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A composite box girder with corrugated steel webs and a steel bottom slab is a new type
of steel—concrete structure that works primarily in the vertical-bending state. This study
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Department of Civil Engineering functions were set for the cantilever and flange slabs of the box girder to accurately

lwzlwz@163.com analyse its mechanical properties. The proposed equations are verified by experimental
Corresponding author and numerical data. This equations reflect the vertical-bending mechanical properties

of the composite box girder, including the non-uniform distribution of normal stress in
the flange slabs and the influence of the accordion effect, shear lag, and self-equilibrium
conditions.
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Nanjing University of Aeronautics and  Syojstva vertikalnog savijanja spregnutoga sandutastog nosata s eliénim
Astronautics, China valovitim hrptom i €eli€nom donjom ploéom

Department of Civil Engineering

18862326148@nuaa.edu.cn Spregnuti sanducasti nosac s hrptom od valovitog celika i ¢elicnom donjom plo€om nova

je vrsta celicno-betonske konstrukcije koja ponajprije preuzima opterecenja u stanju
vertikalnog savijanja. U ovom se radu predlaze metoda za izvodenje diferencijalnih
jednadzbi i pripadajucih rubnih uvjeta koji opisuju dodatne progibe izazvane ucinkom
zaostajanja posmika kao generalizirane pomake. Dvije funkcije razlike uzduznih deformacija
uslijed zaostajanja posmika postavljene su za konzolnidio i prirubnicne ploce sanducastog
nosaca kako bi se omogucila precizna analiza njegovih mehanickih svojstava. Predlozene
jednadzbe na kraju su potvrdene eksperimentalnim i numerickim rezultatima. One vjerno
odrazavaju mehanicka svojstva vertikalnog savijanja spregnutoga sanducastog nosaca,
ukljucujuci neujednacenu raspodjelu normalnih naprezanja u prirubnickim plocama te
utjecaje efekta harmonike, zaostajanja posmika i uvjeta samoravnoteze.
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1. Introduction

Prestressed concrete (PC) box-girder bridges are currently the
most common type of long-span bridges worldwide. However,
problems in their structural working performance and material
properties have gradually emerged. For example, many PC
box-girder bridges suffer from beam cracking and excessive
deflection after several years of service [1-3]. French bridge
experts first suggested replacing traditional PC box-girder webs
with corrugated steel webs to reduce the strong mutual restraint
between the flange slabs and webs of PC box girders with an
accordion effect [4-7]. To date, more than 500 composite girder
bridges have been built worldwide, including more than 200 in
Japan and over 100 in China. These box girders are traditional
composite box-girder bridges [7-10], which continue to suffer
from cracking and crushing damage to the reinforced concrete
(RC) bottom slab. This type of PC composite box girder also has
arelatively high dead weight and complex construction process.
Therefore, in recent years, Chinese scholars have proposed the
improvement of RC bottom slabs using flat steel slabs [11, 12].
This resulted in the substantial reduction in dead weight, rapid
construction, and opportunities to build in areas with large
temperature differences, collapsible loess, and soft soil [11-14].
To date, simply supported, continuous, straight, and curved box-
girder bridges have been built in China (Fig. 1). These bridges
adopt the new type of composite box girders, such as the
Dunhuang to Dangjin Mountain Expressway in Gansu Province
and the reconstruction project of the entrance and departure
overpass at Zhongchuan Airport with a span of up to 108 m [12].
However, because the composite box girders with corrugated
steel (CS) webs and steel bottom (SB) slabs have a higher
neutral axis, the stress on the SB slab is much greater than
that on the top slab, which can cause yielding or buckling failure
of the SB slab [14-16]. Furthermore, these problems limit the
application of CS and SB box-girder bridges to some extent. To
address this problem, scholars in China conducted an in-depth
investigation into the mechanical properties of CS and SB box
girders [11, 12]. Liu and Ma studied the static and dynamic
characteristics of CS and SB box girders; however, they did not
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include self-equilibrium conditions for the shear-lag warping
stress and bending moment. Wang et al. analysed the vertical-
bending behaviour of a CS and SB box-girder structure using the
energy-variation method and obtained an analytical solution
[8, S, 11, 12]. However, their study did not comprehensively
consider the accordion effect, shear deformation, and shear
lag, particularly the self-equilibrium conditions for the shear-lag
warping stress and bending moment. In addition, the analytical
results for the constraint conditions of simply supported box
girders can be applied in limited engineering situations [11, 14].
With the development of bridge engineering, refined mechanical
analyses have gradually become a requirement for safe designs
[17-19]. Therefore, based on the energy-variation principle, this
study established mechanical equations that determine the
vertical-bending behaviour of CS and SB box-girder bridges,
along with the introduction of self-equilibrium conditions and
the accordion effect. A refined mechanical model and analytical
results can provide a reference for the design of such structures,
particularly continuous-beam bridges [20, 21].

2. Governing differential equation and natural
boundary conditions

2.1. Longitudinal warping displacement function of
flange slabs

Figure 2 shows the cross-section of a CS and SB box girder
in the symmetrical bending state. w(z) and q(z) are the vertical
deflection and vertical rotation angles of the section, respectively,
related to elementary beam theory. v,(z) and v,(z) are the vertical
deflections caused by the shear-lag effect of the cantilever slab
and the upper and lower flange slabs, respectively. Here, the
cantilever slab and upper and lower flange slabs are regarded
as two independent shear-lag mechanical systems that satisfy
self-equilibrium conditions. The longitudinal displacements of the
cantilever slab and the upper and lower flange slabs should be
the sum of the longitudinal warping displacement of box-girder
flanges caused by the elementary beam theory, shear-lag effect,
and interaction between shear-lag mechanical systems.

Figure 1. The construction and service state of composite box-girder bridges in China: a) The expressway bridge of Dunhuang to Dangjin mountain;

b) The simply supported bridge at Jingzhong Airport
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Figure 2. The cross-section of a CS and SB box girder

The longitudinal displacement of cantilever slabs (b,) can be
expressed as

u(x,y,z)=y0+ly —aw(x)-Blv,+(y - B, (1)

where o, (x) = 1 - (x*/ b?) is the non-uniform distribution
function of the cantilever slab (b)), o, and B, are correction
factors for the cantilever slab (b,) to satisfy the self-equilibrium
conditions of the shear-lag warping stress and bending
moment, respectively; and b, = x =< (b,+b,).

The shear-lag warping stress on the cantilever slabs (b,) is

o =Ely —ao (X, —EBy, (2)
3/ —I
where o, = ———and f, = —— are the constant coefficients
4h1b1t hA

satisfying IAO}1 dA=0and J.Aaﬂ ydA = 0, respectively.

The longitudinal displacement of the upper flange slabs (b,) can
be expressed as

Uy(X,Y,2) = YO +[y — a,00,(X) = Bolv, +(y = B,)V, (3)

where o,(x) = 1 - (x¥b?) is the non-uniform distribution
function, a,, and B, are the correction factors for the upper and
lower flange slabs to meet the self-equilibrium conditions of the
shear-lag warping stress and bending moment, respectively;
andO=x=sb,

The shear-lag warping stress on the top slab is

o
-
o~

the sectional areas of the cantilever
and upper slabs, respectively; A_ is the
converted sectional area of the SB slab;
andA=A +A, +A_is the total sectional
area. In this study, the area of the SB slab
= was converted into the cross-sectional
< area of the hypothetical tensile concrete.
Its sectional areas are A_ = a,, A_and a._
= E_/E, where E_is the elastlc modulus of
the SB slab, E is the elastic modulus of
the RC top slab, and A_ is the sectional
area of the SB slab.
Meanwhile, u,(x, v, z)and o, of the SB slab
should be consistent with the form of the

upper slab, but its y values are different.

2.2, Total potential energy of the CS and SB box
girder

2.2.1. Total stress on slabs

The stress on the cantilever slab (b,) is

0,1 =Ey0 +E(y —ao, - BV, +E(y - BV, (5)
ou
Tj1 = GaixlI (6)

The stress on the upper flange slab (b,) is

Op :Ey@l+E(y—a2a)2—ﬁz)v;+E(y—ﬂ1)V; (7)
ou
Tja = Gaixz (8)

The stress on the SB slab (b,) is

Oy = Eyo +E(y - a0, — 3, )Vz +E(y - B, )V1 (9)
ou
Tjs = GT; (10)

2.2.2. Deformation potential energy of slabs

The deformation potential energy of the stress on the flange
and cantilever slabs can be expressed as

o, =Ely —a,0,(X)IV, —EB,v, (2) o 12
7”(5 G E G E T )
where the correction factors
. 3/ i - It + o t,) Thro1ugh a sort|n1g transformaflon, U, can be expressed as
27 2b,(ht, - hyagt,) 2 A(ht, - hyagt,) Uy = [ N0 dz+ [ B, dz+ 2 [ LV, dz+ [ Ely(viv;)dz + 1)
+ [\EL(OV;)dz + [ El(6V;)dz + % [[6lsviy dz+%j0’ Gl (v, Ydz
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where

| = 2bth? + 2b,t,h? + 2b,a, t, 0% + %bﬁ + %bztg + %bz(aEsg %

16 8 8a’t
lh=1+pfA +Ea12b1t1 _§a1b1t1(ﬂ1 —h); gy = 31;11
2, 16 5 8 8
L=1+p,A +%a2b2(t2 + aEsts)Jrgazbz(hzaEsts - h1tz)+§a2ﬂ2b2(t2 +agts)
8a?
ls, = 3bz (t, +ogsts) 1,=0; ;=0

4 4 4
L=1+B LA+ 3 abt,(B, —hy)+ 3 ayby(hyagst; —hity) + 3 a, b, (t, + agsty)

| is the moment of inertia about the x-axis. When the shear
strain energy is calculated, the area of the SB slab is converted
into A = a A_and o, = G/G, where G_ and G are the shear
moduli of the flat steel slab and RC top slab, respectively.

The Timoshenko shear strain energy is

U, :%J;GWAW(W' —0)dz (13)

where G, and A  are the modified shear modulus and effective
shear area of the CS web, respectively.
The external loading-induced potential energy is

U, = —Lﬁ q,(2)w(z)+Vv(2)+v,(2)]dz -Q(2)W(2) + v (2) +V,(2)]

, , (14)
|0+ IM(2)v,(2) + M, (2)v, (2)+ M, (2)0(2)]

where M. (z) and M, (z) are the bending moments about the x-axis
caused by the shear-lag effect of the cantilever slab and the
upper and lower flange slabs, respectively; M (z) is the bending
moment about the x-axis when the vertical rotation angle 6(z)
is generated at the end of the beam segment; and Q(z) and qv(z)
are the vertical shear forces at the end of the beam segment
and the vertical distributed force on the box girder, respectively.
Then, the total potential energy of the CS and SB box girder is

U=u+U,+U, (15)

2.3. Governing differential equations and natural
boundary conditions

According to the energy-variation principle 8U = 0, the governing
differential equations and natural boundary conditions of the CS

Elvi® +ElvY -Glyv,—q, =0 (20)
ELyv{ +ElLviY —Glsv, —q, =0 (21)
[Elv; +Elyv, + M,]|;6v, =0 (22)
[Elv® + ELy - Glgv, - Q(2)]|, 6v, = 0 (23)
[ELV, + Elyv; + M,]| 6V}, = 0 (24)
[ELVS + ELy(®) —Glg,v, - Q(2)]|; 6v, =0 (25)

2.4, Solution of governing differential equations

By sorting and replacing Eq. (16) and (17), the solutions of
equations w(z) and 6(z) can be obtained as

q
oz)=cz*+c,z+c, +—L7° (26)
(z)=c, ZHC e
3 2 _
w(z)fc1z—+_2Elz+czz—+csz+c4+ b2y Iy (27)
3 G,A, 2G,A,~ " 24Ei

where c,, ¢, ¢, ¢, are the constant coefficients of equations
of w(z) and 0(z), which can be solved in accordance with the
corresponding boundary conditions.

According to Egs. (20) and (21), the following equation can be
obtained.

PO G(lgil; +Iezl1)v(4) +

~G?lg,] . /
{ : { G'loolsy v Gls, =0 (28)
E(ls _Izl1)

+ =
EX(12-10) " Ez(/g_/2/1)qy

For Eq. (28), the solution of the eigenvalue equation can be
given as r,== h, M=% h, r.s=0. Then, the general solution of
equation v, (z) can be expressed as

v,(z) = echn,z + e,shn,z + e,chn,z + e,shn,z + e,z + e, + 2;]21 z2 (29)
According to Eg. (29) and the properties of an ordinary
differential equation, the expression of the v (z) solution was
assumed. By substituting Eq. (29) into Egs. (20) and (21), the
constant coefficients of v,(z) can be obtained in accordance with
the principle of identity; that is

and SB box girder can be derived as v,(z) = eBchn,z + e,B,shn,z + e,B,chn,z + €,B,5hn,z + €,z + €, + ;Glzy z* (30)
El0"+G,A,(w -6)=0 (16)  where

I 24T, 24T, -Gl -

_ _ B:’71+1.B:’72 1T = ct. T _ '8
G,A,w -0)+q,=0 (17) s o =)
[EI6 +M,]|\ 660 =0 (18)  and e, .., e, constant coefficients of equations of v.(z) and
v,(z), which can be solved in accordance with the corresponding

[G,A, (W —8)+ Q]‘g ow=0 (19)  boundary conditions.
748 GRADEVINAR 77 (2025) 8, 745-756
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3. Common boundary conditions of CS and SB
box girder

According to Egs. (18), (19), (22), and (25), the specific
boundary conditions of the CS and SB box girders can be
obtained. For instance, the boundary conditions of the simply
supported beam can be obtained, as shown in the following
sections.

3.1. Uniform load

a) Boundary conditions relating w(z) and 6(z):

w(2)[,=0; 62)[; =0 (31)
b) Boundary conditions related v (z) and v_(z):

vi(2)[6=0; v,(2)]s = 0;v;(2)|4=0; v;(2)|s = O (32)

3.2. Concentrated load

As shown in Fig. 3, the boundary distances to the adjacent
concentrated force P are L, and L,

Figure 3. Coordinate system of simply supported CS and SB box
girders under concentrated load opterecenjem

The numerical values in the subscripts of w(z) and é(z) epresent
the z, or z, coordinate systems, respectively. The boundary
condition can then be obtained as

a) Boundary conditions relating w(z) and 6(z):

w,(0) = 0; w,(L,,) = 0; 60) = 0; 6(L,,) = 0;

W,(Lyy) = w,(0); w,(L,,) = wA0); 6L,,) = 640)
Pk

G,A,

(33)

01(Lk1)7 02(0) =

b) Boundary conditions related v (z) and v_(z):

The numerical values in the subscript parentheses of v, (z) and
v,(z) represent its z,” or z,” coordinate system (as shown in Fig.
3). Then, the boundary condition can be obtained as

V1(1)(O) =0; V1(2)(LI(2) =0; V;m)(o) =0

Vizf0) = 05 v,(0) = 0; v, (Ly,) = 0; vy, (0) = 0;

v;(Z)(LkZ) =0; V1(1)(Lk1) = V1(2)(0); V1‘(1)(Lk1) = V;(2>(O);

Via(Lyr) = Vi (0); Vo (L) = Vo) (0); (34)
VI2(1)(Lk1) = Vlz(z)(o); V;(1)(Lk1) = V;(z)(o);

[ELVENL,,) + ELVENL, )] — [ELVIE(0) + LV (0)] = —P,;
[ELVSINL,,) + ELYONL, )] — [ELVS(0) + ELViE)(0)] = —P,

Similarly, other specific boundary conditions can be obtained
based on Egs. (18) and (19) and (22) to (25).

4. Numerical analysis and experimental
verification

An experimental model was constructed in accordance with the
similarity principle to verify the mechanical properties of the
CS and SB bridge. The CS webs and flat SB slabs were made
of high-quality Q420 steel, with an elastic modulus of 206
GPa and a Poisson’s ratio of 0.26. For the geometry of the
corrugated web, L, L,, L, are the length of the flat section,
the length of the inclined slab section, and the projection of
the inclined slab section on the horizontal plane of the CS
web, respectively (as shown in Fig. 4). The CS web was t =
0.3 cm thick, and the beam was h = 0.4 m high. The top slab
was made of C50 concrete with an average thickness of t,
=1t,=5.2 cm, which was poured 13 months before the test.
The flat SB slab thickness was t, = 0.5 cm, the lengths of
the flange slabs were b, =0.25 mand b, = 0.3 m, Ah = 2.5
cm and Ab = 3 cm. The total length of the model bridge was
6.2 m, and the calculated span was 6 m. The corrugated web
and RC top slab were connected by embedded connecting
keys. The embedded connecting keys were a flat steel bar
0.5 cm thick and 5 cm wide, welded to the top of the CS
web every 15 cm longitudinally. The SB slab and CS web
were also welded. The vertical concentrated load was P, =
150 kN applied by the actuator. The uniform load was q,
= 26 kN/m and was applied using specially designed test
blocks (as shown in Fig. 6). Figure 4 shows the layout of
the strain gauges. One gauge was arranged every 5 cm at
the top and bottom slabs at the mid-span and quarter-
span sections. Twenty-three concrete strain gauges were
arranged along the width of the top surface of the top slab
(110 cm). Two strain gauges were arranged below the top
slab (Fig. 4, 6~ and 18). Thirteen steel strain gauges were
arranged below the SB slab (60 cm wide), and two strain
gauges were arranged on the top surface of the SB slab
(Fig. 4, 24" and 367). The CS web was 34.8 cm high, and
five longitudinal strain gauges were uniformly arranged
along its height. A total of 50 concrete and 50 steel strain
gauges were arranged to test the CS and SB box girders.

GRADEVINAR 77 (2025) 8, 745-756
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Figure 4. The strain gauge layout of the CS and SB box girder and the geometry of the corrugated web: a) The strain gauge layout for midspan and

1/4-span sections; b) Geometric shape of corrugated steel web

The constraint conditions of the simple and continuous
beams are shown in Figs. 3 and 8. The experimental loading
is shown in Figs. 6 and 8. The test data were the average
values of four repeated loading tests up to a certain load
level. A finite element model of the CS and SB box girders
was established using the ANSYS finite element software,
as shown in Fig. 5. The RC top and SB slabs adopted Solid65
elements, the diaphragm slabs adopted Solid45 elements,
and the CS web adopted Shell63 elements. (The diaphragm
slab was 10 cm thick, and five transverse diaphragm slabs
were evenly set.) To connect the RC top slab and CS webs,
the multipoint constraint method was applied [22]. The SB
slab of the model bridge was connected to CS webs using a
common joint mode.

The stress calculation section of the simply supported
beam was at the mid-span, and the continuous beam was
at bearing 0, between spans. This is the first time that
these experimental results were published.

|

Al Actuator

D|a| indicator

Figure 6. Experimental study of a simply supported CS and SB box girder: a) Uniform load; b)

Concentrated load
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Figure 7. The experimental values of longitudinal strain distribution
along beam height h

The strain values were the average strain values of the
corresponding positions of the web slabs and top and bottom
slabs on both sides at the mid-span section of the CS and SB
box girder (as shown in Fig. 4). Figure 7 shows that the strain
values at each measurement point within the height range of
the CS web were extremely small — close to zero. Therefore,
the cross-sectional deformation of the CS and SB box girders
did not comply with the ‘assumption of a flat cross-section'
However, if the strain distribution points within the height
range of the CS web were removed, the longitudinal strain
points of the upper and lower flange slabs could be connected
to form a virtual plane, such that the longitudinal strain
distribution of the upper and lower
flange slabs could comply approximately
with the ‘dummy horizontal section
assumption’ This was the theoretical
foundation for analysing the vertical-
bending mechanical performance of CS
and SB box girders.

Table 1 lists the compressive stress
values of the top slab of the simply
supported CS and SB box girder for
various calculation methods, as well as
the shear-lag coefficients and accordion

5 @
b

750

GRADEVINAR 77 (2025) 8, 745-756



VVertical-bending properties of composite box girder with corrugated steel web and steel bottom slab

Gradevinar 8/2025

Table 1. Stress distribution on the top slab of a simply supported composite box girder at the mid-span section (L, = L, = 3 m)

(concentrated load)

Transverse coordinate of top 0 | 005| 01 | 015 02 0.25 03 | 035 | 04 | 045 | 05 | 055
slab centre as origin [m]
Theoretical value of elementary
-8.74 | -8.74 | -8.74 | -8.74 -8.74 -8.74 -8.74 -8.74 | -8.74 | -8.74 -8.74 -8.74
beam [MPa]
Influence value of shear-lag | g5 | (g9 065 | 026 | -025 | -084 | -147 | -080 | -019 | 030 | 061 | 0.72
effect [MPa]
Theoretical value of total stress | _; ;¢ | ;a5 | 509 _gug | -899 | -958 | -1021 | -954 | -893 | -844 | -813 | -8.02
in this study [MPa]
Finite element value [MPa] -7.62 | -7.68 | -7.85 | -8.12 -8.41 -9.04 -10.07 -895 | -852 | -8.12 -7.85 -7.74
Test value [MPa] -7.72 | -7.78 | -7.96 | -8.65 | -8.82 -9.37 -10.34 -9.25 | -913 | -862 | -802 | -7.93
Shear-lag coefficient 089 | 090 | 093 | 0.97 1.03 1.10 1.17 1.09 1.02 0.97 0.93 0.92
Theoretical value of total stress
(with flat steel web) [MPa] -8.13 | -8.22 | -8.48 | -8.88 -9.42 -10.04 -10.70 -9.99 | -9.35 | -884 -8.52 -8.40
Stress (with [tl\r/TS'at]'onal theory) | ;g | 792 | -813 | -849 | -900 | -965 | -1045 | -961  -B95 | -848 | -820 | -8.11
Influence ratio of two 102 | -088 | -049 | -0.12 | -011 | -073 | -230 | -0.73 | -0.22 | -047  -085 | -1.11
algorithms [%]
Accordion effect [%] -4.55 | -4.50 | -4.60 | -4.51 -4.57 -4.58 -4.58 -4.51 -4.49 | -4.53 -4.58 -4.52
Note: The theoretical value in this study is the sum of the theoretical value of elementary beam and the influence value of shear lag. The elementary
beam theory is a theory that does not consider shear lag effect, the traditional theory is a theory that does not consider the self -equilibrium
conditions of shear warping stress, and the shear-lag coefficient is the ratio of the theoretical value in this paper and the theoretical value of the
elementary beam. The same below.

Table 2. Stress distribution in the bottom slab of a simply supported composite box girder at the mid-span section (L, = L, = 3 m)

(concentrated load)

Transverse coordinatis\’mti:; ’E)Iliegic:?rt;]e of steel bottom slab 0 0.05 01 015 0.2 0.25 03
Theoretical value of total stress on steel bottom slab [MPa] 157.95 159.65 164.63 172.55 182.87 194.89 207.79
Finite element value [MPa] 154.87 156.62 160.02 166.51 174.26 186.72 203.02
Test value [MPa] 159.24 160.47 162.32 178.68 186.75 196.13 211.34
Shear-lag coefficients 0.90 0.91 0.93 0.98 1.04 1.1 1.18
Stress on top slab with traditional theory [MPa] 154.32 155.74 160.01 167.13 177.10 189.91 205.57
Theoretical "a'“(‘;g: ;‘;;ae'l j;iﬁ&';;ee' bottom slab 13244 | 13361 | 137.02 | 14246 @ 14955 | 157.80 & 166.66
Influence ratio of two algorithms [%] 2.35 2.51 2.89 3.24 3.26 2.62 1.08
Accordion effect [%] 19.26 19.49 20.15 21.12 22.28 23.50 24.68

effect. It shows that the theoretical value in this study was
the sum of the theoretical value of the elementary beam
and the influence value of the shear-lag effect. Table 2 lists
the tensile stress values of the bottom slab of the simply
supported CS and SB box girder, showing that the stress
values of the bottom slab at the corresponding positions were

approximately 20 times that of the top slab. According to the
above results, the mechanical properties of the CS and SB box
girder comprise two independent systems: the elementary
beam theory system and shear-lag mechanics system. No
coupling relationship exists between them, which is the
innovation of this study.
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Figures 9-12 demonstrate that the

5 lpk following:

0, ——— 0, % .
A —= 7 Z - For the simply supported and
L L “ L continuous CS and SB box girders,
% } L the normal stress distributions of the
top and bottom slabs were uneven
d) under the influence of the shear-lag
< effect, which significantly affected the
) mechanical properties of the girder.
' -~ The theoretical values were in good
I ee ‘ agreement with those obtained from
“i! # S the finite element simulation and

experiment, thereby demonstrating

the validity of the proposed mechanical

Figure 8. Experimental study of continuous CS and SB box girder under uniform and model. In particular, the CS and SB
concentrated loads: Two-span girder under uniform load; b) Two-span girder under box girder had a higher neutral axis,
concentrated load; c) Continuous model beam test under uniform load; d) Continuous
model beam test under concentrated load

-

resulting in lower stress on the top RC
slab and excessive stress on the flat SB
slab. For example, the normal stress
on the SB slab of the model beam was

a, —e—The st f t lab in thi b —e—The st f t lab in thi H
) S e e b e ooy | 2] o The stress of top sab n traditonal theory greater than 20 times that on the RC
—=&—Finite element simulator value © —=&—Finite element simulator value H
E -7,54 —*—Model beam test value % 220~ —*—Model beam test value tOp Slab' TherEfore' dESIgnerS ShOUId
= = carefully consider the mechanical
-8,0 210 . . .
Zﬁ a properties of composite bridges.
g 8% s ™ - The traditional algorithm used the
el o i . . .
5 -90 5 M0 shear-lag theory without considering
A o e iy
§ -o5 o 18 the self-equilibrium condition for the
- (] . H
2 1001 s 179 shear-lag warping stress and bending
g 0] g 160 moment. Figures 9 and 10 show that
= T . y y y ; T S 1 for the simply supported CS and SB
06 -04 -02 00 02 O0& O0f 03 -02 01 00 01 02 03 i !
Transverse coordinate of top slab [m] Transverse coordinate of bottom slab [m] box g|rders, the influence of self-
equilibrium conditions was minimal
Figure 9. Stress comparison of simply supported CS and SB box girder at the mid-span section and could be ignored. However,
under concentrated load (L, = [, = 3 m): a) Stress distribution on the top slab; b) the influence of self-equilibrium
Stress distribution on the bottom slab conditions on the continuous CS
and SB box girders was substantial.
Therefore, the mechanical analysis
a) —e—The stress of top slab in this paper b) —e—The stress of top slab in this paper of continuous CS and SB box girders
—o—The stress of top slab in traditional theory — —o—The stress of top slab in traditional theory
—=—Finite element simulator value © —=—Finite element simulator value should consider the Se|f-equi|ibrium
=i 4261 —*—Model beam test value % 91,0 —*—Model beam test value . .
g™ = conditions (see Figs. 11 and 12).
= 429 B %077
s E 50,0
o w3 S 8951 The shear-lag coefficient is the ratio of
o = . . .
L 8 890 the theoretical value in this study and
g o 857 the theoretical value of the elementary
— o E .
L £ beam. Figure 13 demonstrates the
— 87,54
O 444 - inge
g E 701 following:
447 +— - . : : r T 5 - : : . : : : - i
= -06 -04 -02 00 02 O4 06 § -03 -02 -01 00 01 02 03 For a 5|mpl\/ SupportEd boundar\/
Transverse coordinate of top slab [m] Transverse coordinate of bottom slab [m] condition, the Shear-lag effect of
the CS and SB box girders under a
Figure 10. Stress comparison of simply supported CS and SB box girder under uniform load (L = concentrated load exceeded that
6 m): a) Stress distribution on the top slab; b) Stress distribution on the bottom slab under a uniformly distributed load.
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For example, the shear-lag coefficient

a) —e—The st f top slab in thi b) —e—The st f top slab in thi . .
o The stroes of top siab in traditional theory _ o The strese of top olab in tradional theory at the intersection of the top slab and
—sa—Finite element simulator value © —sa—Finite element simulator value . .
= —%—Model beam test value % 15+ —#—Model beam test value web with a uniform load was 1.01, and
o 4 —
= zi o 201 that under a concentrated load was
S 24 ©
T 5] £ 5 1.17.
2 20] £ 30 - The mechanical properties of the
=] o
5 18 < 7] continuous CS and SB box girders
) ] -404 . . g .
8 :i 2 underwent significant changes relative
5 144 @ 45 .
2 0] Bl to the simply supported boundary
g 104 £ o] conditions. For continuous CS and SB
= 06 -04 02 00 02 o4 08 2 03 02 01 00 o1 o2 03 box girders, the influence of the shear-
Transverse coordinate of top slab [m] Transverse coordinate of bottom slab [m] lag effect was more significant. For
example, the shear-lag coefficient at
Figure 11. Stress comparison between continuous CS and SB box girders under concentrated the intersection of the top slab and
load (L, = L,= 1.5 m). The girders were at bearing 0,: a) Stress distribution on the top web with a concentrated load was
slab; b) Stress distribution on the bottom slab 1.25. and that under a uniform load
was 1.40. This indicates that the
stronger the constraint conditions,
a) —e—The stress of top slab in this paper b) —e—The stress of top slab in this paper the more obvious the Shear-lag effect.
—o—The stress of top slab in traditional theory —o—The stress of top slab in traditional theory i i
—s—Finite element simulator value = —s—Finite element simulator value Compared W|th the S|mp|\/ Supported
—_ —*—Model beam test value a —*—Model beam test value .
& 197 = 27 , CS and SB box girders, the shear-lag
i 244 .
2 5 effect of the continuous CS and SB box
-204 N . .
- e E 20] girders was more prominent under a
(= = .
2 5 187 uniform load.
Y b o
5 2 164
¥ 351 3 14
% ~40 3 121 The accordion effect of the CS and SB
i 2 10 box girders was defined as the stress
= 0,84 . . . . .
S 07 v g 0’: ratio. This ratio is the stress difference
55— . . ; : , ; z Tl ; . : : ; ;
5 02 o1 0 a1 o & o5 oh 02 4o o2 os o between the corrugated and flat steel
Transverse coordinate of top slab [m] Transverse coordinate of bottom slab [m] webs of the same thickness and the
calculated stress value on a composite
Figure 12. Stress comparison of continuous CS and SB box girders under uniformload (L. == box girder with flat steel webs. Figure 14
g P g 1= L

3 m). The girders were at bearing 0,: a) Stress distribution on the top slab; b) Stress shows the following:

distribution on the bottom slab - For simply supported box girders,

the accordion effect of CS and SB
box girders was closely related to the

A [ rictidentsofop b underoncartedond 18] oo Sherageostidents o b wdr avcarted oo load distribution. When the load was
3 i Sheatag ettt b slabunderunfor ad__| 53 151 [ Sher g coefidentzof b s under unform o uniformly distributed on the beam,
1201 ] ' the influence of the accordion effect
,_?if 1131 ,_?if 13 was more uniform, and the accordion
5 1101 5 12] effect of CS and SB box girders under
EJ 1051 E 17 a concentrated load were greater.
% 1,004 % 101 In particular, the accordion effect
% 0951 % Z: increased the tensile stress on the
< o050 = SB slab and reduced the compressive
E O e 04 82 oo oz o4 05 E " 06 04 -02 00 02 O4 06 St.I‘ESS on the RC top slab. Cpmpared
Transverse coordinate of flange slabs [m] Transverse coordinate of flange slabs [m] with the tOP slab, the accordion effect

had a greater effect on the mechanical

Figure 13. Shear-lag coefficients of top and bottom slabs of the CS and SB box girders: a) Shear- properties of the SB slabs under
lag coefficients of the mid-span top and bottom slabs b) Shear-lag coefficients of a concentrated load. For example,

the top and bottom slabs for a continuous for a simply supported box girder (L, =L,

- . the maximum influence ratio of the
=3m, or L =6m)boxgirder (L,=L,=1.5mor [, = [,,=3 m)at bearing 0,

accordion effect at the intersection of
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a) According effect of top slab under concetrated load b)

Figure 14. Comparison of the accordion effect for CS and SB box girders: a) At the mid-span
section for a simply supported girder; b) At bearing 0, for a continuous girder

a)

Influence rate of
self-equilibrium conditions [%]

Figure 15. Influence rate of self-equilibrium conditions for the CS and SB box girder:
a) Influence rate of self-equilibrium conditions on stress on flanges (b) Influence

According effect [%]
o
According effect [%]
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—e— According effect coefficients of bottom slab under concetrated load
—#— According effect coefficients of top slab under uniform load
—a— According effect coefficients of bottom slab under uniform load

—e— According effect of top slab under concetrated load

—o— According effect coefficients of bottom slab under concetrated load
—=— According effect coefficients of top slab under uniform load

—o— According effect coefficients of bottom slab under uniform load

stress on the bottom slab of the
continuous CS and SB box girder,
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which might cause buckling failure of
the steel slab. The tensile stress on
the RC top slab also increased under
a uniform load, which can lead to
cracking of the RC top slabs.

The traditional algorithm refers to the
shear-lag theory without considering

T T
-06 -04 -02 00 0,2 04 06 -OI,G -04  -02

Transverse coordinate of flange slabs [m]

00

Transverse coordinate of flange slabs [m]

02 04 06 the self-equilibrium  condition for

shear-lag warping stress and bending
moment. The influence rates of the self-
equilibrium condition are the differences
between the calculated stress values of
this theory and the traditional theory,

—e—Influence rate of top slab under concetrated load b)
—o—Influence rate of bottom slab under concetrated load
—=—Influence rate of top slab under uniform load
—o—Influence rate of bottom slab under uniform load

354

—e—Influence rate of top slab under concetrated load
—o—Influence rate of bottom slab under concetrated load
—=—Influence rate of top slab under uniform load
—o—Influence rate of bottom slab under uniform load

and its ratio to the calculated stress
value of the traditional theory. Figure 15

3,04
254
204
154
1,04
054
0,0+
-054
-104
-154
-2,04
-25 T T T T T

Influence rate of
self-equilibrium conditions [%]

shows the following:

- For simply supported CS and SB box
girders, the maximum influence ratio
of the self-equilibrium condition in
this study is 3.3 %, and its minimum
influence ratio is -2.2 %. Therefore,
owing to the minor influence of
self-equilibrium conditions on the

06 -04 -02 00 02 O4 06 06 -04 -02
Transverse coordinate of flange slabs [m]

00

Transverse coordinate of flange slabs [m]

oz 04 08 stress on the top and bottom slabs,

the influence of self-equilibrium
conditions can be negligible for simply
supported CS and SB box girders.

rate of self-equilibrium conditions on stress on flanges at the mid-span section for
a simply supported box girder at bearing 0, for a continuous box girder

the SBslab and the web is 24.7 %. This implies that the tensile
stress on the bottom slab of the CS and SB box girders was
24.7 % higher than that on the composite box girder with a
flat steel web with the same thickness as that of corrugated
steel webs. However, the accordion effect of the top slab is
-4.6 %. This was beneficial because the compressive stress
on the top slab was reduced.

The accordion effect of the continuous CS and SB box girders
significantly increased relative to the simply supported
boundary condition. The main object of influence was still the
SB slab. For example, the accordion effect at the intersection
of the bottom slab and the web under a uniform load was
34.7 %, and that under a concentrated load was 25.2 %.
Therefore, the accordion effect of a continuous CS and
SB box girder was more prominent under uniform loads.
Moreover, the accordion effect was greater at the transverse
centre of the flange slabs, but the stress at that point was
smaller; therefore, its actual effect was not prominent. Based
on this, our research shows that the stronger the constraint
conditions, the more pronounced the accordion effect. In
particular, the accordion effect increased the compressive

- However, the influence of the self-equilibrium condition

on the mechanical properties of continuous CS and SB
box girders is significant. Under a uniform load, both the
tensile stress on the top slab and compressive stress on the
bottom slab increased. For example, the tensile stress at the
intersection of the top slaband web increased by 11.3 %, while
the compressive stress at the intersection of the bottom
slab and web increased by 13.1 %. Under concentrated loads,
the self-equilibrium conditions increased or decreased the
stress at different positions of the top and bottom slabs.
For example, the tensile stress at the intersection of the top
slab and web decreased by 19.1 %, which is beneficial for
composite box girders. In addition, under both concentrated
and uniform loads, the influence of the self-equilibrium
conditions was greater at other positions of the flange slabs;
however, the stress at other positions was relatively small.
Similarly, the actual effect is not prominent. Therefore, if the
effect of self-equilibrium conditions is not considered under
continuous boundary conditions, the mechanical analysis
results in this study will poorly reflect the actual mechanical
properties of continuous CS and SB box girders.
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5. Conclusion

In this study, factors such as the accordion effect, self-
equilibrium conditions for the shear-lag warping stress and
bending moment, shear lag, and Timoshenko shear deformation
were comprehensively considered, leading to a more reliable
theoretical basis for CS and SB box girders. The proposed model
reflects the internal mechanisms of CS and SB box girders and is
in good agreement with finite element numerical solutions and
experimental results. In particular, compared with the traditional
theory, the algorithm derived in this study demonstrates
the importance of introducing self-equilibrium conditions for
continuous CS and SB box girders.

The SB slab was the main object of influence of the accordion
effect and self-equilibrium condition. For simply supported box
girders, the influence of these conditions was greater under
concentrated loads. For the continuous boundary conditions, the
effect was more prominent under a uniform load. In particular,
the experimental model beam was an actual small-span bridge
based on the similarity theory, and the normal stress on the SB
slab of the model beam was more than 20 times that of the
RC top slab. However, according to the Chinese Bridge Design
Specification, the design strength ratio of the SB slab and RC
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