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Abstract

An analytical model is developed to investigate the bending performance of composite
I-beams with corrugated steel web (CSW) under thermo-mechanical coupling. The CSW is
idealized as an equivalent orthotropic plate according to the principle of stiffness equiva-
lence and heat conservation. The steady-state temperature field of the composite I-beam
cross-section is obtained using the finite difference method. Based on thermoelastic theory,
analytical solutions for the stresses and displacements of the composite beam subjected
to thermo-mechanical loads are derived by the eigenvalue method and transfer matrix
method. The results obtained in this study are compared with available experimental re-
sults from a steel-concrete composite bridge deck, ABAQUS (version: 2023) finite element
simulations, and the temperature distributions specified by JTG D60-2015, AASHTO 2017
and DIN 101. In addition, the superposition principle for thermo-mechanical conditions
is verified by the analytical forms of stress and displacement solutions. And the research
results show that increasing interfacial stiffness restrains the relative thermal deformation
between the concrete slab and the steel I-beam, thereby increasing temperature-induced
stresses and deformations. Finally, a partial thermal insulation method is proposed to
mitigate temperature gradients, thermal stresses and upward thermal deformation, thereby
improving the service performance of the composite beam under thermal actions.

Keywords: composite I-beam; corrugated steel web; thermo-mechanical coupling;
eigenvalue method; thermoelastic theory

1. Introduction

Owing to their distinct advantages in structural performance, construction efficiency
and economy, steel-concrete composite I-beams with corrugated steel web (CSW) have
been widely used in bridge engineering in recent years [1-3]. This type of composite beam
generally consists of a concrete slab, upper and lower steel flanges, and a CSW connected by
shear connectors. The adoption of CSW not only reduces the structural self-weight but also
enhances web stability, making this type of structure attractive for engineering applications.
Due to the corrugated geometry of the web, the CSW possesses high transverse stiffness
and stability but relatively weak longitudinal stiffness, exhibiting mechanical properties
that deviate from those of conventional isotropic materials. In practical service conditions,
in addition to conventional loads, environmental temperature variation also plays an
important role in the structural response [4]. Moreover, the different thermal properties of
concrete and steel may lead to a non-uniform temperature field along the beam depth and
near the steel-concrete interface, while the corrugated web further affects the heat-transfer
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path. These features indicate that the bending behavior of composite I-beams with CSWs
under thermo-mechanical coupling effects deserves further investigation.

Existing studies on composite I-beams with CSWs have primarily focused on their
mechanical behavior under purely mechanical loads [5-8]. Through bending tests on com-
posite I-beams with flat steel web and CSW, Zha et al. [9] investigated the influence of dif-
ferent web configurations on the bending behavior of composite I-beams. Abbas et al. [10]
used the virtual load method to analyze flange lateral bending in composite I-beams with
CSW and validated the theoretical results through full-scale four-point bending tests. These
studies have considerably improved the understanding of the structural behavior of CSW
composite I-beams and provided an important basis for their analysis and design. Com-
pared with the relatively mature studies on ambient-condition mechanics, thermal actions
on such structures remain much less systematically understood.

In addition to mechanical loading, environmental temperature variations are another
important factor affecting the service performance of composite beams. Based on field
observations, Ma et al. [11] identified two typical temperature distribution patterns under
solar radiation and nighttime conditions. Through long-term temperature monitoring,
Huang et al. [12] investigated the temporal and spatial temperature distribution character-
istics of composite box girders with CSW and established a refined numerical simulation
method validated by measured data. By means of scaled experiments, Wang et al. [13]
studied the temperature distribution and thermal effects in steel-concrete composite bridge
decks, and found that the temperature varied nonlinearly along the beam depth. Through
indoor radiation experiments, Fan et al. [14] studied the temperature field of steel-concrete
composite beam bridges and further established a refined numerical model for the solar-
induced temperature field. Based on measured temperature data from a steel-concrete
composite box girder bridge, Li et al. [15] analyzed the temperature field and gradient effect
of the structure and further evaluated their influence on stress and deformation responses.
These studies show that non-uniform temperature fields and nonlinear temperature gradi-
ents are common in composite structures. Recently, intelligent algorithms have also been
introduced into the temperature-field analysis of bridges with CSWs. Zhang et al. [16] pro-
posed a BP-neural-network-based method for predicting the temperature field of PC beam
bridges with CSWs using measured data, which improved the efficiency of temperature-
field prediction. Another recent study [17] established a temperature-gradient model for PC
beams with CSWs in China using a random forest algorithm and long-term meteorological
monitoring data. These studies indicate that machine-learning methods provide effective
tools for rapid temperature-field prediction when sufficient monitoring data are available.
However, data-driven approaches are usually dependent on measured datasets, whereas a
mechanics-based analytical model is still needed to reveal the thermo-mechanical response
mechanism and support parametric analysis.

Alongside experimental investigations, theoretical methods have also been widely
employed to analyze the temperature field and thermal effects of composite beams. To
investigate the thermal stresses of steel-concrete composite box girders, Shan et al. [18]
established a theoretical model based on the static equilibrium of beam elements and
deformation compatibility conditions. Fan et al. [19] developed a vertically discretized
dimension-reduced model for steel-concrete composite bridges and achieved rapid cal-
culation of the temperature field by combining it with a state-equation solution method.
By combining finite element and theoretical methods, Xiang et al. [20] investigated the
stress and shear-force distributions in a three-span continuous composite beam bridge
under thermal actions. Through theoretical and finite element methods, Cai et al. [21]
studied the temperature effects of composite girders with CSW considering the local lon-
gitudinal stiffness of the webs and revealed that the interfacial shear force and interface
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slip are non-uniformly distributed along the beam length under thermal actions. For the
static design of steel-concrete composite girders, Wang et al. [22] proposed thermal load
models and investigated their applicability in evaluating thermal stresses. By consid-
ering both flat and corrugated steel webs under temperature gradients, Peng et al. [23]
clarified the distributions of temperature-induced stresses and interface shear forces in
composite girders and highlighted the distinct thermal stress characteristics of girders
with CSW. These studies have advanced the analysis of thermal effects in composite struc-
tures. Recent data-driven and surrogate modeling methods have also been increasingly
used for structural performance assessment in bridge engineering. Representative stud-
ies have applied random-forest surrogate models, multi-source data-driven frameworks,
multi-scale mechanical models and Bayesian-optimized deep-learning models to fatigue
assessment and life prediction of bridge components [24-27]. These studies further demon-
strate the potential of data-driven methods for efficient structural response prediction and
performance assessment.

Although numerous analytical models have been proposed for composite beams with
CSWs, the anisotropic characteristics of CSWs have received limited attention. Further-
more, most existing models for composite I-beams with CSWs are based on simplified
assumptions regarding transverse shear deformation, which may result in substantial
inaccuracies because of the significant shear deformation inherent to these structures. In
addition, studies on the thermo-mechanical coupling effect in the bending behavior of
composite beams with CSWs remain scarce.

This study aims to establish an analytical framework for investigating the temperature
field and thermo-mechanical bending behavior of composite I-beams with CSWs. To
account for the anisotropic characteristics of CSWs, the corrugated web is idealized as
an equivalent orthotropic plate based on the principle of stiffness equivalence and heat
conservation. A two-dimensional steady-state temperature-field model is developed for
the cross-section, and the corresponding temperature distribution is obtained using the
finite difference method. Subsequently, within the framework of thermoelastic theory,
analytical solutions for the stresses and displacements of the composite beam subjected
to thermo-mechanical loads are formulated using the eigenvalue method and the transfer
matrix method. The thermoelastic theory does not introduce any simplified transverse
shear deformation assumptions, while the thermo-mechanical coupling effect is inherently
incorporated in the governing equations. The present solution is verified by comparison
with existing solutions. Furthermore, the applicability of the superposition principle is
examined, and the effects of interfacial shear stiffness and side insulation on the structural
response are systematically investigated.

2. Theoretical Model

As shown in Figure 1, the object of study is a simply-supported composite beam with
CSW, with length L = 45 m and height H = 2150 mm. The beam consists of a concrete slab,
a CSW, and two steel flanges, where the slab-to-upper-flange interface is joined by shear
connectors with an average stiffness ks. The height and width of each layer are denoted by
hi and b; (i = 1, 2, 4), respectively, except the width of CSW is C. Within one corrugation
period, the CSW thickness, corrugation angle, horizontal length, inclined length, and
inclined projection are denoted by ty, 0, a1, a3, and ay, respectively. The elastic modulus,
shear modulus, and Poisson’s ratio of concrete and steel are denoted by E., G, v, and E;,
Gs, vs, respectively, while the corresponding coefficients of thermal expansion are denoted
by a. and «as.
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Figure 1. Simply supported composite I-beam with CSW. Note: L is the beam span, H is the total
height, g(x) is the external load, T, is the top surface temperature, T, is the ambient temperature. k;
and b; are the height and width of each layer, C is the width of CSW, ty, is the web thickness, and a3,
ap and a3 are the corrugation geometric parameters.

The composite beam is subjected to external load g(x) and temperature T, at the top
surface, with heat exchange to ambient air at temperature T, elsewhere. Since the thermal
boundary conditions are invariant along the x-direction, the temperature field needs to be
analyzed only on a cross-section, namely in the y-0-z plane, whereas the bending analysis
can be simplified as a two-dimensional problem in the x-0-y plane.

2.1. Equivalent Coefficients

Owing to its corrugated geometry, the steel web exhibits pronounced anisotropy in
the longitudinal and transverse directions. Based on the principle of stiffness equivalence,
the CSW is idealized as an assimilated orthotropic plate (AOP). In the equivalent model,
the AOP replaces the original CSW. Its longitudinal length and height are taken as L and
h3, respectively. The corrugated width of the original CSW is denoted by C, while the
width of the AOP is defined as b3 and is taken as the web thickness t,,, namely b3 = t,,. The
corrugated geometry is reflected by the equivalent mechanical and thermal coefficients.
Accordingly, the equivalent elastic moduli Ey and E,, the equivalent shear modulus Gyy,
and the equivalent Poisson’s ratios vy, and vy, are determined based on the stiffness
equivalence principle, as given in Ref. [28].

According to the principle of heat conservation, the relationship between the thermal
conductivity of the AOP and that of the CSW is established, as shown in Figure 2. It should
be noted that this equivalence is established under steady-state conduction. Therefore,
transient heat storage is not included, and localized heat accumulation in the inclined
corrugation segments is not explicitly considered. The actual CSW is idealized as an AOP by

https://doi.org/10.3390 /buildings16112142


https://doi.org/10.3390/buildings16112142

Buildings 2026, 16, 2142

50f24

requiring that the net heat flux through one corrugation period be equal to that through the
corresponding AOP under the same macroscopic temperature gradient. This assumption
is reasonable when the corrugation wavelength is much smaller than the characteristic
length of the cross-sectional temperature variation and when the structural response is
governed mainly by a quasi-steady temperature field. Accordingly, the heat-conservation
relationship can be written as

TAs2(aq + )tw/dy TAAOPZ(al +ap)ty/dy,

TAs2(a1 + az)dy _ TALOP2(ay + ap)dy )
2(01 + cosG)tw/z(al +a2) tw !
where A is the thermal conductivity of steel, A;OP and /\fop are the equivalent ther-

mal conductivities of the AOP in the y- and z-directions, respectively. 6, a; and a, are
the geometric parameters of the CSW, t is the thickness of the CSW and T denotes
the temperature field. Therefore, the equivalent thermal conductivities of the AOP are

obtained as
adop _ Mt sds ) aop _ Mt @)
y a1 +ap v a1+c039 v
B ( ¢ ¢ ¢ ¢ ¢
=3
. :
% AOP S
g s
v‘ _ S — v
¢ ¢ ¢ ¢ ¢y
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( 1 +a‘pr)(2a 1 +2t12)

Figure 2. Schematic diagram for equivalent thermal coefficients of CSW. Note: The red and blue
arrows indicate heat input and heat output, respectively, and are used to illustrate the heat-transfer
direction in the thermal-conductivity equivalence.

By examining the deformation, it can be found that the coefficients of thermal expan-
sion of the AOP in the x- and y-directions are identical to that of steel, and the relationship
is expressed as follows:

afOf = ) = a, ®)
where 40P and (XAOP are the thermal expansion coefficients of the AOP in the x- and

y-directions, respectlvely.

2.2. Finite Difference Solution for Steady-State Temperature

In the beam cross-section, according to heat transfer theory, the governing equation
for two-dimensional steady-state heat conduction is written as
9*T 9*T

+A2 =0, @)

Moy Ao
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y y
/\k+o.5,j(Tk+1,J' = Ti )+ Ak—O.S,j(Tk*L]' - Tk,j) n )‘lzc,j+0.5(Tk,j+1 - Tk,j) + /\i,j—O.S(Tk/]'*l - Tk,f)

where T denotes the temperature field, A, and A, denote the thermal conductivities in the
y- and z-directions, respectively. The concrete slab and steel flanges are treated as isotropic
regions, for which A, = A;, whereas the CSW is modeled as an equivalent orthotropic
region, for which /\y and A, may differ. In practical bridge engineering, solar radiation,
ambient temperature and wind speed vary with time, and the actual temperature field
is generally transient. In this study, a steady-state temperature-field model is adopted
to clarify the fundamental thermo-mechanical coupling mechanism and to evaluate the
structural response under representative temperature gradients. This treatment is reason-
able for slowly varying thermal actions or long-duration heating conditions, where the
cross-sectional temperature field can be approximately regarded as quasi-steady. However,
the present model may not capture peak thermal stresses induced by rapid environmental
fluctuations. The conductive heat flux densities along the positive coordinate directions are

given by Fourier’s law as
JoT oT

In the following derivation, the face heat flux is taken as positive when entering the control
cell, and the minus sign in Equation (5) is absorbed accordingly. The thermal boundary
conditions are expressed by

T = Ty, on thet
u, 0N the top surface ©)

{—ny)\ygg —nzA;9L = B(T — T,), on the remaining exposed sur faces’

where 1, and n; are the components of the outward unit normal vector in the y- and
z-directions, respectively, and S is the convective heat transfer coefficient.

Based on the finite difference method [29], the beam cross-section is discretized into
a structured grid with grid spacings Ay and Az in the y- and z-directions, respectively, as
shown in Figure 3. For an internal node Tk,j, under steady-state conditions, the algebraic
sum of the heat fluxes through the four faces of the control cell is equal to zero, namely,

F/ ,s:0z+F

k—05,] 105,07+ Fej 058y + Fij 058y = 0. @)

where Pky 105, and F{ 05 denote the conductive heat-flux densities entering the control cell
through the faces normal to the y- and z-directions, respectively. According to Equation (5),
the conductive heat fluxes through the four faces are approximated as

oo ey =T oy T m Ty
k—05,j — "k—05, Ay r k405, = k405, Ay ’
oo B Ty e T T Ty ®)
k,j—05 k,j—0.5 Az r F,j+0.5 k,j+0.5 Az :

Substituting Equation (8) into Equation (7) yields the finite-difference equation for an
internal node,

Ay2 Az2 =0, )

y y
where Apsos, i M0,

interfaces between adjacent nodes. To ensure continuity of temperature and normal heat

A 05 and Af j—05 are the equivalent thermal conductivities at the

https:/ /doi.org/10.3390/buildings16112142


https://doi.org/10.3390/buildings16112142

Buildings 2026, 16, 2142

7 of 24

flux across material interfaces, the equivalent thermal conductivities at the half-grid faces

are evaluated using the harmonic mean

¥ 2\Y
ZAk,jAk+l,j

057 = 3Y v
Aj T Ny

Y
/\k

7

and the remaining interface conductivities are obtained analogously.

b
i T RH R T A 7 As k=1,
R H B . 1 4y |<_ ‘
| i—— LI ol A "
) Az T » Tk’jf] F"O'S” Tk’iﬂ
B Ll : Ayv ka i—0.5 Tk{/-FZkJJrO.S z i
= TN—> m F +0.5,/
s ~—— T, k+1,
by~— | TelX Y.
- \\_\ ______________
¥r_ . — a.. Ayl Ty,
[ i i i | | I S
T
b4 ¢ y A Ty ,jfll 103
[ —e
Avazk,]*OS
g € g Frios)

Yy y
/\k+0.5,]'(Tk+1,j - Tk,j) + )‘k_o,5,j(Tk71,j - Tk,j)

Figure 3. Schematic diagram of finite difference grid of composite I-beam.

For the nodes located on the top surface, the temperature is directly determined by

the prescribed boundary condition, i.e., Ty, = Tu. For a convection boundary node, a

half control cell is employed, taking the node on the right boundary as an example, the
steady-state heat balance of the half control cell can be written as

Az
Y
Feosj>5

Az

Flos;5 +Fij_osAy + Fj 058y =0,

k+0.5, 2

(10)

where F j+0.5 is the convective heat flux through the exposed face. According to the

convection boundary condition, it is given by

Plf,j+0.5 = B(Ta — Tk,j)-

Substituting the corresponding conductive and convective heat fluxes into Equation (10)

gives the finite-difference equation for the right boundary node,

2/\i,]'_0,5(Tk,jfl - Tk,j)

N 2B(Ta — Tyj)

=0.

Ay?

Az?

Az

(11)
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Similarly, the finite-difference equations for the left boundary, the bottom boundary and
the upward-facing exposed surface of the bottom flange,

y y
Merosj(Ternj = Tij) + Ax_o5,(Ti-17 — Thj) N 208 j+05(Thjr1 = Ti ) N 2B(Ta — Ty )

—0,
Ay? Az? Az
y
A 05 (Tojar = Tej) + A% i 05(Thj—1 = Tk,j) n 2X_05,(Te1,j = Ti) n 2B(Ta — Ty j) _0
Az? Ay? Ay ’
y
A5 (Tejir = Tij) + A% _o5(Thj1 — Thj) N 2Mev05,i( Tk, = Tiej) N 2(Ta — Tj) _ 0 12)

Az? Ay? Ay
By assembling the discrete equations for all internal and boundary nodes together
with the prescribed temperature condition on the top surface, a global system of lin-
ear algebraic equations is obtained. Solving this system yields the nodal temperatures

and consequently the two-dimensional steady-state temperature field of the composite
beam cross-section.

2.3. Analytical Solution for Stresses and Displacements

After the temperature field is obtained, the stresses and displacements of the composite
I-beam under the combined action of temperature and load are then analyzed. On the basis
of the fundamental equations of thermoelastic theory [30], the constitutive equation for the
i-th layer can be written as

0,1:( c"11 ci12 0 e; ;T

i — i i i T
oy | = |1 n 0 &y | — o; T , (13)
Try 0 0 ¢4 Yy 0

where T is the temperature obtained in above section, o and T denote the normal stress and
shear stress, respectively, while £ and 7 denote the corresponding normal strain and shear
strain, respectively, and constants of the stiffness matrix are given by

. 4 El 4 uLE! , Ei '
M=Cp=——""7 @="""7 =757 (=1
1 (i) 1 (i) 21+ pe)
B owE G EH
N =Cp=—"—73C=""—75 Cs=r5=" (i =24)
1 () 1 (ud)? 201+ 1)
, Ei . pl, Ei . E! . .
CZ — X —, CI == y Y —, C122 == %, 6166 - Gl (1 — 3). (14)
" 1- ‘ugcy]’llyx 2 1- ‘ugcyl’llyx 1- ,ugcyl’llyx W

The geometric and equilibrium equations are respectively given by

: out o out 9o

Elx = g/ €Iy = @/ ’)/;cy = @ + g/ (15)
o ar;;y _ 8(7; E)T};y _
S 3y =0, W+ 9 =0. (16)

where u and v denote the displacements in the x- and y-directions, respectively. The simply
supported boundary conditions are expressed as

a;:vizo, x=0,L. 17)
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Since the stress and displacement are governed by partial differential equations, the
stress and displacement components of the i-th layer are expanded in Fourier series as

Ux(x/ .l/) [eS) U)ic,m (y) Sin(lxmx) 1/[' o |
i _ i - (oY) | _ Uy, (y) cos(amx)
oy(xy) | = ) | Gym(y)sin(anx) |, [vi(x,y)] =) [vﬁn(}/)sm(zxmx)]' (18

xy (X, 3/) m=l Talcy,m (y) COS(“"”‘) m=1

To maintain consistency with the Fourier series form given above and to facilitate the
subsequent eigenvalue method, the temperature field is expressed as

© i . im
T'= Y [Emen"Y + &mel2"V] sin(ayx), (19)

m=1

where &M, gim pim and yi" are the known Fourier coefficients obtained from the finite-
difference temperature field. Since the temperature field has been determined before
the thermoelastic analysis, these coefficients are treated as prescribed quantities in the
subsequent solution. Furthermore, by combining Equation (13) with Equation (15), the
general solutions of the stress and displacement of the i-th layer can be expressed in
exponential form. Accordingly, the four stress and displacement quantities involved in the
loading and interfacial continuity conditions can be written as

uw(x,y)| & gmy, | M cos(am im iy | i cos (s x)
LMA‘EQL *Zgﬁﬂ" }

= " sin(ay, P sin (o x)

ﬁmﬂ:imkmm

oy (%, y) o gy sin(ay,x)

im,, | 0™ cos(amx)
+ im ey p1 i . 20
Z ¢e 5" sin(ayx) (20)
where s, fim, gi’", im and pim are undetermined constants. By combining Equation (13)
and Equation (15), ¢& can be further expressed in terms of these four quantities, their
relationship can be written as

Y 1
o )

i i . i \2
W Gy, [cln (o) 1]"1 (21)

By substituting Equations (19) and (20) into Equations (13) and (15), the following expres-
sions are obtained
gim _ (_Qfm + Siin)fzm,
P = (= O, + S E)Y ™ — ¥ (22)

where the superscript t means matrix transpose, and

im __ lP im _ |01
o= ) - [E)

0 Ay cL 0 i 0
Qi = i "2 A 66 i /YIZZ .
—0mCeq 0 0 ¢ o;

Similarly, substituting Equations (19) and (20) into Equation (16), and eliminating ¢
o™ by means of Equation (22), one obtains a system containing only f and ¢, which
can be written in matrix form as

2

(@ + 5™ (Qyyy — Q) + (s™) ;™ = 0,
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[©i + 1™ (Qis — Q) + (™) F W™ = vi + 7"y (23)
where ‘
o —c’ila% 0 yi”‘ ?—thmoc,'
. = . , 1 = 22 .
" 0 —Cl66tX%1 0

Equations (22) and (23) can be further rearranged into the following two characteristic
matrix equations:
Nimvim — Simvim

NimUim _ WimUim + yim. (24)
where ‘ '
T
glm ’ pzm ’
Nin — T:lﬂfm ‘Y;1 im _ 0 Y;1 yllm )
—0;, — QY10 —Q Y 1~ Y | V)

By solving the above characteristic equations, the eigenvalues s together with the
corresponding eigenvectors V" can be obtained. Hence, the intra-layer relation of the ith
layer can be obtained as

R}, (y) = Gy (y)R},(di-1) + B, (y), (25)
where
Gl (y) = ML, (y)Mb,(d)) ", Bl (y) = Pl (y) — Mi, (y)M, (d;) ' P, (d; 1),
th, (y) el 0 0 0
. '()i : : : : ; 0 eslzmy 0 0
Ruw) = | 0 | M) = v v v v 0 ST B
Ty m(Y) 0 0 0 e
. X X e;ﬂ"’y 0 [ xim
! — im im - 1
Pm(y) - [Ul U2 ][ 0 e,ﬁ"?y] zzm]

Here, d; and d;_; denote the y-coordinates of the upper and lower surfaces of the i-th layer,
respectively, with d; = Y7} h;. The continuity condition at the interface between adjacent
layers can also be written in matrix form as

Ri(d;) = KRi,(d;), (26)
where
1 0 0 1/ks 100 0
I<1:0100,Ki:010017é1.
001 0 0010
000 1 00 0 1

By using Equations (25) and (26) repeatedly and alternately, a relationship of stresses and
displacements between the first and the ith layer is established;

R}, (y) = D}, (y)Ry,(do) + Ejy (v), 27)
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1, (0)| _
(0]

C

-

D3L(H) DX, <H>] o [%(14)
DiL(H) D2, (H)

where

1
D;,(y) = an(y)[ 11 KkG;(dk)]/

k=i—1

k= =i—1

E,(y) = G, {Ztlﬁ K,Gl,

1) | KBl (dx) } + Gl (y)K;_1By L (di_1) + By, ().

By taking i = 4 and y = H, a direct relationship between the top and bottom surfaces of the
composite beam are obtained;

R;,(H) = Dy, (H)R;,(0) + E,,(H). (28)

Figure 4 shows a schematic illustration of the transfer matrix principle. According to the
known surficial load condition, the unknown parts in R}, (0) are determined as below:

D3L(H) DR,(H)|
DAl (H) D2 ()

E4 Diip(H) Dirip<H)] [_qm], (29)
mp(H) Dip(H) Dy (H)

where g,,; can represent either a distributed load or a equivalent concentrated load,

= fo (x) sin(Bmx)dx, for distributed load

m = Fosar P
f C05AL AT — sin(Bx)dx, for concentrated load

P is a concentrated load, a is the coordinate of the concentrated load on the x-axis, and AL
is the length of the small equivalent region. D;" and E;" are the elements of the matrices
Di, and E,, respectively. Accordingly, R}, (0) can be determined. Substituting R}, (0) into
Equations (25) and (27) gives the analytical solutions of stresses and displacements of the
present composite I-beam with CSW.

C,_TTTTTTTT_l

Interface continuity
conditions between
i= adjacent layers, Eq.
25

Figure 4. Schematic of the transfer matrix method.
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2.4. Extension for Continuous Composite Beams

Based on the theoretical model of the simply supported composite I-beam with CSWs,
the applicability of the proposed method to continuous beam systems is further discussed.
Unless otherwise specified, the geometric parameters, material constants and load defini-
tions of the continuous beam are consistent with those defined previously. As shown in
Figure 5, the continuous composite I-beam with CSWs is supported by M supports along
the bottom, and the position of the r-th support is denoted by x;. The continuous composite
beam can be regarded as the superposition of a single-span simply supported beam and
a series of support reactions with unknown magnitudes. The reaction force at the r-th
support is denoted by g.

q(x)
(] T+ x

Figure 5. Schematic diagram of support equivalence for a continuous composite beam.

Compared with the corresponding single-span simply supported composite beam,
the continuous beam is subjected to a series of additional support reactions. Therefore, the
surface loading condition can be rewritten as

0'; (x,0) = —q(x), T}y(x, 0) =0,

M
a;l(xr, H)=)Y ", 86(x—x), Tfy(x, H)=0. (30)

oo, x=0
0,x#0"’
of the r-th support reaction, and g, denotes the magnitude of the support reaction. Since

where 6(x) is the Dirac delta function, é(x) J(x — x,) denotes the position
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the solutions of stresses and displacements for the simply supported case are expressed in
Fourier series, the Dirac delta function is also expanded as

2
w sin(ayx), w)' = 7 sin(amxy). (31)

agk

o(x —xp) =

m=1

The additional unknown variable can be determined by additional deformation compatibil-
ity condition at the r-th support:

*(x, H)=0(r = 1,2, ... M), (32)

The difference between the continuous beam and the single-span simply supported beam
lies only in the additional support reactions at the bottom. Therefore, the relationship
between the stresses and displacements at the top and bottom surfaces of the composite
beam can still be determined by the transfer matrix method.

3. Example Analysis and Discussion

In this section, the proposed theoretical model for composite I-beams with corrugated
steel webs under thermo-mechanical coupling is verified through comparative analy-
ses, followed by parametric studies. Unless otherwise specified, the composite I-beam
with CSWs from the Jiulong East Junction Bridge in China is adopted as the reference
structure. The configuration and dimensions of the reference structure are shown in
Figure 6. Its cross-sectional dimensions and material parameters are listed in Table 1, and
the beam span is L = 45 m. The load applied on the upper surface of the composite beam is
q(x) =8 x 10% N/m?, and the ambient temperature is T, = 20 °C, unless otherwise stated.

+ 200

4250 1

36
1

1000
- + 800

170 660 170
T il 8
I 8

[ee]

5 X B s \3 e :[

& & 3

| 30 | 30 | 30 |
s 160

+— 900 —

(a) (b)

Figure 6. A diagram of the composite I-beam with CSWs from the Jiulong East Junction Bridge:
(a) cross-sectional dimensions; (b) corrugation geometry and dimensions of the CSW.

Table 1. Cross-sectional dimensions and material parameters of Jiulong East Junction Bridge.

Cross-Sectional Dimensions (mm) Material Parameters

Composite beam

by = 4250, by = 800, b3 = 160, by = 900,

hy =200, hy =36, h3 = 1878, hy = 36,

E. =34.5GPa, v. =0.2,
Ae=1.74W/m/°C, a. =1.1 x 107%/°C,
E; =206 GPa, vs = 0.3,

As =54 W/m/°C, a5 =12 x 107°/°C

Corrugated steel web

E, =0.0025 Es, Ey = 1.2 Es, Gy = 0.83 Es,
Vyx =Vs, Vay = 0.0021 vs,
afOF = aflOF =12 x 1073/°C,
AOP = 64.84 W/m/°C, A2 = 4497 W/m/°C

a1 =170, a5 = 160, ty, = 12, 6 = 45°
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3.1. Comparison of Existing Results

The present solution is compared with the experimental results [13], the temper-
ature distributions specified by China’s General Specifications for Design of Highway
Bridges and Culverts (JTG D60-2015) [31], the American AASHTO LRFD Bridge Design
Specifications, 8th Edition (AASHTO 2017) [32], and the German DIN-Fachbericht 101:
Actions on Bridges (DIN 101) [33], as well as the finite element method (FEM) solution
provided by ABAQUS. The research object is a steel-concrete composite bridge deck, and
its cross-sectional dimensions and material parameters are taken from experiment [13],
with two types of constraint conditions considered, namely single-span simply supported
and multi -span continuous. The upper surface of the beam is only subjected to thermal
action, without mechanical loads, and the ambient temperature is T, = 9 °C. In the FEM
model, the temperature field is modeled using DC2D4 elements with 598 elements in total,
whereas the thermal stress and displacement are modeled using C3D8R elements with
26,112 elements in total. Recent machine-learning-based temperature prediction models
have been discussed in the Introduction. Therefore, this section focuses on experimental
results, FEM simulations and temperature distributions prescribed by design codes to
validate the proposed analytical solution.

Figure 7 compares the temperature fields and thermal stresses obtained by different
methods. It can be observed that (i) under different temperature conditions, the present
solution agrees well with both the FEM and experimental results, with errors within
1.8% relative to the FEM results and within 9.5% relative to the experimental results,
except for slight deviations near the shear connectors of the composite beam. (ii) Both
JTG D60-2015 and AASHTO 2017 adopt multi-segment temperature distributions. Since
the temperature measured at the bottom of the composite beam is equal to the ambient
temperature, the temperature distributions given by two codes are identical. Relatively
large errors are observed near the interface between the concrete slab and the steel I-
beam, with a maximum error of 27.4%, whereas good agreement is obtained in the other
regions. DIN 101 adopts a linear temperature distribution from the top to the bottom of
the composite beam, which is relatively conservative, with a maximum error of 69.1%.
(iii) The thermal stresses of the composite beam obtained from the present solution agree
well with the experimental results, with a maximum error of 8.1%, while the FEM results
are very close to the present solution, with an error of less than 2.1%. (iv) Although steel
and concrete have relatively similar coefficients of thermal expansion, the non-uniform
temperature field still induces thermal stresses in the composite beam. These stresses are
much larger in the steel beam than in the concrete slab, and considerable shear stress is
also generated in the web. (v) The thermal stresses obtained using JTG D60-2015 show
good agreement with the present solution. Moreover, although the trilinear temperature
distribution adopted by JTG D60-2015 results in a five-segment distribution of thermal
normal stress oy, the shear stress varies smoothly within the web. (vi) The temperature field
in JTG D60-2015 induces a thermal stress error of 23.3%, whereas DIN 101 leads to a much
larger error.
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Figure 7. Comparison of temperature fields and thermal stresses: (a) T = 19 °C; (b) T = 39 °C;
() Maximum o in the concrete slab; (d) Maximum o in the steel beam; (e) Thermal stress oy;

(f) Thermal shear stress Ty,. Note: MS, multi-span; SS, single-span.

3.2. Decoupling Analysis

For the thermo-mechanical coupling response, a conventional approach is to first
evaluate the temperature-induced effect and the load-induced effect separately, and then
combine them according to the superposition principle. However, the elastic modulus of
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steel degrades at elevated temperatures, and the corresponding reduction factor is given
by [34]
Er/E = 1.02 — 0.035¢7/%%, (33)

where 20 °C < T < 800 °C. The reduction factor in Equation (33) is used to characterize
the degradation of the steel elastic modulus under thermal action. The present high-
temperature analysis mainly focuses on the influence of elastic-modulus reduction on
the thermo-mechanical coupling superposition relationship. The possible non-uniform
degradation caused by one-sided high-temperature exposure of the web is not further
considered, which would require a more refined three-dimensional temperature field and
three-dimensional thermoelastic analysis.

To verify whether the superposition principle remains valid at elevated temperatures,
the stresses and displacements of the composite beam were investigated under four loading
cases: pure mechanical (PM), pure thermal (PT), mechanical-thermal (MT) and PM2. Here,
PM2 denotes a modified PM case in which the temperature-induced degradation of the
elastic modulus is considered, whereas thermal expansion deformation is not included.
The definitions of these four loading cases are given in Table 2.

Table 2. Definition of the four analysis cases. Note: the symbol v'indicates that the corresponding
effect is considered in the analysis case.

Case Stress and Deformation Induced  Stress and Deformation Temperature-Induced
by Mechanical Loading Induced by Temperature = Degradation of Elastic Modulus
PM v
PM2 v v
PT v v
MT v v v

Figure 8 illustrates the through-thickness distributions of stress and displacement in
the composite beam under four analytical cases. In these cases, the applied load on the
top surface of the composite beam is g = 8 x 10° N/m?, the interfacial shear stiffness is
100 MPa, and the beam is subjected to a uniform thermal environment of T = 600 °C. From
the figure, it can be observed that (i) under the PT and PM cases, the directions of stress
and displacement are the same except for oy. The relatively larger bending deformation of
the steel I-beam is restrained by the concrete slab, which undergoes smaller deformation,
thereby resulting in tensile stress, that is, a negative . (ii) The maximum normal stress
induced by the external load occurs at the bottom flange of the steel I-beam, whereas the
maximum stress induced by temperature appears in the flange region of the steel beam.
This is because the concrete slab and the steel beam jointly resist the bending deformation
caused by the external load, while thermal stress is induced by the difference in thermal
expansion deformation between steel and concrete, with the maximum value occurring
near their interface. (iii) The shear stress in the composite beam is caused by the difference
in thermal expansion deformation between steel and concrete as well as by the composite
action, and its magnitude is relatively smaller than that induced by the external load. The
displacement u caused by temperature is much greater than that caused by the external
load, whereas the displacement v caused by temperature is much smaller than that caused
by the external load, mainly because the length of the composite beam is much greater
than its height. (iv) At elevated temperatures, the mechanical behavior of the composite
beam no longer strictly follows the conventional superposition principle. Instead, the load-
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induced mechanical response should be evaluated by considering the temperature-induced
degradation of the elastic modulus simultaneously, which can be expressed as

MT # PM + PT,

MT =PM2 + PT,

where the former and latter equations represent the conventional superposition principle
and the modified superposition principle proposed in this study, respectively.
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Figure 8. Through-thickness distributions of stresses and displacements in the composite beam under
four analysis cases. (a) 0% at x = L/2; (b) 0} at x = L/2; (¢) T3, at x = 0; (d) u’ at x = 0; (e) v at x = L/2.
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3.3. Effects of Interfacial Shear Stiffness

To investigate the influence of the interfacial shear stiffness ks on the mechanical
behavior of the composite beam under combined thermal and mechanical loading, the
mechanical effect and the thermal effect are examined separately in this section based
on the modified superposition principle proposed above. A temperature of 80 °C is
applied to the upper surface of the composite beam, while the remaining surfaces are
subjected to convective heat transfer with air, with a convective heat transfer coefficient
of B =20 W/m?-°C. Figures 9 and 10 present the steady-state temperature distribution
of the composite beam and the effects of interfacial shear stiffness on the stresses and
displacements. Here, PB and NB denote the perfectly bonded interface and the unbonded
interface, respectively.

0
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Figure 9. Effects of interfacial shear stiffness on the maximum stresses and displacements of the
composite beam. (a) Temperature distribution of the composite beam with respect to T;; (b) Effect of
ks on PM2; (c) Effect of ks on PT.
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Figure 10. Effects of interfacial shear stiffness on the stress and displacement distributions of the
composite beam. (a) ol atx =L/2 on PM2; (b) ¢’ at x = L/2 on PT; (c) Taicy atx =0 on PM2; (d) T};y at
x=0onPT; (e) u' at x = 0 on PM2; (f) 1! at x =0 on PT.

It can be seen from these figures that (i) under the PM2 analytical case, the stress
and displacement generally decrease with increasing ks, and remain almost unchanged
when ks > 10* MPa or k; < 10~2 MPa, which correspond to rigid interfacial connection
and no interfacial connection, respectively. In contrast, under the PT analytical case,
the stress and displacement generally increase with increasing ks, and the corresponding
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thresholds for rigid interfacial connection and no interfacial connection are ks > 10° MPa and
ks < 1072 MPa, respectively. This difference arises because a larger ks enhances the overall
flexural stiffness of the composite beam, thereby reducing the stress and displacement
induced by external loading. In the case of thermal effects, however, a larger ks imposes
stronger restraint on the thermal deformation of the concrete slab and the steel I-beam,
resulting in higher thermal stresses. Moreover, because the temperature decreases non-
uniformly from the top to the bottom of the composite beam, both the concrete slab and the
steel I-beam tend to bend upward. As ks increases, the composite action becomes stronger,
and the overall upward bending deformation correspondingly increases. (ii) Under the
PM2 case, 0y and u are the most sensitive to ks, whereas Ty, is the least affected. Under
the PT case, 0y is most sensitive to ks, followed by u, while Ty, remains the least sensitive.
(iii) The composite beam bends downward under external loading but upward under
the considered non-uniform temperature distribution. As a result, the directions of stress
and displacement in the two analytical cases are opposite, and their effects can therefore
partially counteract each other.

3.4. Temperature Effect Mitigation by Thermal Insulation

Since steel has a lower specific heat capacity and a higher thermal conductivity, the
steel I-beam dissipates heat rapidly. By contrast, concrete has a higher specific heat capacity
and a lower thermal conductivity, and therefore the concrete slab dissipates heat more
slowly. This difference in heat dissipation capacity leads to a large temperature gradient in
the vicinity of the concrete slab-steel I-beam interface. To reduce this temperature gradient
and mitigate the resulting thermal stresses, an insulation layer can be applied to the side
surfaces of the composite beam, as illustrated in Figure 11.

Insulation starting
point

Insulation layer

Figure 11. Schematic of side insulation of the steel I-beam.

Considering that the upper surface of the composite beam is subjected to continuous
solar radiation with an intensity of 1000 W/m?, and that the thermal boundary condition
at the insulation layer is adiabatic. Figure 12a,b present the effects of different insulation
schemes on the steady-state temperature distribution of the composite beam, where g7
denotes the temperature gradient. The results indicate that, under the full-coverage insu-
lation scheme for the I-beam, the temperature within the steel beam is nearly uniformly
distributed. For all other schemes, the temperature at the bottom of the steel beam remains
close to the ambient temperature. In the absence of insulation, the largest temperature
gradient occurs in the vicinity of the interface between the concrete slab and the I-beam.
Furthermore, the corresponding thermal stresses and displacements of the composite
beam under different insulation layouts are shown in Figure 12c—f. The figure shows that
(i) compared with the case without thermal insulation, the maximum thermal stresses
0y and Ty, are reduced by 81.5% and 72.3%, respectively, when the insulation scheme
covering the upper flange and one-quarter of the web of the steel I-beam is adopted.
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(ii) Since the temperature is higher at the top of the composite beam and lower at the
bottom, the thermal displacement u exhibits a distribution pattern characterized by larger
values at the top and smaller values at the bottom. Because the coefficients of thermal
expansion of steel and concrete are similar, the composite beam bends upward under this
non-uniform temperature field. (iii) Under the full insulation scheme for the steel I-beam,
the thermal displacement v of the composite beam is nearly zero, representing a reduction
of 96.8% compared with the case without insulation. This indicates that the composite
beam hardly bends upward under thermal action, mainly because the temperature field
becomes approximately uniform under this insulation scheme.
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Figure 12. Effects of side insulation of the steel I-beam on the temperature, thermal stress and displace-
ment of the composite beam. (a) Temperature distribution; (b) Temperature gradient distribution;
(c) (73’; atx=L/2;(d) T};y atx=0;(e)ulatx=0; () v’ atx=L/2.
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4. Conclusions

An analytical framework for simply supported composite I-beams with CSW under
thermo-mechanical coupling is developed in this study. The two-dimensional steady-state
temperature field of the cross-section is obtained using the finite difference method. Based on
thermoelastic theory, the analytical solutions for stresses and displacements are derived using
the eigenvalue method and the transfer matrix method. The main conclusions are as follows:

1.  The proposed method correlates well with the measured experimental results, with
a maximum error of 9.5%, and exhibits satisfactory consistency with finite element
simulations, where the error is less than 2.1%. In comparison with mainstream design
codes, JTG D60-2015 and AASHTO 2017 yield reasonable predictions, while DIN 101
produces considerably larger errors.

2. The results reveal that the traditional superposition principle exhibits substantial
inaccuracy under high-temperature conditions. By incorporating the temperature-
dependent degradation of elastic modulus in PM service scenarios, the modified su-
perposition principle proposed in this work can better describe the thermo-mechanical
coupling response.

3. The interfacial shear stiffness has a significant influence on the stresses and displace-
ments of the composite beam within a certain range. Under mechanical loading, the
stresses and displacements generally decrease with increasing interfacial stiffness,
whereas under thermal loading they generally increase. Among the considered re-
sponse quantities, the normal stress oy and the displacement u are the most sensitive
to the interfacial stiffness, while the shear stress Ty is the least affected.

4.  Side-surface insulation of the steel I-beam effectively reduces the temperature gradient
and mitigates the associated thermal effects. In particular, partial insulation of the
upper flange and web markedly reduces the thermal stresses, whereas full insulation
makes the temperature field nearly uniform and significantly suppresses the upward
bending deformation of the composite beam.

5. The present comparison is based on a selected bridge case from the Jiulong East
Junction Bridge. Although good agreement is obtained among the present solution,
experimental results and finite element simulations, more composite I-beam spans
with CSWs and different geometric parameters should be examined in future studies
to further verify the general applicability of the proposed method.
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The following abbreviations are used in this manuscript:

CSW corrugated steel web
AQOP assimilated orthotropic plate
FEM finite element method
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PM pure mechanical
PT pure thermal
MT mechanical-thermal
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