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Abstract: The shear lag effect of the steel box girder section in a self-anchored suspension bridge was investigated
in this study. Finite element analysis software Midas Civil was used to discretize the girder under analysis into
space plate elements and establish a plate element model. The law of shear lag in the longitudinal direction of the
girder in the construction and completion stages was determined accordingly. The shear lag coefficient appears to
change suddenly near the side support, middle support, side cable anchorage area, and near the bridge tower
support of the steel box girder under the imposed load. The most severe shear lag effect is located near the side
support and near the side cable anchorage area. Steel box girder sections are simulated before and after system
conversion to analyze the shear lag coefficient in the bridge construction stage. The results show that the shear lag
coefficient markedly differs before versus after system conversion due to the different stress mechanisms. The
finite element analysis results were validated by comparison with the results of an analysis via analogous rod
method.
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1. Introduction

Steel box girders are widely used in the bridge engineering field due to their light weight, high
strength, convenient splicing, simple construction, good overall force conditions, and smooth
appearance. When the steel box girder of a self-anchored suspension bridge is placed under
compressive and bending loads, the shear lag effect of its flange grows severe and the normal stress
acting upon the structure is very complicated [1] [2] [3]. Shear lag is one of the main causes of cracks
[4][5] [6]- The effective width is used instead of the actual flange width when considering the effects
of shear lag on the box girder. The bridge codes of various countries stipulate effective width
calculations for specific structures such as simply supported beams, continuous beams, and cantilever
beams, but there is no clear provision for the steel box girders of self-anchored suspension bridges.
Especially for bridges with relatively large spans, the shear lag effect of the steel box girder at each
fulcrum is increasingly prominent when the moment of inertia of the slab is relatively large [7] [8]
[9]. There has been a great deal of research on the shear lag effect in steel box girders to date. Guo et
al. used the finite element method to calculate the shear lag coefficient of a steel box girder with
different stiffeners [10]. Zhao et al. used an indoor model test method to study the shear lag effect of
a continuous steel box girder bridge with large curvature under load [11]. Zhu et al. studied the
influence of width-span ratio, supporting length, roof thickness, suspension wing ratio, and number
of diaphragms on the shear lag of a corrugated steel web box girder [12] [13]. Zhou and Ma et al.
used multiple parabolas as the longitudinal warping displacement difference function to obtain an
analytical solution for the shear lag effect of composite beams with corrugated steel webs [14] [15].
Chen et al. studied the influence of various factors on the shear lag effect of composite box girder
bridges with corrugated steel webs [16]. Zou et al. analyzed the shear lag effect of a prestressed
concrete curved box girder with corrugated steel webs under different bearing arrangements [17]. Ni
et al. used the spatial grid analysis method to analyze the horizontal and vertical distribution of the
shear lag coefficient of the key sections of the side and mid span [18].

The above studies all center on the steel box girder under bending, there have been relatively few
studies on the spatial stress of the steel box girder of self-anchored suspension bridges under
compressive and bending loads. In fact, the key factors directly affecting the force and deformation
of'the structure generally show non-uniform distribution and random changes with the spatial position
and action. Therefore, such engineered structures are actually non-uniform and non-linear complex

systems [19] [20].



NUMERICAL AND THEORETICAL RESEARCH ON SPATIAL SHEAR LAG EFFECT... 633

The shear lag effect of a self-anchored suspension bridge steel box girder section was examined in
this study. The finite element analysis software Midas Civil was used to discretize the girder into
space plate elements, then a plate element model was established to systematically analyze the spatial
shear lag effect law of the girder in the bridge construction stage and bridge completion stage. The

results of this work have certain reference significance for similar projects.
2. Research background

The main span of the self-anchored suspension bridge analyzed in this study is
40+90+220+90+40=480 m. The main girder is a whole steel box girder. The top of the girder is an
orthotropic plate structure. The elevation layout of the bridge is shown in Figure 1. The steel box
girder has an integral flat box section with cantilevers arms. The section width of the girder across
the cable area of the main bridge is 43.3 m. The bridge tower position is locally widened to 48 m, the
beam height is 3 m, and the anchorage beam height is locally thickened to 4.8 m. The cross-section
width of the girder in the cable-free zone of the counterweight span is 40 m and the beam height is

2.3 m. A cross-sectional schematic diagram of the structure is shown in Figure 2.
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Figure 1: Elevation of main bridge (unit: m)
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Figure 2: Schematic diagram of beam cross-section
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3. Spatial finite element model establishment of self-anchored

suspension bridge

The finite element software Midas Civil was used to establish the space plate shell model of the self-
anchored suspension bridge. The plate element was used to establish the main bridge steel box girder
part, the tension element is used to establish the hanging cable part, and the rest were all established
as beam elements. The model was divided into 65,412 nodes and 74,699 elements including 154
tension-only elements, 1,408 beam elements, and 73,137 plate elements. The space plate and shell

element model are shown in Figures 3 and 4.

Figure 4: Schematic diagram of portion of shell element model

4. Lag effect on girder during bridge construction process

The forces acting on the main girder section of cable-stayed bridge are highly complex, and the bridge
construction process is highly dynamic. The stress in the main girder section of different working
conditions and different beam sections is different [21-23]. The key nodes on the edge of the main
girder cross-section were isolated to analyze the shear lag coefficient distribution law along the
longitudinal direction of the upper edge of the main girder section during the construction stage. For
convenience, the key points were marked with capital English letters: point A, point C, and point E
are points at the junction of the web and the roof, and points B and D are located in the middle of

each cell of the box girder. The horizontal position of each point is shown in Figure 5. The analysis
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was focused on the longitudinal shear lag effect of girder section before and after the system

conversion.
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Figure 5: Schematic diagram of cross-section key points

4.1 Division of girder construction conditions

The main girder of the bridge was constructed via the single-side incremental launching method with
the push-in platform placed on the shore. The single girder production is divided into three stages:
unit production, in-situ steel girder assembly pre-assembly, and steel girder site installation. The steel
beams are pre-assembled by continuous matching under the installation sequence requirements. The
full bridge is divided into five rounds for manufacturing, the continuous matching pre-assembly is
completed and then decomposed into components. During the pushing process, three temporary piers
are set up in the mid-span. The longitudinal position of the temporary piers is shown in Figure 6. The
main cable catwalk has a separated structure: one end is anchored on the beam surface and the other
is anchored on the top of the tower. Devices are installed on both sides of the tower top to adjust the
construction sag as necessary.

Prefabricated parallel steel wire strands are erected one-by-one to complete the main cable. The
hanging cable near the tower is first installed with a tower crane and a steel beam-topped vehicle is
used for the mid-span area. The tower crane and the vehicle cannot be listed by the electric hoist
hanging on the traction load-bearing cable for installation. The installation sequence of the hanging
cable is the same as the tension sequence of the boom. After the hanging cable is installed, the lower
anchor head is inserted into the corresponding steel anchor box of the main beam.

The main construction steps can be summarized as follows.

1) Complete the substructure, arrange temporary piers, and build a jacking platform on one side.

2) Push up the steel beam and close the main beam after the installation of the guide beam and

auxiliary truss is complete.
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3) Erect the main cable, install the hanging cable, and initially tension the hanging cable to form a
self-anchored suspension bridge system.

4) Install the bridge deck components in order and pour the wet joints.

5) Remove the temporary pier, install the auxiliary structure, and adjust the cable force value to reach

the design value.
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Figure 6: Longitudinal position of temporary piers (unit: m)

In the self-anchored suspension bridge construction process, the system conversion step is the most
important. The closed multi-span continuous stiffening beam was considered in this study to
characterize the initial state, the system conversion is completed by stretching the hanging cable. The
self-weight of the stiffening beam is borne by the temporary support and transferred to the main cable
through the hanging cable during system conversion. The main cable changes from the empty cable
shape to the bridge shape. The internal force of the bridge structure itself changes accordingly, as
does the shear lag coefficient of the main girder.

We analyzed the longitudinal shear lag effect of different bridge systems before and after system
conversion to clearly illustrate this change trend. The specific working conditions were as follows.
Condition 1: The change law of the shear lag effect of the main girder along the longitudinal bridge
direction during the main girder closing stage.

Condition 2: The change law of the shear lag effect of the main girder along the longitudinal bridge

direction at the initial hanging cable tension stage.

4.2 Spatial shear lag effect of main girder (Condition 1)

A section was selected every 3 m in the longitudinal bridge direction and the key nodes of the box
girder cross section were analyzed along the longitudinal bridge direction. In the longitudinal
position, point 1 corresponds to pier 3#, point 7 corresponds to the temporary support, point 15
corresponds to pier 4#, point 16 falls near the side cable anchorage area, and point 40 corresponds to
bridge tower 5#. Numeric point 53 corresponds to the mid-span. The structure is symmetrical, so only

half of it was selected for shear lag analysis here.
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The shear lag effect of each point was obtained after the finite element calculation and expanded
along the longitudinal bridge direction to obtain the distribution law of the longitudinal shear lag
coefficient at each point of the steel box girder during the main girder closing stage. (That is, the main

beam was in a multi-span continuous stage in this case.)
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Figure 7: Longitudinal distribution of shear lag coefficient of steel box girder during main girder

closure

The shear lag coefficient in the longitudinal direction of the steel box girder varies from 1.11 to 1.41
at point A, 0.61 to 0.87 at point B, 1.04 to 1.27 at point C, 0.57 to 0.84 at point D, and 1.04-1.32 at
point E. The stress value at the junction of the web and the roof (points A, C, and E) during the main
girder closing stage is greater than the elementary theoretical value of the beam, showing a positive
shear lag effect. In the middle of the box room of the steel box girder (points B and D), the stress
value is smaller than the theoretical value, showing a negative shear lag effect. The most obvious
position of the shear lag coefficient is near the end of the girder, where the shear lag coefficient at
point A is the largest at 1.41. There is also obvious shear lag effect near the bridge support location
and at the temporary pier location. This is because the weight of the main girder at this stage is shared

by the bridge support and the temporary support.
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4.3 Spatial shear lag effect of main girder (Condition 2)

After the steel girder pushing is completed, the main cables and hanging cables are installed. The
hanging cables are stretched to form a self-anchored suspension bridge structure system with a certain
level of rigidity, then the system conversion is complete. At this time, the role of temporary piers is
largely replaced by the main cable. The vertical load is transmitted to the main cable by the hanging
cable and the main cable bears the tension.

Again, the shear lag effect of each point was obtained by finite element calculation and expanded
along the longitudinal bridge direction to obtain the distribution law of the longitudinal shear lag
coefficient at each point of the girder during the initial tension of the hanging cable (that is, in the

stage of forming a self-anchored suspension bridge structure system), as shown in Figure 8.
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Figure 8: Longitudinal distribution of girder shear lag coefficient at initial hanging cable tension

stage

The change area of the shear lag coefficient at each point in the longitudinal direction of the steel box
girder is 0.68 to 1.69 at point A, 0.37 to 1.32 at point B, 0.59 to 1.74 at point C, 0.49 to 1.27 at point
E, and 0.66 to 1.41 at point E. In the initial tensioning stage of the hanging cable, there are obvious
positive shear lag effects at the three points A, C, and E near the end of the girder. The shear lag
coefficient at point A is the largest, at 1.55. The shear lag coefficient changes significantly in the
vicinity of the middle support and the side cable anchoring area, the positive shear lag effect response
is strong at the three points A, C, and E. Among them, the positive shear lag effect at point C is the
most severe at up to 1.74. At the bridge tower, the shear lag coefficient sharply changes again reaching
its maximum value at point C, 1.71. At the mid-span position, the shear lag coefficient is relatively

stable and its value does not significantly fluctuate.
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Because different bridge systems have different force transmission mechanisms, there is a substantial
difference in the shear lag coefficient of the main beam steel box girder before and after the system
conversion. When the main girder is closed, the bridge system is a multi-span continuous system
without cable force or other certain factors. When the main cable is erected and the hanging cables
are stretched, the bridge system is transformed into a self-anchored suspension bridge system. The
project has not been completed, but the entire system has taken shape. At this time, the force
transmission method of the bridge aligns with that of the self-anchored suspension bridge, the vertical
load is transmitted to the main cable by the hanging cable. The main cable bears the tensile force,
which is then transmitted to the pylon and the main beam through the saddle and anchoring equipment
on the top of the tower. The pulling force is mainly borne by the main cable and the horizontal force

is mainly borne by the main beam.

5. Shear lag effect of girder in bridge completion stage

This section discusses the longitudinal shear lag eftect of the steel box girder section under different

loads at the bridge completion stage.
5.1 Longitudinal shear lag effect of steel box girder under uniform load
Figure 9 shows the distribution law of the longitudinal shear lag coefficient at each point of the steel

box girder under a uniform load. As mentioned above, only half of the structure was subjected to

shear lag analysis because it is symmetrical.
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Figure 9: Longitudinal distribution of shear lag coefficient under uniform load
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The shear lag coefficient in the longitudinal direction of the steel box girder varies from 0.34 to 1.96
at point A, 0.25 to 1.35 at point B, 0.46 to 2.26 at point C, 0.34 to 1.13 at point E, and at point E from
0.37 to 1.56. There are obvious positive shear lag effects at points A, C, and E near the end of the
girder. The shear lag coefficient at point A is the largest at 1.43. As the shear lag coefficients of each
point at the end of the beam began to change gradually, the shear lag coefficients of points A, C, and
E decreased slightly at 1/4 of the side span of the main bridge while those at points B and D increased
slightly. The shear lag coefficient of each point near the middle of the side span tends to be stable.
The shear lag coefficient changes significantly in the vicinity of the middle support and side cable
anchoring area, where serious positive shear lag effects emerge at points A, C, and E. Among them,
the positive shear lag effect at point C is the most severe with a maximum value of 2.26. Between the
anchorage area of the side cable of the main bridge and the support of the pylon, the shear lag
coefficient tends to be stable and does not significantly fluctuate. There is a sudden change in the
shear lag coefficient near the pylons, with a maximum value of 2.17 at point C. Near the mid-span,

the shear lag coefficient tends to be stable and does not deviate from approximately 1.

5.2 Longitudinal shear lag effect of steel box girder under concentrated load

Figure 10 shows the distribution law of the longitudinal shear lag coefficient at each point of the steel

box girder under a concentrated load.

Shear lag coefficient

0 S 10 15 20 25 30 35 40 45 50 55
3# Pier 4# Pier Bridge tower Span center
Vertical position

~-A =B -C ~D  —~E

Figure 10: Longitudinal distribution of shear lag coefficient under concentrated load

The shear lag coefficient in the longitudinal direction of the steel box girder varies from 0.18 to 2.19

at point A, 0.21 to 2 at point B, 0.22 to 1.96 at point C, 0.2 to 1.64 at point D, and 0.17 to 1.94 at
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point E. Under the action of concentrated load, there are obvious positive shear lag effects at the three
points A, C, and E near the end of the steel box girder. The shear lag coefficient at point A is the
largest at 2.14. The shear lag coefficient of each point at the end of the beam begins to to change as
it gradually moves away from the end of the beam, the shear lag coefficient of each point stabilizes
in the middle of the side span. There is a severe shear lag effect in the vicinity of the middle support,
mainly at point E, with a maximum value of 1.94. This coefficient is stable between the anchorage
area of the side cable of the main bridge and the support of the pylon, but the shear lag effect at point
A is more severe. The shear lag coefficient at the position of the bridge tower also changes suddenly.
Due to the influence of the concentrated load, the shear-shear lag effect of points A and E grows

increasingly obvious in the direction of the mid-span.

5.3 Longitudinal shear lag effect of steel box girder under eccentric load

Figure 11 shows the distribution law of the longitudinal shear lag coefficient at each point of the steel

box girder under an eccentric load.
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Figure 11: Longitudinal distribution of shear lag coefficient under eccentric load

The shear lag coefficient in the longitudinal direction of the steel box girder varies from 0.21 to 3.91
at point A, 0.24 to 2.6 at point B, 0.22 to 3.69 at point C, 0.47 to 2.57 at point D, and 0.18 to 1.62 at
point E. Points A, C, and E near the end of the steel box girder show more obvious positive shear lag
effects under the eccentric load, the shear lag coefficient at point A is the largest among them, at 2.88.

At the middle position of each span, the shear lag coefficient of each point tends to be stable and does
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not intensely fluctuate. In the vicinity of the middle support, the shear lag effect at point C is the most
obvious with a maximum value of 2.26. There is a large fluctuation in the shear lag coefficient at the
position where the pylon and the box girder of the main bridge are connected. The shear lag
coefficient of each point at the mid-span position is around 1.5.

Based on the above analysis, we conclude that the bridge support is a position where the shear lag
effect of the steel box girder is relatively intense. The side cable anchorage area shows a similarly
intense shear lag effect as the bridge support. There is a certain degree of change in the shear lag
coefficient near the 1/4 position of each span of the bridge, which approaches the junction of positive
and negative stress values (that is, near the junction of positive and negative bending moments). The
reaction force at the support abruptly induces the shear force, which peaks near the junction between
the web and the top plate, so the normal bending stress excessive. In the side cable anchorage zone,
the cable force causes local compression of the steel box girder section where the shear lag effect is

particularly severe.

6. Analogous rod method for cross-section stress of single-box, four-
chamber steel box girder under compressive and bending loads

Our finite element analysis indicates that in the side cable anchorage zone, cable force compresses
the steel box girder section locally and the shear lag effect is serious. We considered the analogous
rod method to have been used in the design of the thin-plate structures under analysis here. Each plate
of the box girder is a combined system of the membrane and the main rod in this case, and a set of
conditions is established according to the deformation coordination and balance conditions between
the membrane and the rods. Differential equations are solved in combination with boundary
conditions. Only one differential equation needs to be solved and the accuracy of the result satisfies
practical engineering requirements. Similarly, we used the analogy bar method to analyze the shear
lag effect acting on the cross-section of a single-box four-chamber steel box girder under compressive

and bending loads.
6.1 Basic assumptions

We made four basic assumptions in conducting this analysis. 1) The thin-walled box girder is
equivalent to a common force system composed of many idealized stiffeners and thin plates, as shown

in Figure 12. 2) After equivalent treatment, the stiffeners in the compression range bear axial force
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and the thin plate transmits shear force. 3) Based on the stress equivalence of the upper and lower
flange plates of the box girder, the equivalent thickness of the thin plate and the sum of the equivalent
area of the thin plate and equivalent front area of the stiffener is the equivalent area of the required

stiffener. 4) The vertical shear force acting on the section is borne by the web.

b1 b2 b3 b3 b2 1
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Figure 12: Single box four-chamber box girder section

Stiffener Sheet
Al A2 As A4 As
1 A2 A3 4 As

Figure 13: Thin plate and stiffener equivalent system

6.2 Equivalent calculation of thin plate and stiffener

When the bending moment M acts on a single-box, four-chamber box girder, the bending normal
stress of the upper and lower wing plates can be determined according to the bending theory of

elementary beams. The moment of inertia of the flange plate to itself is ignored and the following

. b+, ) H? H oL HP H 2 )
holds: ; _| (b 1) " 122) +(tw,+t“z)H(?—h1]}r[—”iz +t‘13H[?7hl) +2[(B+b,+b,)h? +2[ (B, +5,)h7 ] (D

The equivalent area of the upper and lower wings is:

Asim = 2[0c1 (t+t,)H + Bt sH +n (b +b,+b, )t1] @
Auf(dmrn) =2 l:az (tw] + th)H + Bt s H + 1y (bz + bs)t2:|

The equivalent thickness of the upper and lower wings is:
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te/(up) =m } 3)

Lf (o) = " ta

The equivalent coefficient derived from Egs. (1) and (2) is:

oot +¢(ﬂ—h]2 P _i+¢(£_hj2 b (b
T w2 ) P T (2 T (b b By | (4
. (H—hlj’zﬁl - [H_hljz’ 7—7(b'+b2+b3)t'h'z+hz

o, = —_— = — -2
* 12k, Hh\ 2 12h, Hh\ 2 (b, +b,)Ht,h, H

According to the basic assumptions, the upper and lower wing plates are equivalent to a stiffening

rod as shown in Figure 1. The area of each stiffening rod is shown in Table 1.

Table 1: Stiffener area formula table

Stiffener position Stiffener number Stiffener area formula
b,
External rod of top plate A A ot H +'71(b| +?2j11
b, +b
Top plate inner rod A A, altv\‘2H+nl(%jtl
Middle top pole 4, Bit, s H + bty
External rod of bottom L b
A]‘ As oyt H Jr’72(571 +*2)t2
plate 2
' ' b2 +b3
Internal rod of bottom plate 43+ 4 oyl H +1, 5 15
Middle rod of bottom plate 4 Pt s H +mybst,

6.3 Differential equations

Half of the width of the girder is taken as the research object here, as the structure is

symmetrical. The stress state of the thin plate and stiffener is shown in Figure 14.
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Symmetry plane
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Figure 14: Single box four-chamber box girder top stiffener and force diagram

There are five stiffeners on the top and bottom plates. The balance equation of each stiffener

can be established based on the force state of the micro-element body:

B ()0 () 2 = ()40 ()= (2 = g ()20, (5) )

where ¢, (x) is the shear force of the web caused by the external load, ¢,(x) and g,(x) are the
unknown shear flow of the equivalent thin plate between the No. 1 and No. 2 stiffeners and

the No. 2 and No. 3 stiffeners, respectively.

Assuming that the vertical shear force at any section of the box girder is Q and the shear

force flow is borne by the web, the shear force flow is distributed according to the principle

of leverage:

()= 2 _E0G) QOGO () QG _£0() (5)

where (|, {,, and {; are the shear coefficients of the outer, inner, and middle webs,

respectively.

Z(Cl +C2)+C3 =1 7

As shown in Figure 14, taking No. 1 and No. 2 stiffeners as examples, the shear angle change

rate of the micro-block is:
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ﬂ:i(%_%j:i(gl _gz)orﬂzi(gl —0,)= 1

dx b\ ox Ox b, dx  bE

Formula ¢ = V’e/(u,,)G can be substituted into Formula (8) so that:

dg, (x) _ Glyw) (N, N,
dx bE \ 4 4
and thus:

dqi(X): Gtef(up)él_ Nﬁli?
dx b, EEA, A, f

So for No. 2 and No. 3 stiffeners:

dq, (x) _ Gt € N, &9
dx  bE ¢A, A

and the control differential equation can be obtained by combining Egs. (9) and (11):

dqu(x)_ Gtcf(up)é dN, dN, 0_ 0

i
&

dx  bE EAdx Adxi &
. Y

dzqz(x)_ Gtef(uplc dN, _ dN; S: Od:
d,x bE EAdx Adxi |

Substituting Formula (5) into Formula (12) yields:

b,E

Nl N2
4 4

iﬂﬂf%wﬁ‘f‘y@p;%m}gﬂﬂf%urim@ﬂ

4 A
2 Gt Gt

dq, (x)_ of (up) i‘]z (x)+ 12 0 (x)|= gep) | 1
dx  bE | 4 4 4 bE |4,

and adding Egs. (6) into (12) allows us to simplify it as:

dyx bE bE

1

d’q,(x

dzqz (x)
e

+(sz ¢y )qz(x)_czqu(x): [522(2 -

Gt
where o =—2" 4 _
" b, E !

i+l

G ol 20,
(i, j=1,2) 5 cpy=—+=.
A/( J ) 23 4,

i )+(cll +clz)q1(x)*clzq2(x): (CHCI 7012C2)

s

95> (x)—

5

o(x)

1

4

O(x)

S

a0 )

)

®)

(€))

(10)

(1)

(12)

(13)

(14)



NUMERICAL AND THEORETICAL RESEARCH ON SPATIAL SHEAR LAG EFFECT...

647

6.4 Differential equation solving

We used the operator method to solve the differential equation. The matrix form of Eq. (14)

is:

{D2+511+612 ~C :||:q1(x)j|_ Cll(lic'zédz Q(x)

—Cp D2+sz+cz3 qz(x)

As per Cramer’s Rule:

ey =l —Cp Q(x)
[N 2
G = 232 S Dty S
ql(x = >
D" +c¢ +c, —Cp
-c, D? +Cyy + 0y
D +c+ep 0 —epl, (x)
s
—Cyn s~ 2 5
q2(x)= 2
D" +c, +c, -,
—Cy D’ +Cy +Cpy

(15)

(16)

When a distributed and concentrated load is applied, the web bears all the corresponding shear

flow, this shear flow at the web is evenly distributed along the vertical direction. 0"(x)=0

and the shear function of the web is:
D’Q(x)=0

Substituting Eq. (17) into Eq. (16) reveals the unknown shear flow:

|:Cl 1 (czz +Cy )Cl - CIZCZS({Z + iﬂ @

2 5
2 2
(D +Cn+clzXD +sz+cz3)_clzczz

|:CI €+ &) =exle + Clz)%}Q

2 2
(D +cll+C]2XD +sz+cz3)_clzczz

ql(x):

%(x):

1
Let A=c +c,+ey » B=ceptoeyte,ey » Co= g{c“(czz +C23)(l _Cucz{(z +

C, :é{cnczz(g +0,)-cyley, +Clz)%} , then Eq. (18) can be simplified as:

(17)

(18)

Qﬂ and
2
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DAql(x)+AD2ql(x)+Bql(x)=CIQ(X) } (19)
D4qz (x)+ ADZ‘]Z (x)+ By, (x) = CzQ(x)

which is the fourth-order non-homogeneous equation with constant coefficients about “sum”.

Let;: %(—Ai«/Az —43), then the general solution is:

q, (x) = x,chax + y,shax + y,chpx + y,shpx + Q Q(x)
B (20)

4,(x) = ¢,chax + ¢, shax + ¢;chfx +¢ ,shfx + % O(x)

Constants Y, X,, X, and x, can be determined by the boundary condition. The constants ¢
, G5, G, and ¢, can be obtained by substituting “sum” into Eq. (14). The axial force of each

stiffener can be obtained by substituting ¢, (x) and qz(x) into Eq. (5):

N, = —ﬁshax—ﬁchax—ﬁshﬂx—@chﬂx-#(é—gij(x)dx-%—a
o 4 B B 5 B

N, = D76 x4+ 22762 x4+ 2”5 shﬁx+ —S chpx

a a B p 2n
+[%2 G- C)jQ )dx +C,
v g 2 2, 2, (C; ]
, = —tshax + =2 chax + —=> shfx + =+ chfx + IQ( Ydx +C,
o o p p

where C,, C,, and C, are constants and o, =0, 0;=0,. The stress of each stiffener is:

o, =

Nii_
v (i=123) (22)

i

6.5 Case analysis

The total section width of the single-box, four-chamber, simply supported steel box girder is B=43.3
m. The width of the cantilever plate is »1=6.35 m, the width of the inner wing (outer bottom plate) is
b>=8 m, and the width of the middle wing (inner bottom plate) is »3=7.3 m. The thickness of the web
and the upper and lower bottom plates are both 16 mm and the section height of the beam is #=3m.
The single-box, four-chamber, simply supported beam section has a span L =54m, material of Q345E

steel, elastic modulus E =2.06x10°MPa, and Poisson's ratio x=03. Its cross-sectional dimensions are
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shown in Figure 15. The flanges on the inner web of the beam act separately: concentrated load F=200

kN, uniform load ¢=50 kN/m, and beam section axial force N=500 kN. The area of the axial force is

defined by the corresponding points A and A; of the stiffener.

F [ L B , 1 S
[ [y ] ] B

6350 8000 _ 700 ‘7 7300 8000 L6350 e
43300 | =

1354

Figure 15: Single-box four-chamber steel box girder section (unit: mm)

The finite element model of the space plate and shell element was established under the above
parameters. The box girder section stress under concentrated load “(a)” and uniform load “(b)” was

calculated via the analogous rod method. The model is shown in Figure 16.

Figure 16: Steel box girder space plate element model

The stress comparison of the mid-span section is as follows.

Table 2: Cross-section stress in mid-span (unit: MPa)

Load type (a) Uniform load (b) Concentrated load
Stiffener
Theoretical Data Theoretical Data
corresponding Errors Errors
) solution analysis solution analysis
point
Al 1.01 1.13 11.8% 3.12 3.30 5.8%
A2 1.70 1.52 10.6% 3.53 3.39 3.9%
A3 0.50 0.57 14.0% 2.74 3.01 9.9%

As shown in Table 2, under the influence of loads (a) and (b), the theoretical analysis results are in
close agreement with the finite element analysis results. It is feasible to use the analogous rod method

to analyze the box girder section stress under compressive and bending loads.
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7. Conclusion

The control section of the steel box girder of a self-anchored suspension bridge was analyzed in this study
before versus after the system conversion in the construction stage. The longitudinal shear lag effect
under different loads at the completion stage were analyzed as well. The cross-section stress of the girder
under compressive and bending loads was deduced by the analogous rod method. The conclusions can
be summarized as follows.

(1) During the construction stage, the bridge is transformed from a multi-span continuous system to a
self-anchored suspension system. The shear lag coefficient of the main girder steel box girder changes
significantly in the side cable anchorage area and the bridge tower before versus after the system
conversion due to the different stress mechanisms of the two.

(2) In the bridge completion stage, under the action of uniformly distributed load, the shear lag
coefficients at the side support, side cable anchorage area, and bridge tower position of the steel box
girder change significantly. Under the action of concentrated load, positive and negative shear lag act in
tandem on the anchorage area of the side cable at the support. Under an eccentric load, there are sudden
changes in the shear lag coefficient at the support, the side cable anchorage area, and the junction of the
positive and negative stress values. The shear lag coefficient in each span tends to be stable.

(3) A theoretical analysis of the shear lag effect on girder under compressive and bending loads was also
carried out using the analogous rod method. It was assumed that the stiffening bar in the compression
range bears axial force, the thin plate transmits shear force, and the vertical shear force acting on the
section is borne by the web. The shear lag effect of the statically determinate structure was solved by
deriving differential equations. The theoretical results and finite element analysis results are in

agreement.
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