action deformation is shown in Figure 1. If the vertical
thermal profile of the section is T(y), the stress o-(y) of the free-form
deformation of the section is as follows:

or(y) = E(n)a(y)T(y) 1)

where E(y) is the elastic modules of the material at cross-section
y position, and «a(y) represents the thermal expansion ratio of the
material at the cross-section y position. When the cross-sectional
deformation of the composite girder is constrained by the presence
of fibers, the cross-sectional stress o, (y) and strain &g, (y) have a
linear relationship, as expressed in Equation 2.

Oqum(P) = E()égum () (2)

Then the total stress at any position of the composite girder
section can be expressed as follows:

a(y) = E(y)(&o + 9y) 3)

where ¢, is the axial deformation at the centroid position of the
whole section considering both cross-section fiber constraints and
structural boundary constraints. ¢ represents the bending curvature
of the entire section taking into account constraints imposed by
cross-sectional fibers and structural boundaries.

In addition, the total stress at any position of the composite
girder section can be expressed as follows:

o(y) = or(y) + 0y (») (4)

By simultaneously solving Equation 3 and Equation 4, the
(y) of the
composite girder and cross-section temperature T(y) can be

relationship between the aggregate thermal stress oy,

derived as follows:

Jsum(y) :E()’)[£0+‘P)’—¢X(J’)T()’)] (5)
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According to Hooke’s law, the cross-sectional axial force (N)
and bending moment (M) caused by the nonlinear temperature are
shown by Equations 6, 7, respectively.

h,
N= [ G b)dy (©)
hy

hy
M= [ bty @)
In current study, the axial load (Ny)and the bending moment
(M) of the free-form deformation of the composite girder section
under the effect of any vertical nonlinear temperature T(y) are
defined as the nominal axial force and the nominal bending moment
of the steel, respectively, which can be expressed as follows:

h2
No= | odA = jh E()a() T()b()dy ®)

h
My= [ yorda= [ EQaITORONY  ©)
1
where h; and h, are the distances from the centroid of the converted
section to the upper surface of the bridge deck and the lower surface
of the lower flange of the steel beam, respectively.

The Chinese specification (MOT, 2015) clearly stipulates
that the values of the linear expansion coefficients for concrete
and steel materials when calculating temperature effects are
a.=1.0x107° and a;=1.2x107, respectively. The disparity in
linear expansion coefficients between concrete and steel beams is
relatively insignificant. Therefore, the average value of the linear
expansion coefficients of steel and concrete is determined as
the conversion factor for composite girder cross-sectional linear
expansion coeflicient, as presented in Equation 10.

(@ +ac)

3 (10)

o =

According to the equivalent principle of temperature effect,

the connection between the nominal axial load N and equivalent

homogenous temperature T of the composite girder under any
nonlinear temperature load can be calculated as follows:

Nrp = Esoy T4, an
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where T is the equivalent homogenous temperature, and A, is the
conversion section area of composite girder; Ay = A /ag,+Ag A,
and A, are the area of the concrete bridge panel and the steel beam,
respectively; ag, = E(/E_; E, and E_ represent the elastic modulus of
steel and concrete, respectively.

Under the influence of the nonlinear temperature, the
transformed section curvature (¢) induced by the nominal curved
moment My and converted section curvature generated by
the equivalent linearity temperature load T} must be equal, as
shown as follows:

%, My

12
H  EJ, (12)

where T} is the equivalent linearity temperature load, and I,
represents the converted moment of inertia; I =1I/ap +I+
AA./ [AoocEs(yS— ycs)z]; y, and y_ are the vertical offsets from
the centroids of the steel beam section and concrete deck section
to the lower surface of the lower flange plate of the steel beam,
respectively; where H is the cross-sectional height of steel-concrete
composite girders.

By substituting Equations 3, 6 into Equations 8, 9, the T'r and T,
can be expressed as follows:

hZ
jh E()T(5)b(y)dy
Ty = —EaA, (13)
hZ
Hjh E()T()yb(y)dy
T, = o (14)

As shown in Figure Ic, the equivalent uniform temperature
(Tp) is uniformly distributed across the composite beam section.
Meanwhile, the equivalent linear temperature exhibits a straight-line
distribution with a specific slope (k) extending from the top surface
of the concrete bridge deck to the bottom surface of the lower flange
of the steel beam. The k can be calculated by Equation 15.

h,
Jh E()T(y)yb(y)dy

ESIO

k= (15)

The equivalent linear thermal gradient of composite girder
cross-section is denoted as G(y), as expressed in Equation 16.

G(y) = ky (16)

As shown in Figure 1b, the equivalent uniform thermal reaction
(6u), equivalent linear thermal reaction (dw), as well as the
actual nonlinear thermal reaction (§v) are presented as follows,

respectively,
Su = a(y) Ty (17)
Sw = a(y)ky (18)
ov=a(y)T(y) (19)

Temperature self-strain (8l)of composite girder section is
expressed as follows:

0= a(y) T\ (») (20)
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where Ty, () is the equivalent nonlinear temperature at any height
of the composite girder section.

behavior of the composite
satisfies  the
relationship, and Equation 21 can be derived from the principle

The stress-strain girder

under temperature loading linear elastic

of strain superposition:
8v=0u+dw+dl (21)

From Equation 21, it can be seen that compared with the actual
nonlinear temperature effect, the overall effect produced by the
equivalent uniform temperature load and the linear temperature
is bound to lack the effect produced by the equivalent nonlinear
temperature. Therefore, the Ty () at the vertical y position of the
composite girder section is defined as follows:

Txi () = T(y) - Ty —ky (22)

In summary, the actual nonlinear temperature gradient T(y)
at any height of the composite beam section can be expressed
by three temperature decomposition indexes (Ty; G(y), Ty (),
as shown in Equation 23.

T(y) = Tr+ G(y) + T () (23)

3 Temperature response based on
decomposition index

3.1 Temperature self-restrained stress and
secondary stress

When ignoring the influence of the linear expansion coefficient,
the temperature self-stress o,(y) of steel-concrete composite girders
can be calculated by the Ty, as shown in Equation 24.

o,(y) = E(»)él = E(y)a(y) Tyyp (29)

Taking the centroid of the transformed section of the composite
girder as the origin of the coordinate, there are:

hy
L, E(y)yb(y)dy =0 (25)

The extra axial force and the additional bending moment caused
by the constrained deformation of the composite girder structure
system and cross-section fiber are denoted as N, and M
in Equations 6, 7,

con con’

respectively. By making N=N_, and M = M,
and then by combining Equations 2-5, the calculation formula for
the axial strain g, and section curvature ¢, of the transformed
section of the composite girders under the combined action of
temperature self-stress and secondary stress can be derived, as

presented in Equations 26, 27, respectively.

N, +N,

g = ———— 0 (26)
M, + M,

® = %‘) (27)

in which, Ny=E./T, +EaT,; My=E.a.T;+EaT,; EA=
EA+EA; EI=EI+El; T =[, T()dA; T,= [, T(y)dA;
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T; = j ACT(y)ydA; T,= j AST(y)ydA. o, and «, are the linear
expansion coeflicients of concrete and steel, respectively; E_ and E
represent the elastic modulus of concrete and steel, respectively;
I. and I, are the moments of inertia of concrete and steel
girders with respect to the centroid of the converted section,
respectively.

In general, the conventional bridges allow for unrestricted
axial expansion and contraction of beams due to the temperature
changes, resulting in N, =0. By substituting Equations 6, 7 in
Equation 5, the overall temperature-induced stress at any height can
be expressed by Equation 28:

E(y)y(MO + Mcon)
+ -E
EI

_E()N,

= (28)
EA

Usum (y)

Ma(y)T(y)

In Equation 28, by making M

on =0, the expression of the

temperature self-stress can be obtained as follows:

EQNy  EGpyMy

EI

EA 29)

o,(y) = (a(T(y)

In Equations 28, 29, by making T(y) is G(y), T; and
Txi(y), respectively. The temperature secondary stress of the
continuous composite beam is calculated by difference calculation,
as shown in Equation 30:

_ EO)Meony

EI (30)

con

In Equation 30, the temperature secondary bending moment
(M
mechanics. Assume a composite beam with (n + 1) spans, which

con) can be determined according to the method of structural
is a statically indeterminate structure with »n degrees of freedom,
and the excess constraining moment due to the temperature
deformation is P;(i=1,2,..,n). Then the restrained bending
moment of the (n + 1)-span continuous beam can be calculated by
Equation 31.

M

con — PiMi

(31)

™-

I
—

I

Based on the principle of virtual work, the relative change angle
of the arbitrary incision position of (n + 1) continuous beam along
the direction of excess binding force is given as follows:

Ap= J Mpgydx (32)
L
Combining Equations 27, 30 to Equation 32, and considering

the deformation compatibility equation Ap = 0, Equation 33 can be
determined.

Lo MM,

=),

1

(i=1,2,..,n)

M,M,
O Pix=0
. EI

P,dx + J (33)

Equation 33 is a n-order linear equation sets, which can solve
P(i=1,2,..,n), and it is substituted into Equation 31 to solve the
secondary bending moment M. According to Equations 27, 28, it
is evident that M|, possesses a non-zero value due to the disparate
linear expansion coeflicients of concrete and steel. As a result, even
when subjected to the equivalent uniform and linear temperature,
the composite girder experiences the stress redistribution as a result
of the mutual restraint between these two materials, leading to the
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secondary stresses induced by temperature. Therefore, by replacing
the variable T(y) in N, and M, with T, G(y), and Ty (y), the
temperature self-restraint stress and secondary stress generated by
the equivalent uniform, linear and nonlinear temperatures can be
determined using Equations 28, 29.

3.2 Beam expansion amount

According the tested results on the long-term monitoring of a
large number of existing bridges (Zhou et al., 2021; Zhou et al,,
2020), the beam expansion and section average temperature has
the statistically significant linear relationship. However, it should
be noted that this specific functional relationship is only applicable
to certain bridges and cannot be extrapolated to general bridge
structures when separated from the bridge health monitoring
system. As a result, based on the equivalent temperature derived
from actual nonlinear temperature decomposition, a quantitative
calculation method for predicting beam expansion in any given
bridge is proposed in current study.

Taking the centroid of the composite cross-section as the origin,
the longitudinal direction of the bridge span is designated as the
X-axis, and the coordinate x represents the distance between the
section and the fixed bearing. From Equation 17, the equivalent
uniform temperature strain du corresponds to the axial strain at
the center of form in the composite girder. If the axial strain ¢, at
the initial time at the center of the composite girder is known, the
strain variation de(x) invoked by the temperature change can be
expressed as,

Oe(x) = du—¢, (34)

According to Equation 13, the calculation formula of the
equivalent uniform temperature T, at the initial moment can be
calculated as follows:

h,
j E()T()b(y)dy

T, = = (35)

ESAO
The axial direction strain ¢, at the initial moment of composite
girders cross-section is a function related to the equivalent
uniform temperature T (y) at the initial moment, as shown in
Equation 36:

g =a(Ty(y) (36)

Combining Equation 13, Equations 34-36, the axial strain
variation dg(x) of composite girders induced by the temperature
change is calculated by Equation 37.

de(x) = a(M)[Tr(y) — To(y)] (37)

where Tp(y) is the equivalent uniform temperature at the
calculation time of cross-section.

For the (N + 1)-span continuous composite beam with variable
cross-section, as presented in Figure 2, the unit load method can
be adopted to solve the beam expansion amount, that is, an axial
unit load is applied at the centroid position of the beam end while
neglecting the moment and shear caused by the unit load on the
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FIGURE 2

Unit-load method of (n+1) span variable cross-section continuous composite girder.

eccentric cross-section. Consequently, the axial expansion amount
(A) of the beam end can be calculated as follows:
I
A= JON(Ss(x)dx (38)
where N = 1 is the unit load.

In the case of the variable cross-section composite girder,
the equivalent uniform temperature is proportional to both the
vertical coordinate y and the distance x between the section and
the fixed bearing. Therefore, the integral operation of Equation 38
is complex. In this study, the layered element weight method is
proposed for converting the integral operation of Equation 38
into algebraic operation. Taking solving the equivalent uniform
temperature T as the is

an example, specific process

as follows:

(1) Assume the section width is b( y) when the vertical coordinate
is y on the section at the x position of the fixed bearing.
From the top surface of the concrete deck to the bottom of
the composite girder, the composite girder section is vertically
divided into n layered units with each unit's area recorded as
A Ay
width b( y) is large, the division of layered elements is denser,

...... A~ A, respectively. When the cross-section

while that is sparser when b( y) is small.
(2) If the temperatures of the upper and lower surfaces of the ith
layered unit are T; and Ty;, respectively, then the temperature

T¢; at the centroid of the ith layered unit is as follows:

Tei=0.5(Ty; + Tg;) (39)

Taking E;A; as the calculation weight, the equivalent uniform
temperature T-, on the cross-section at the x position of the fixed
bearing can be expressed as,

n
ZEiTCiAi
_ =l

TTt - n
Y Ed
i=1

(40)

where E; is the elastic modulus of the ith element.

Similarly, the equivalent uniform temperature T at the initial
time can be obtained. Substituting T, and T, into Equation 37, the
axial strain variation de(x) at the position x from the fixed bearing
can be solved, and the axial expansion of the beam end can be further
determined by Equation 38. For the equal cross-section composite
beam, the equivalent uniform temperature is only related to the
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FIGURE 3
Cross section diagram of the composite girder (unit: mm).

vertical coordinate y, but not to the distance x from the cross-section
to the fixed bearing. The axial expansion amount of the beam end
can be expressed as follows:

A= apl(Ty —Ty) (41)

4 Method validation and analysis
4.1 Nonlinear temperature decomposition

The approach presented in this paper is used for decomposing
the nonlinear temperature effect of the measured composite girders
and analyze the temperature effect. The continuous steel-concrete
composite beam bridge with a span of 3 x 30 m (Chen et al., 2021)
is set as an example for the further analysis. The bridge has a deck of
2.65 m and a height of 0.4 m. The width and height of the steel beam
baseplate are 3.3 m and 2.6 m, respectively, with the total height
of 3.0 m for the composite girder, as shown in Figure 3. Along the
vertical direction of the beam, 10 temperature measuring points
are labeled from W1 to W10, and are located at distances from
the top edge of the bridge slab ranging from 0 m to 2.6 mm (at
intervals of: Om, 0.1m, 0.25m, 0.4m, 0.5m, 0.7m, 0.9m, 1.5m, 2.1m
and 2.6 m).

The moment when the maximum temperature difference
presents during the monitoring period is 18:00 in summer. Figure 4
presents the measured distribution curves of the nonlinear,
equivalent nonlinear and equivalent linear temperatures. The quasi-
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FIGURE 4

Temperature distribution of the composite girder; (a) Measured nonlinear temperature distribution, (b) Equivalent nonlinear temperature distribution,

and (c) Equivalent linear temperature distribution.
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FIGURE 5
Thermal load model 1 (TLM-I) of the composite girder.

function of the measured nonlinear temperature curve (T) is
expressed as follows:

T =11.3h* + 38.2h> + 49.91* + 36.6h + 45

(-1.5<h<0)T=306 (h<-1.5) (42)

where / is the distance from the calculated point to the top surface
of the bridge slab.

The slope coefficient of the equivalent linear temperature curve
k = 4.6 C/m, then the equivalent linearity thermal profile fitting
function is as follows:

TL(J’oi) = ky; = 4.6y, (43)
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where y,, is the distance from the calculated point to the neutral
axis of the converted section. The quasi-function of the equivalent
nonlinear temperature curve (T ) can be expressed in Equation 44.

T (1.yy;) = 11.3h% +38.21° + 49.9h% + 36.6h + 8 — ky,,(-1.5 < h < 0)
Ty (hyy;) = 6.4 — ky;(h < ~1.5)
(44)

The calculated equivalent uniform temperature is 36.9°C, and
the measured maximum temperature deviation between bridge deck
and steel girder is 15°C. Because the measured temperature is in
sunny weather status, and the maximum temperature difference
and distribution pattern of the composite beam along the height
direction of the beam are relatively stable due to solar radiation.
So, the maximum temperature difference of the cross-section can be
taken as 20°C, and the equivalent uniform standard temperature is
40°C, due to the complexity of the weather conditions in the actual
project. Therefore, the temperature action model 1 (TLM-I) of the
composite girder is shown in Figure 5, where H means the height,
which can be expressed as follows:

T=11.3h* + 38.2h> + 49.9K* + 36.6h + 20 (45)

where / is the height between the calculated point and the top edge
of bridge slab.

It can be observed from Equation 13 that the equivalent uniform
temperature is associated to the cross-section characteristics, so
the equivalent uniform temperature proposed in this paper is the
reference value when there is a lack of actual investigation data.
The Chinese Specification (MOT, 2015) stipulates that the uniform
temperature of steel-concrete composite girder is 39°C, which

frontiersin.org
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FIGURE 6

Thermal stress of the mid-span section; (a) Temperature self-stress, (b) Temperature secondary stress, and (c) Total temperature stress.

is basically consistent with the equivalent uniform temperature
proposed in TLM-L In addition, the equivalent uniform thermal
is taken as 36.9°C, the equivalent nonlinear thermal gradient
Ty (hy,;) and the equivalent linear thermal gradient T (y,;) are
used to form the thermal action model 2 (TLM-II).

Both the model of TLM-I and TLM-II can express the action
form of temperature load, but TLM-I mixes the temperature action
that causes temperature self-stress and temperature secondary stress
together, making it difficult for engineers to distinguish the category
of temperature action. TLM-II will cause the temperature effect of
temperature self-stress and temperature sub-stress to be separated,
so that engineers can distinguish the type of temperature effect, so
as to calculate the temperature effect more conveniently.

4.2 Thermal effect analysis

4.2.1 Thermal stress analysis

Figure 6 shows the distribution curves of temperature self-stress,
secondary stress and overall stress along the height direction in the
intermediate span cross-section of continuous composite beam
under the four temperature action modes, including the TLM-
I, TLM-II, measured temperature distribution, as well as bridge
specifications temperature modes, respectively. It shows that the
temperature stress difference of the bridge deck under the four
temperature action modes is observed to be minimal, while the stress
distribution in the steel beam varies significantly. Compared with the
three temperature action models of TLM-I, TLM-II and measured
temperature distribution, the stress distribution form caused by the
temperature mode specified in the bridge specification is obviously
different. In terms of stress nature, it may even exhibit an opposite
trend to the tensile and compressive stress symbols observed in the
other three modes. The stress based on the measured temperature
distribution can effectively represent the actual stress state of the
composite girder section. It should be mentioned, nonetheless,
that in certain scenarios, the temperature stress calculated using
the temperature action mode specified by the bridge specification
may not accurately reflect the temperature stress state in the actual

Frontiers in Materials

08

environment. The stress properties of TLM-I and TLM-II are
consistent with the measured values, and the stress form is the
same as the measured results. However, there is a large deviation
between the stress value of TLM-I and measured values. The
maximum deviations of temperature self-stress, secondary stress
and overall stress are 89.5%, 57.3% and 78.6%, respectively. The
temperature stress values of TLM-II match well with the measured
values, with the maximum deviations of 5.386%, 0.143% and
1.556% for the temperature self-stress, secondary stress and overall
stress, respectively. Therefore, TLM-II can be used as the most
suitable temperature action mode for steel-concrete composite
girders. Meanwhile, the nonlinear temperature decomposition
method has great advantages in obtaining the temperature
action model.

To investigate the mechanism action of the equivalent linearity,
nonlinear and uniform temperatures of the thermo-response of
steel-concrete composite girders, Figure 7 illustrates the distribution
curves of temperature self-stress and secondary stress along
the height direction in the mid-span section of continuous
composite girders under the action of TLM-II model. It shows that
the maximum temperature self-stress induced by the equivalent
linearity and uniform temperatures appear at the upper flange of
the steel girder at the interface between steel and concrete, with the
values of —0.850 MPa and —11.939 MPa, respectively. The maximum
temperature self-restrained stress resulted from the equivalent
nonlinear temperature occurs near the centroid of the composite
girder, with a value of 10.707 MPa. Furthermore, the maximum
values of temperature secondary stress (caused by equivalent linear,
nonlinear, and uniform temperatures) are all located at the lower
flange of composite girder, with the maximum values of —23.583
MPa, —1.612 MPa and —14.020 MPa, respectively.

As a result, under the temperature loads of equivalent
linear, nonlinear and uniform temperature, the temperature self-
restrained stress and secondary stress exist in the cross-section. In
terms of the temperature self-stress, the equivalent uniform and
nonlinear temperature are the dominant temperature loads, but the
contribution of the equivalent linear temperature is negligible. For
the temperature secondary stress, the equivalent linear and uniform
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Thermal stress of the TLM-II; (a) Linear temperature self-restrained stress, (b) Nonlinear temperature self-stress, (c) Uniform thermal self-stress, (d)
Linear thermal secondary stress, (e) Nonlinear temperature self-stress, and (f) Uniform temperature secondary stress.

temperature are the dominant temperature loads, and the influence
of the equivalent nonlinear thermal is neglected. Due to the different
linear expansion coefficients of concrete and steel, even under the
action of equivalent uniform and linear thermal, the amount of
fiber expansion of different materials is not the same, resulting
in self-balanced stress on the cross section. However, because the
cross-section deformation satisfies the plane section assumption,
the difference of linear expansion coefficient has a greater effect on
the self-stress of equivalent uniform temperature than the linear
temperature. As seen in Equations 27, 32, once the self-balanced
stress exists in the statically indeterminate structure, the constraint
force can be generated at the redundant constraint, resulting in the
temperature secondary stress.

However, for concrete girder bridges or steel bridges, Equation 24
shows that neither the equivalent uniform temperature nor
the equivalent linear temperature in a statically indeterminate

Frontiers in Materials 09

structure induces cross-sectional stress, but only the axial expansion
deformation or vertical deflection. In the hyperstatic composite
girders, the equivalent uniform thermal produces the longitudinal
expansion deformation and temperature secondary stress. The
equivalent linear temperature causes the vertical deflection
deformation and temperature secondary stress, while the equivalent
nonlinear temperature only results in the temperature self-stress.

Therefore, in engineering practice, it is particularly necessary
to pay attention to the stress redistribution phenomenon of
composite beams under temperature action resulting from the
difference in steel and concrete materials, and to emphasize
that the temperature self-restrained and secondary stress values
generated by equivalent uniform temperature of composite girders
cannot be ignored. However, with concrete and steel bridges, the
equivalent uniform temperature solely causes axial deformation and
not stress.
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To sum up, the nonlinear temperature decomposition method
based on temperature response classification proposed in this
paper is more conducive to understanding the temperature effect
from the two aspects of bridge temperature self-balance effect
and secondary effect. So far, both domestic and foreign scholars
have obtained numerous bridge temperature action models with
a certain return period. Although the temperature distribution
and temperature values vary based on the monitoring object
and bridge site environment, the obtained design temperature
action models exhibit relatively consistent. They are uniformly
expressed as a combination of uniform temperature and nonlinear
temperature gradient, that is, the form of TLM-I in this study.
Similarly, the temperature load model for design that combines
uniform temperature and nonlinear temperature gradient is also
used in Chinese bridge design specification. However, based
on the aforementioned analysis, it is possible to conclude that,
in comparison to the TLM-I model derived from traditional
analytical methods, which combines the equivalent linear and
nonlinear thermal gradient, as well as the equivalent uniform
thermal, more effectively captures the correlation between the
temperature response and the temperature effect in actual composite
constructions.

4.2.2 Analysis of beam expansion amount

Based on the reference point of 0 h in summer (Chen et al.,
2021), the longitudinal expansion deformation in equal section
composite constructions (Figure 3) within a 24 h period during
summer is calculated by using Equation 38, as illustrated in Figure 8.
It shows that the axial expansion of the equal-section beam
varies as the time increases, exhibiting a similar trend to the
temperature curve and having a consistent change magnitude with
the beam expansion deformation specified by the Specifications for
Chinese code (JTG 3362, 2018).

In order to investigate the axial expansion deformation
of variable cross-section continuous steel-concrete composite
girders, the equivalent uniform temperature and axial expansion
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deformation of variable cross-section steel-concrete composite
girders with span arrangement of 250 m (65 m + 120 m + 65 m) are
calculated. The cross-section arrangement is shown in Figure 9, and
the beam height and baseplate thickness change from the central
bearing point to the mid-span according to the quadratic parabola.

In this paper, it is assumed that the variable cross-section
composite beam still satisfies the summer temperature distribution
(Chen et al., 2021) within the range of 1.5 m from the bridge deck,
and the temperature outside the range of 1.5 m from the bridge
deck is consistent with the temperature at 1.5 m. The distribution of
the equivalent temperature of the variable cross-section continuous
composite beam along the span direction can be determined using
Equation 13, as illustrated in Figure 10. It shows that the equivalent
temperature of the variable cross-section composite beam is a
variable value along the span direction, which distinguishes it from
a uniform cross-section composite beam. The equivalent uniform
temperature gradually increases from the central bearing point
to both the side branch and mid-span directions, indicating that
the equivalent uniform temperature is closely related to the cross-
section characteristics.

According to Equations 38, 40, the longitudinal expansion
deformation in variable cross-section composite constructions
within 24 h in summer can be calculated, as depicted in Figure 11.
It presents that the variation trend of the axial expansion of the
variable cross-section steel-concrete composite girder and equal
cross-section is essentially identical, but there is a considerable
numerical difference between them. Hence, it is debatable to take
the uniform temperature along the span in the design on expansion
joint of the variable cross-section steel-concrete composite girder
according to the bridge specification.

5 Conclusion

Based on the analytical research on resolution calculation
method for nonlinear temperature load of steel-concrete composite
girders presented in this study, the following conclusion
can be drawn:

(1) Based on thermal response principles and equivalency of
temperature effects for composite buildings, an analytical
approach of disintegrating non-linear temperature load is
proposed in this study. By considering the influence of
statically indeterminate structural systems and utilizing the
derived practical formula for temperature response, this
method offers a novel perspective towards establishing a design
temperature load model for composite girders.

(2) The bridge gauge yields significantly different temperature

stress calculations than the observed temperature distribution,

TLM-I, and TLM-II temperature load models. Even in

the stress properties, the tensile and compressive stress

symbols are opposite to those of the other three modes.

TLM-I calculates the self-stress, secondary stress, and total

stress with maximum variances of 89.5%, 57.3%, and 78.6%

compared to measured temperature distribution, respectively,

and the maximum deviations for those corresponding stress

values derived using TLM-II are 5.39%, 0.14%, and 1.56%,

respectively.
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(3) Inthe context of a composite girder, the temperature self-stress . . .
. . . . a method for calculating the expansion quantity of any
is primarily governed by the equivalent uniform and nonlinear ,
’ . . bridge beam.

thermal, while the temperature secondary stress is mainly
influenced by the equivalent linear and uniform thermal. The Based on the research of this paper, the classification of
equivalent uniform temperature has a significant effect on the  temperature effects and the calculation of temperature effects can
axial expansion deformation. be easily carried out. However, there are still some deficiencies: the
(4) The equivalent uniform thermal of composite girders with  temperature load values in different design reference periods are
equal cross-sections remains constant throughout its span,  not considered, and the influence of temperature load values in
while that of the composite girder with varying sections  different reference periods on temperature effect is not analyzed; the
fluctuates. The design of bridge gauge typically assumes  probabilistic reliability theory of temperature effect is not combined
uniform temperature along the span as the bridge expansion  with the calculation method in this paper to formulate a more
joint, with no attention for the influence of cross-sectional  scientific temperature load model. The next step will be to carry out

characteristics on uniform temperature, but this study presents  relevant research on the above deficiencies.
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Glossary

E, elastic modules of the concrete

E, elastic modules of the steel girder

E(y) elastic modules of the material at cross-section y position

a(y) thermal expansion ratio of the material at the cross-section
y position.

Ooum(¥) the cross-sectional stress

&um() the cross-sectional strain

£ the axial deformation at the centroid position

¢ bending curvature

T(y) the vertical thermal profile of the section

N cross-sectional axial force caused by the nonlinear temperature

M bending moment caused by the nonlinear temperature

N, cross-sectional axial force the free-form deformation

My cross-sectional bending moment the free-form deformation

h, distances from the centroid of the converted section to the upper

surface of the bridge deck

h, distances from the centroid of the converted section to the lower

surface of the lower flange

A, area of concrete bridge deck

As area of steel girder

A, converted cross-sectional area of composite girder

T, equivalent linearity temperature load

Tat equivalent nonlinear temperature load

Ty equivalent uniformly y temperature load

k a straight-line distribution with a specific slope

I, the converted moment of inertia

H the cross-sectional height of steel-concrete composite girders.
G(y) equivalent linear thermal gradient

A distance from centroid of transformed section to upper concrete

deck surface

Ves distance from centroid of transformed section to lower steel

flange surface

a, linear expansion coefficient of concrete

o linear expansion coefficient of steel

b(y) cross-sectional width at vertical coordinate y

n number of spans in continuous composite girder system
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