TAENG International Journal of Applied Mathematics

Analysis of Shear Lag Effect of Steel-Concrete
Composite Box Girders with Straight Steel Webs
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Abstract—The study presents an analysis of steel-concrete
composite box girders with straight webs. A composite girder
specimen is designed and tested. Analytical strain solutions for
the composite girders under mid-span concentrated load are
derived using the energy variation method, and the resulting
strains on the top surface of the concrete slab are computed. A
comparative analysis is conducted to verify the reliability of the
analytical solutions. Furthermore, the investigation delves into
the impact of several parameters on the strain distribution of
the concrete top surface, including the ratio of elastic modulus,
thickness of the concrete slab, calculation span of the composite
girder, the ratio of the cantilever slab width to the half-width of
the top slab (b2/b1), thickness of the upper flange plate of the
steel beam, and thickness of the web plate of steel beam. The
study reveals that the ratio of the elastic modulus and thickness
of the web plate has insignificant effects on the shear lag effect
of the composite girder. Increasing thickness of the concrete
slab proves to be effective in reducing the shear lag effect.
Increasing thickness of the upper flange plate of the steel beam
weakens the shear lag effect, whereas a longer calculation span
has a more significant impact on the strain distribution of
further sections from the loading point. Furthermore, the study
indicates that when the b»/b; ratio is less than 1, it has a tiny
impact on the shear lag effect; however, when the b./b; ratio is
greater than 1, the shear lag effect becomes more pronounced
with increasing b/bi. The results of the analysis can provide
references for similar designs and constructions of composite
structures.

Index Terms—steel-concrete composite girder, shear lag
effect, energy variational principle, strain distribution,
parameter impact analysis
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[. INTRODUCTION

TEEL concrete composite box girders are advantageous

due to their high stiffness, excellent torsional
performance, and light self-weight, which are widely utilized
in buildings and bridges [1], [2]. However, common like
other types of box girders, the concrete slab in a
steel-concrete composite box girder would undergo
significant warping, which will result in an uneven stress
distribution [3]. Such mechanical behavior is referred to as
the shear-lag effect. It is evident that neglecting the shear lag
effect can lead to significant underestimations of deformation
and peak stresses, potentially causing the occurrence of
cracks. Therefore, it is crucial to fully consider the impact of
the shear lag effect on the steel-concrete composite box
girders to ensure safety and reliability.

The shear lag effect in civil engineering structures was first
recognized by Reissner [4], who utilized a predetermined
warping function to describe the deformation of a box girder
due to shear lag effect. Subsequently, there has been a
proliferation of literature addressing the shear lag effect in
steel-concrete composite box girders. V. Kristek [5]
introduced a method for analyzing shear lag in steel and
composite box girders of different cross-sectional types.
Evans [6] extended the harmonic method to analyze girders
with complex multicellular cross-sections and conducted a
parametric study to illustrate the impact of specific
parameters on the shear lag effect. Cheng [7], [8] applied the
principle of virtual work to establish the differential equation
for composite box girders, incorporating relative slip and
shear lag effect. Li [9] investigated the distribution law of the
effective width of a composite box girder bridge and
developed a simplified analysis method for composite box
girder bridges under bending and axial load. Hu [10]
introduced a new double-box cross-section steel-concrete
composite beam and conducted a theoretical analysis and
experimental study to examine its stress behaviors, deflection
characteristics, and the shear lag effect. Wang [11] derived an
analytical expression for the shear lag effect in a simply
supported composite box girder under a concentrated load at
the midpoint of the span, assuming a parabolic warping
displacement function. The difference in the shear lag and
warping degrees of freedom functions between concrete slabs
and steel girders was overlooked in the aforementioned
studies, potentially leading to inaccuracies in the calculation
results. Zhu [12] emphasized the independent shear lag and
warping degrees of freedom functions for concrete slabs and
steel beams and proposed a theoretical model that can
directly account for the combined action of bending load and
axial load. Henriques D [13] proposed a finite element
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calculation model for steel concrete composite box beams
based on the generalized beam theory, which can obtain
accurate results with relatively few elements. Zhou [14]
proposed a modified bar simulation method to analyze the
shear lag effect of non-prismatic composite box girders with
corrugated steel webs in the elastic stage. Zhu [15] developed
a composite box girder finite element calculation model with
26 degrees of freedom, which can account for constrained
torsion, distortion, shear lag, interface biaxial slip, and
time-dependent effects. Zhao [16] proposed a finite beam
element model for steel-concrete composite box girders,
which accounts for slip, shear lag, and time-varying effects.
Jiang [17] developed a theoretical method based on the
energy variational principle to analyze the shear lag effect of
the composite box girder bridges with corrugated steel webs.
However, Jiang fails to account for some critical factors, such
as the equilibrium condition of internal forces in the
cross-section and the relationship between shear-lag warping
displacement functions in different flanges. The research to
date has tended to focus on theoretical and finite element
analysis rather than experimental research. Additionally, few
writers have been able to draw on any systematic parametric
research.

The section that follows presents an experimental
investigation of the shear lag effect in a steel-concrete
composite box girder under bending moment and shear force,
in which five load cases are designed. Subsequently, a
detailed theoretical model for the composite girder is given,
which accounts for the shear lag effect by using the warping
function and incorporating the slip effect at the steel-concrete
interface. Validation of the theoretical model is performed by
comparing its results with the findings from the experimental
tests. Furthermore, a parametric study is conducted to
analyze the primary influencing factors on the shear lag effect
using the proposed theoretical model. It is hoped that this
research will contribute to offering a theoretical reference for
the design of steel-concrete composite structures.

II. THEORETICAL ANALYSIS

A. Analysis Model

To facilitate the analysis, a Cartesian coordinate system is
introduced, as depicted in Fig. 1. In the coordinate system,
the x-axis is parallel to the composite girder. The longitudinal
displacement at an arbitrary point in the concrete slab and in
the U-shaped steel girder is denoted as u. and us, respectively.
The centroid of the concrete slab is represented as O, while
that of the steel girder is denoted as Os. The distance between
Oc and Os is denoted as 4. Furthermore, Ocs represents the

centroid of the equivalent section of the composite box girder.

The distance from the neutral axis of the converted section of
a composite girder to the centroidal axis of the concrete slab
is represented as Ay, while Ar denotes the distance from the
neutral axis of the converted section of a composite girder to
the centroidal axis of the steel girder. Additionally, w
represents the deflection of an arbitrary section of the
composite girder, while & represents the relative slip at the
interface of the composite girder. Lastly, ¢(x) denotes the
relative rotation angle of the steel girder and the concrete
slab.

The longitudinal displacement at an arbitrary point in the
cross-section of a composite girder can be expressed as:
u(x,y,z) =u; +u, +uy (D)
where: u; represents the longitudinal displacement caused by
the bending deformation of the composite girder itself; u>
indicates the longitudinal displacement caused by the
interface slip of the composite girder; u3 represents the
longitudinal displacement caused by the warping of the
composite girder.

i
0] X
concrete slab
\\
L — — _Oc_» RN w
Uesl  —
Lo — _q_g._>_ =
\\

V: Y steel beam
Fig. I Modeling of slip effect of composite box girder

B. Warping displacement function

The warping displacement function could be described as
the following:

uy =y (y)f(x) 2
where f{x) represents the strength function of the warping
shape function along the longitudinal direction of the girder;
v (y) represents the warping shape function.

The warping displacement function expressions of
concrete inner top slab, concrete cantilever slabs, steel
bottom slab, and steel webs slab could be described as the
following:

w(y)=—a,(1-y* /b’)+ D for top slab 3)

w(y) =—a,[1— (b, +b, — y)’ / b ]+ D for cantilever slabs (4)
w(»)=a,(1-y*/b])+D for bottom slab (5)
w(y)=D for webs (6)

where D is the uniform axial displacement applied to satisfy
the condition of axial force self-balancing. Additionally, the
half-width of the concrete top slab is denoted as b, , the width
of the concrete cantilever slab as b, , and the half-width of the
steel bottom slab as b, . Moreover, the shear lag warpage
amplitudes of the concrete top slab, concrete cantilever slab,
and steel bottom slab are denoted as ¢, , &, , and «; ,
respectively. Supposing that o, =1 for the concrete top slab,
then
a, =[8(1+ 1)k} +b; L’/ [8(1+ u)b’b; + b’ L] @)
a, =(?h,) / (B7h) @®)
where u represents Poisson's ratio and L represents the
calculated span of the composite girder.

According to the self-equilibrium condition of the warping
stress, a uniform displacement was added along the axial
direction of the girder, and the following condition must be
satisfied
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[y)s (da=0 ©)

C. Displacement and Strain

The displacement of an arbitrary point in the cross-section
of the concrete slab and steel girder under vertical load can be

expressed as
[ )
U | -h, -z, 1 J . L
AR B
“ U T yoro)
where z, represents the z-coordinate value of an arbitrary
point in the concrete slab relative to its centroidal axis; z,
represents the z-coordinate value of an arbitrary point in the
steel girder relative to its centroidal axis.
The normal strain of an arbitrary point in the cross-section

of the concrete slab and steel girder under vertical load can be
expressed as

¢
(10)

. = Ou,, ¢
¢ ox _ _hu —Z 1 " 1 1)
_ Oug N hy -z, 1 v , (
- vO)f (%)

The shear strain of an arbitrary point in the cross-section of
the concrete slab and steel girder under vertical load can be
expressed as

ou,
| _ {1 o}{m)f(x)}
us |10y () ()

D. Control differential equations and analytical solutions

Ye =
(12)

According to the principle of virtual work, the total
potential energy function under vertical load can be
expressed as:

2 2 2
1= '[LJ.A((EL,gc 12+ G.y?/2)dd, +jLK5 dx/2 )
2 2 n
+f | J(Eel/24Gy}/2)dd, + [ M(owrdr
where the elastic modulus of the steel girder and the concrete
slab are denoted as £, and E_, respectively, while the shear
modulus of the steel girder and the concrete slab are denoted
as G, and G, , respectively. Furthermore, the composite
girder's longitudinal shear stiffness per unit length at the
interface is denoted as K . Additionally, the bending moment
of any arbitrary section of the composite girder is represented
as M(x).

Substituting (6) and (9) into (10), we obtain the following

equation:

=45, [ @) dr+ B[ drs
B[ (fVdv+B,[ ¢+ B[ fwdxB,[ fdr (14)
+C| §(¢ +w)de+2f ;M(x) whda

2
where B, = ZE I

c”cui
i=1

+ES(ISL3 +1swL) )

2
B2 :ZEz‘Ici-i_Ev([ﬁJrl )9
i=1

sw

2

B, =Y EA/(D*—4a,D/3+8a /15)+
i=1 5

E A,(D’-4a,D/3+8c; /15)+E A, D’

s~s83

2
By =40 _E S, + E,S,305)/3; B =—4E,S s, 13;
i=1

5783

2
B, =) G.A,4a} | (3b])+G A 4a; /(3b]); C=K-h*.
i=1

where [, represents the moment of inertia of the concrete
top slab or cantilever slab about the neutral axis in the
converted section, [/ ;; represents the moment of inertia of
the steel bottom slab about the neutral axis in the converted
section, with the axis shifted to the centroid of the steel girder
section. Similarly, 7, represents the moment of inertia of the
steel webs about the neutral axis in the converted section, [,

represents the moment of inertia of the concrete inner slab or
cantilever slab about its own neutral axis, [, represents the
moment of inertia of the steel bottom slab about its own
centroid axis, [,
steel web(including the upper flange) about its own neutral
axis. Moreover, the cross-sectional area of the concrete inner
slab or cantilever slab is represented as A, , while the
cross-sectional area of the steel bottom slab is denoted as 4.,
and the cross-sectional area of the steel webs is represented as
A, . Furthermore, the first moment of area of the concrete
inner slab or cantilever slab about the neutral axis in the
converted section is denoted by S, ; , while the first moment
of area of the steel bottom slab about the neutral axis in the
converted section, with the axis shifted to the centroid of the
steel girder section, is indicated as S, . Finally, the first
moment of area of the bottom flange of the steel girder
around its centroid is represented as S, .

We derived the differential equations and boundary
conditions under vertical load through variational operation
based on the principle of minimum potential energy, as
follows:

;, represents the moment of inertia of the

Byw® +Bsf"/2-Cop—Cw'+ M '(x)=0 (15)
Bi¢"+B,f"/2-Ch—Cw =0 (16)
Byf"+By¢" /1 2+Bsw'® | 2-Bsf = 0 a7
(B¢'+B,f"12)54|:=0 (18)
[Bw"+Byf" 12+ M (x)]6w|t=0 (19)
(B,f"+B,¢' 1 2+ Bw" 12)51 |F=0 (20)

By introducing the operator algorithm and combining (15),
(16) and (17), we obtain the following differential equation:

NP+ f "+ T3 f = T,0() 1)
where J, =4B,B,B, - B,B; — B,B; ;J, =2C(B, — Bs) ;
J, = B;C —2B,B;C + B:C —4B,B;C —4B,B,C —4B,B, B, ;
Jy =4B,B,C +4B,BC .
Equation (21) can be written as
A +A4 "+ 4 f = 40(x)
where 4, =J,/J; 4, =J,1J,; 4,=J,1J,.

(22)
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By solving the differential equation and substituting the
corresponding boundary conditions under the applied load,
we obtain the following equation:

f = C, sinh(r;x)+ C, cosh(r,x) + C; sinh(r,x)
+C4 cosh(ryx) + A;0(x)/ A,

where 5y =\ <24 + 2\ A2 — 44y 12; 1, =\|-24,—2\/ 47 —44, /2.

By taking derivatives of (16) and (17), we obtain the
following equation:

_(BiBs +B,By) d*p(x) | 2B,B,

(23)

By dx’ Bs 1 (24)
B (BuBs— B2 +4B,B5 ) 42 £ ) oo
3 B, FER O(x)=

By substituting (23) into (24), we obtain the following
solution:
@(x) = Z,(C, sinh(7;x) + C, cosh(7x))
+Z,(C; sinh(r,x) + C, cosh(#,x))
B.A, +2B,B. A
+Bsb #2555, 3)”Q(x)dx2 +Cox+Cy
4,(B,B, +B,B;)

(25)

| (B,Bsi® —BSri” +4B,Byr” —4B,B;)
(B,Bs + B,By)r; ’
5 L (BB 1y —Birs +4B,B;r; —4B,B;)
’ 2 (BBs+B,B,)r3 .
According to the symmetry of the girder, the boundary
conditions under the concentrated load P at the mid-span are
as follows:

where Z, = -

w(0) = 0,4'(0) = 0,w"(0) = 0, £'(0) = 0 (26)
w(L/2)=0, f(L/2)=0,4(L/2)=0 27)
Bow (L/2)-Q(L/2)=0 (28)

By substituting (23) and (25) into (15), we obtain the
following solution:

w(x) = %(Cl cosh(rx) + C, sinh(rx) )
r

M
+—2(C; cosh(r,x) + C, sinh(r,x))
p)

B, (2B,Bydy +Bsdy )Px 1 (29)
+ —Csx
24,C(B,B, +BBs) 2 °
2B,BgA; +Bs 4, ) Px®
LRAA A
12 4,(B,B, +BB;)
2 2 2 2
BZ B
where M, :BlZ—lrl_FB“_rl_Zl; 5= 14272 472 -Z,.
c 2C C 2C

We derived the following equations from the boundary
conditions:

¢ =0 (30)
[(31352 ~4BB,B, + B, B} )y} —2BIBSA2JP
C, = 1)
24, (B,B2 ~4B,B,B, + B, B} (17" ~15') cosh( %)
C, =0 (32)

—[(31352 ~4BB,B, + B,B} ) Ay - ZBIBSAz]P

Ca= (33)
24 (BlBs2 ~4B,B,B, + B,B; )(Flz — 1) cosh( %}
Cs=0 (34)
Cs =-2,C, cosh(%) -Z,Cy cosh(%)
[AZBS +2B,B A3JPL2 (35)
164, (B,Bs + B,B,)
G =0 (36)

By substituting (23), (25), and (29) into (11), we obtain the
normal strain at an arbitrary point in the cross section of
composite girder under a vertical concentrated load at the
mid-span.

III. EXPERIMENTAL STUDY

A. Description of specimen

A static loading test is conducted to investigate the shear
lag effect in a simply supported steel-concrete composite
box-girder with straight steel webs.

Fig. 2 Overall view of steel-concrete composite girder(unit:mm)

As shown in Fig. 2, the specimen consists of a longitudinal
steel U-shaped girder, four transverse steel [-shaped beams,
and a reinforced concrete (RC) concrete slab. Dimension of
the specimen is illustrated in Fig. 3. The depth of the steel
U-shaped girder is 300 mm. The distance between two
straight steel webs is 1300 mm (2b1) and the spacing of
transverse steel I-shaped beams is 1100 mm, as illustrated in
Fig. 3(a). The total span of the specimen is 3500 mm (3300
mm for calculated span L), with a height of 360 mm, as
shown in Fig. 3(b). Additionally, the width and thickness of
the RC concrete slab (k) are 1900 mm and 60 mm,
respectively, as depicted in Fig. 3(c).

Furthermore, the RC concrete slab is connected to the steel
girder using shear studs. The diameter and height of the studs
are 16 mm and 50 mm, respectively. Double-line studs are
welded onto the top flange of longitudinal steel U-shaped
girder, whereas single-line studs are welded onto the top
flange of the transverse steel I-shaped beams, as depicted in
Fig. 3(d).
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Fig. 3 Dimension of the specimen(unit:mm)

The spacing of the studs welded onto steel U-shaped girder
is initially 110 mm, but is reduced to 60 mm within the range
of 600 mm from the girder ends, as indicated in Fig. 3(b).
Meanwhile, the studs welded onto the transverse beams are
spaced at 60 mm.

B. Material properties

In the girder specimen, C50 concrete is used for the
concrete slab, Q355b steel is used for the steel U-shaped
girder and transverse steel I-shaped beams, and Q245 steel
bar with a diameter of 12mm is used for the reinforcement in
the concrete slab. The concrete strength is determined by
concrete cubic tests in accordance with Chinese Standard
GB/T 50152-2012 [18]. The compressive strengths of six
concrete cubic specimens are as follows: 61.05 MPa, 59.18
MPa, 58.91 MPa, 61.14 MPa, 57.59 MPa, and 58.37 MPa,
respectively, and the average cubic compressive strength is
59.37 MPa.

C. Experimental set-up and procedures

The fabrication of the specimen is shown in Fig. 4. The
steel girder is manufactured in a steel structure processing
factory. The steel components are transported to the
Structural Laboratory of Hunan Institute of Science and
Technology for formwork support and on-site pouring of
concrete. The specimen was simply supported by steel pins
and rollers 100mm away from the ends of the girder. The
static test is carried out utilizing an electric-hydraulic serve
testing machine and the vertical concentrated-load on the
mid-span of the specimen is applied by a hydraulic jack, as
shown in Fig. 5. The test covered five load cases, as
detailed in Table I. In this test, the strain gauges are
arranged at the designated position, as indicated in Fig. 6.
To measure the transverse distribution of the normal strain,
strain gauges are placed on the upper surface of the
concrete slab with a transverse spacing of 130 mm along
the slab width. Additionally, the L/2 section and L/4
section of the specimen were identified as the control
cross-sections.
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Fig. 4 Fabrication of the specimen
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Fig. 5 Loading arrangement for the specimen
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TABLE I
SPECIMEN LOAD CASES

Vertical load (kN)

Case No. Loading configuration
1 50
2 l 75
3 100
4 125
5 Een 150

D. Experimental results

The strains are measured at the L/4 and L/2 sections, as
shown in Fig. 7. From the data in Figure 7, we can see a
positive correlation between the strain values and the load
values.The characteristic of strain distribution at the L/2
section is similar to that at the L/4 section. Both the L/4
section and L/2 section reveal non-uniform strain distribution,
and the strains reach their maximum at web—flange junction.
However, notable differences have been found in the rate of
decline of strains between the L/4 section and the L/2 section.
The shear lag coefficient value of the concrete slab at the /2
section ranges from 1.382 to 1.455, whereas at the /4 section,
it ranges from 1.095 to 1.136. It indicates that the shear lag
phenomenon is more pronounced at the L/2 section than at
the L/4 section, suggesting that the section closer to the
loading point exhibits a more pronounced shear lag
phenomenon.
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Fig. 7 Strains on top surface of concrete slab

E. Analytical validation

A comparative analysis of longitudinal strains is conducted
to validate the theoretical model’s applicability within the

linear elastic range, as depicted in Fig. 8. The normal strain

distribution between the theoretical solution and
experimental results demonstrates consistency. The
maximum difference between the theoretical and

experimental results falls within the range of 0.4-15.5%, and
the average difference is 5.6%. The applicability of the

theoretical model is calibrated.
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Fig. 8 Results comparison
IV. PARAMETRIC ANALYSIS

Following the theoretical analysis and experimental
investigation discussed above, the related parameter impact
analysis is also carried out based on the above specimen
model. Six parameters are considered: (a) the modulus ratio(n)
ranging from 5.4 to 9.4; (b) the concrete slab thickness
ranging from 60mm to 120mm; (c) the calculated span
ranging from 1800mm to 4200mm; (d) the ratio of the
cantilever slab width to the half-width of top slab (b2/b1)
ranging from 0.5 to 1.5; (e) the thickness of steel flange plate
ranging from 8mm to 40mm; (f) the thickness of steel web

plate ranging from 6mm to 30mm. In order to prevent
interference between parameters, each parameter is examined
while the others are kept constant. The theoretical model is
used to conduct the comprehensive parametric analysis.

A. Impact Analysis for Modulus Ratio

The concrete strength is designed as C15, C25, C40, C60,
and C80 to conduct parametric sensitivity analysis on the
shear lag effect. The strain distribution on the top surface of
concrete under n={9.4, 7.4, 6.3, 5.7, 5.4} is obtained. As
depicted in Fig. 9, an ascending trend in strain can be
observed with the increasing modulus ratio at both the L/2
and L/4 sections. Concurrently, the shear lag coefficient of
the concrete slab exhibits a diminishing trend, decreasing
from 1.385 to 1.379 at the L/2 section and from 1.121 to
1.095 at the L/4 section. It further contends that the modulus
ratio has an insignificant impact on the shear lag effect in this
type of composite structure.
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Fig. 9 Longitudinal strain distribution on top surface of concrete slab across
slab width for different n

B. Impact Analysis for Concrete Slab Thickness

The thickness of the concrete slab is a critical parameter
influencing the shear lag of the composite girder. The slab
thicknesses are defined as 60 mm, 75 mm, 90 mm, 105 mm,
and 120 mm, respectively, as shown in Fig. 10. Increasing the
slab thickness can mitigate the shear lag effect, as it enhances
the uniformity of the interface stiffness of composite girders
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and reduces the relative slip between steel beams and
concrete slabs. With the increase in thickness from 60 mm to
120 mm, the shear lag coefficient at the L/2 section decreases
from 1.384 to 1.300, and at the L/4 section, it decreases from
1.099 to 1.028. However, it is essential to note that
augmenting the slab thickness will lead to an increase in the
girder's self-weight and cost, which may have unfavorable
implications. Therefore, a comprehensive consideration of
multiple factors is essential in the design process.
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Fig. 10 Longitudinal strain distribution on top surface of concrete slab
across slab width for different concrete slab thickness

C. Impact Analysis for Calculated Span

The calculated spans for exploring parametric sensitivity
are defined as 1800 mm, 2400 mm, 3000 mm, 3600 mm, and
4200 mm, respectively, as shown in Fig. 11. In Fig. 11(a), the
strain distribution reveals a linear increase at the L/2 section
as the calculated span increases. In Fig. 11(b), at the L/4
section, the strain distribution on the top surface of the
concrete becomes progressively more uniform with the
increasing span, which is further correlated with the
increasing distance from the loading point. Additionally, the
shear lag coefficient of the concrete slab demonstrates a
decreasing trend from 1.411 to 1.046 as the span increases
from 1800 mm to 4200 mm. The results indicate that the
calculated span has a significant influence on shear lag effect.
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Fig. 11 Longitudinal strain distribution on top surface of concrete slab
across slab width for different span

D. Impact Analysis for b2/b; Ratio

Fig. 12 depicts the longitudinal strain distribution
variations on the top surface of the concrete slab under
different bo/b ratios. It is evident that an increase in the b2/bi
ratio has an insignificant impact on the shear lag effect when
it is less than 1. However, as the b./b; ratio exceeds 1, the
shear lag effect becomes more pronounced, signifying a
correlation between the increasing bo/b; ratio and the
heightened shear lag effect.
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Fig. 12 Longitudinal strain distribution on top surface of concrete slab
across slab width for different b2/b) ratio

E. Impact Analysis for Thickness of Steel Flange Plate
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Fig. 13 Longitudinal strain distribution on top surface of concrete slab
across slab width for different thickness of steel flange plate

Five different steel flange plate thicknesses are set as
follows: 8mm, 16mm, 24mm, 32mm, and 40mm. The
influence of the thickness of steel flange plate on shear lag
behavior is displayed in Fig. 13. A significant shear lag effect
can be observed when the flange plate thickness is within
three times the initial thickness (8mm). With the increase in
thickness from 8mm to 40mm, the shear lag coefficient of the
concrete slab at the L/2 section decreases from 1.384 to 1.002,
and at the L/4 section decreasing from 1.099 to 1.001,
resulting in a more uniform strain across the concrete slab. It
indicates the significant impact of the steel flange plate
thickness on the shear lag effect. Nevertheless, the

augmentation of the steel flange plate thickness also leads to
increased self-weight, potentially causing an uneven strain
distribution longitudinally and ensuing lateral buckling of the
steel plate. Consequently, a comprehensive consideration of
all pertinent factors is essential for devising the optimal
design scheme.

F. Impact Analysis for Thickness of Steel Web Plate

Five different steel web plate thicknesses are set as follows:
6mm, 12mm, 18mm, 24mm, and 30mm. The influence of the
thickness of the steel web plate on shear lag behavior is
displayed in Fig. 14. A marginal decrease is revealed in the
shear lag coefficient of the concrete slab, with values
reducing from 1.384 to 1.362 at the L/2 section and from
1.099 to 1.075 at the L/4 section. It further indicates that the
aforementioned thickness of the steel flange plate has a more
significant effect on the shear lag effect than the thicknesses
of the steel web plate.
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Fig. 14 Longitudinal strain distribution on top surface of concrete slab
across slab width for different thickness of steel web plate

V. CONCLUSION

This study aims to investigate the shear lag effect of the
concrete slab in composite box girders with straight steel
webs through experimental and analytical methods. A
composite girder specimen is designed and tested. A
theoretical model for composite girders is developed, which
used the warpage function and considered the slip effect at
the steel-concrete interface. A parametric sensitivity analysis
on the shear lag behavior is conducted to investigate the
impact of six key parameters: modulus ratio, concrete slab
thickness, calculated span, the ratio of cantilever slab width
to half-width of the top slab, thickness of the steel flange
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plate, and thickness of the steel web plate. Based on the
present study, the following conclusions could be drawn:

(1) In the experimental study, the strain distributions reveal
an apparent shear lag effect in the concrete slabs of the
specimen. A positive correlation between the strain values
and the load values is found. The characteristic of strain
distribution at the L/2 section is similar to that at the L/4
section. Particularly, the shear lag coefficient value of the
concrete slab at the L/2 section ranges from 1.382 to 1.455,
whereas at the L/4 section, it ranges from 1.095 to 1.136.
These findings indicate that the distance from the loading
point notably influences the strain distribution characteristic.

(2) The theoretical model is used to calculate the normal
strains on the top surface of the concrete slab, which are
found to closely match the corresponding experimental
results. Particularly, the normal strains calculated by the
theoretical model closely match the experimental results,
with an average difference of 5.6%, which empirically
supports the validity of the proposed theoretical model.

(3)The parametric analysis indicates that the influence of
the modulus ratio on the shear lag coefficient can be ignored.
The thickness of the concrete slab is a critical parameter
influencing the shear lag. One of the more significant
findings to emerge from the parametric analysis is that the
shear lag effect becomes more pronounced when the b2/bi
ratio exceeds 1, therefore, a small by/b; ratio should be
adopted to avoid a severe shear-lag effect. Furthermore, the
study indicates that the shear-lag effect in a composite box
girder increases proportionately to the calculated span.
Additionally, the thickness of the steel flange plate exerts a
more pronounced influence on the shear lag effect than the
thicknesses of the steel web plate.

In summary, this study makes critical theoretical
contributions to understanding and analyzing the shear lag
phenomenon in steel-concrete composite box girders with
straight steel webs. The integrated experimental and
analytical validations provide robust tools for engineering
design. The research enhances knowledge of shear lag
behavior and demonstrates the need to properly account for
its effects in the analysis and design of composite structures.
However, this study solely investigates the shear lag effect of
the composite girder within a linear elastic range, and more
research is required to explore its nonlinear features.
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