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*e existing studies have shown that parapets have great influence on the girder distribution factor (GDF) of bridges. However,
there is no method in the design guide to estimate the GDF considering the effect of parapets. *is research aims to develop a
simplified method for estimating the GDF by considering the effect of parapets. First, a simply supported steel-concrete composite
girder bridge was tested to investigate the effect of parapets on the GDF. *en, finite-element (FE) model was established and
verified by the field test data of strain and deflection. In addition, error study showed that the bending stiffness of the bridge was
increased by about 92% and 19.1%, respectively, due to the effects of parapet and continuous layer. As the effect of the continuous
layer on each girder was relatively uniform, the simplified method was optimized only considering the effect of the parapet.
Finally, the effect of the parapet on the GDF was compared and discussed. Considering the effect of the parapet, the GDF of the
exterior girder calculated by the simplified method and FE analysis decreased by about 26.92% and 23.53%, respectively, and the
adjacent interior girder decreased by about 15.22% and 12.77%, respectively. Comparing the GDF calculated by the AASHTO
LRFD specifications, the GDF calculated by the simplified method decreased by about 30.77% in the exterior girder and 41.30% in
the interior girder, respectively. *e results indicate that the method of calculating the GDF without considering the effect of the
parapet in AASHTO LRFD specifications is conservative. *e GDF calculated by the simplified method was basically close to the
field test results, meaning that the proposed simplified method considering the effect of the parapet was relatively accurate.

1. Introduction

Girder distribution factor (GDF) of bridges has been broadly
used to simplify the analysis of transverse effect caused by
live loads since the 1930s and can be obtained by analytical
methods, finite-element (FE) analyses, field tests, and lab-
oratory tests.

“S-D” method in AASHTO Standard specification was
used to calculate the GDF [1, 2]. In this method, the GDF is
linearly related to the spacing (S) of girders, while “D” is a
constant related to the type and geometric properties of the
bridge [2, 3]. Before the 1990s, most investigations were
focused on revising the parameter D by analytical methods
or field tests [4–6]. After the 1990s, with the development of

finite-element technology, Zokaie et al. [7, 8] investigated
the influence parameters of the GDF by FE analysis and
proposed the equations including span, spacing of girders,
longitudinal stiffness of girders, and thickness of a concrete
deck to calculate the GDF for moment of interior girders,
while the GDF for moment of exterior girders was obtained
based on the revision of equation for interior girders by the
cantilever width of the deck. *e GDF for shear of the
interior girder was calculated by the “S-D” or lever rule
method, and the GDF for shear of the exterior girder was
also modified by the results of the interior girder. *e
equations were adopted by AASHTO LRFD specifications
[9], and the GDF for moment of composite girder bridges
with two or more lanes in interior girders was given by
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where S is the girder spacing; L is the span length; Kg �

n(I + Ae2g) is the longitudinal stiffness, in which n is the
modular ratio between steel and concrete, I is the girder
moment of inertia, A is the girder area, eg is the eccentricity
between centroids of the steel girder and the deck; and tc is
the deck thickness. For simplification, Phuvoravan et al. [10]
modified the GDF calculation method based on AASHTO
LRFD specifications as

GDF � 0.15 + 0.73
S
0.8

L
0.3e

(L/590)
g . (2)

Huo et al. proposed Henry’s method [11] andmodified it
later [12, 13]. *e modified Henry method with two or more
lanes for moment was given by

GDF � 1.09
RW

10Ng

 , (3)

where R is the multiple presence factor; W is the width of
lanes; and Ng is the number of girders. Some investigations
modified the GDF calculation methods of curved [3, 14, 15]
and skewed [16, 17] bridges based on AASHTO Standard
specification and AASHTO LRFD specification.

However, it was found that these methods overestimated
the GDF and underestimated the stiffness of the bridge
[18–20]. *e reason was that the methods ignored the
contribution of secondary members, such as parapets
[21–25]. Field tests also proved that the stiffness and capacity
of bridges were larger than the predicted value by specifi-
cations [26–29].

Several researchers have investigated the effect of sec-
ondary members on the GDF of bridges, and some quan-
titative conclusions have been drawn. Mabsout et al.
analysed 120 bridges to explore the influence of sidewalks
and railings on the GDF by FE analyses [22] and field tests
[23].*e results show that the exterior girder can resist more
of the live load by considering the effects of sidewalks and
railings; thereby, the load-carrying capacity of the bridge can
be increased by about 30%. Eamon and Nowak [24] in-
vestigated the effect of edge-stiffening elements and dia-
phragms on the GDF with a steel-concrete composite girder
by FE analysis. *e results suggest that the GDF can be
reduced by about 10% to 40% in the range of elasticity by the
secondary elements, while about 5% to 20% in the range of
inelasticity. Conner and Huo [26] explored the effect of
parapets on the GDF by comparing the results of FE analysis
with the AASHTO standard and AASHTO LRFD specifi-
cations. *e research shows that the GDF can be reduced by
about 36% for exterior girders by the parapet and 13% for
interior girders. Chung et al. [27] investigated the effect of
lateral bracing, parapets, and deck cracking on the GDF by
FE analysis. *e results show that the lateral bracing and
parapets may decrease the GDF up to 40% lower than the
AASHTO LRFD values. Longitudinal cracking may increase
the GDF up to 17% than the AASHTO LRFD values, while

the transverse cracking was not significantly influencing the
GDF. Akinci et al. [30, 31] proposed a spring analogy
method to predict the effect of parapets on steel-concrete
composite girder bridges under overload vehicles by FE
analysis. *e research shows that the GDF can be reduced by
about 30% by continuous parapets. Roddenberry et al. [29]
investigated the effects of parapets on the GDF with a Florida
Bulb-Tgirder bridge and an AASHTOType-IV girder bridge
by field tests. It was found that the parapet could decrease the
strains in the exterior girder, and an expansion joint in the
parapet caused a localized strain increasing in the exterior
girder, while the joint had a small effect on the interior
girder.

Although many researchers have investigated the effect
of parapets on the GDF by FE analyses or field tests, there
was no simplified method to estimate the GDF considering
the effects of parapets. Obviously, field tests not only took a
long time and costed a lot but also needed to be carried out
after the bridge was built. FE analysis was easy enough to
model girder bridges and was able to provide exact stress
distribution to calculate the GDF; however, the simplified
analysis method could more directly reflect the physical
influence factors of the GDF, and the designers could better
understand the mechanism of the simplified method and
optimize the design.*erefore, the purpose of this paper was
to develop a simplified method (optimization of the mod-
ified eccentric load method) to estimate the effect of parapets
on the GDF. First, a simply supported steel-concrete
composite girder bridge was tested to study the effect of
parapets. *en the accuracy of the FE model was verified by
the field test results. *e error study was subsequently
carried out to find the influence factors which caused the
large stiffness of the bridge, so the modified eccentric load
method was optimized according to the main influence
factors. Finally, the GDF obtained by the simplified method,
FE analysis, field test, and AASHTO LRFD specifications
were compared and discussed.

2. Field Test

2.1. Tested Bridge. Figure 1 shows the general layout of the
field test bridge. Figure 1(a) shows the elevation plan of the
bridge. *e total length of the bridge is 86m. -*e super-
structure of the bridge consists of four-span simply sup-
ported steel-concrete composite girders.*e total length and
span of each simply supported girder are 20m and 19.4m,
respectively. At abutments, there are two expansion joints in
the bridge. At piers, the distance between adjacent span is
40mm, and there is a continuous layer with a length of 80m
above the deck. Figure 1(b) shows the cross section in
midspan of the bridge. Materials of the steel girders, cross-
beams, and stiffeners are all Q345qD steel. *e spacing
between the adjacent steel girders is 2.0m, and the depth of
the steel girder is 0.90m. *e size of top flanges, webs, and
bottom flanges of the steel girder are 350mm× 18mm,
858mm× 16mm, and 400mm× 24mm, respectively. *ere
are three cross-beams with a distance of 9.7m along the
longitudinal direction of the bridge. *e depth of the cross-
beam is 250mm. *e size of flanges and webs of the cross-

2 Advances in Civil Engineering



beams are 125mm× 12mm and 226mm× 9mm, respec-
tively. Materials of the deck and continuous layer are both
C50 concrete, while the parapet is C30 concrete. *e general
thickness of concrete deck is 0.19m, while the enhanced part
of the concrete deck near the steel girder is 0.27m.*e depth
and bottom width of the parapet are 1.15m and 0.45m,
respectively. As an anticollision structure, the parapet is
continuous for the whole span of 20m. *e steel girder and
concrete deck are connected by shear studs to form the
composite section. *e height and diameter of shear studs
are 12 cm and 22mm, respectively. *e diameters of rein-
forcements in the concrete deck, continuous layer, and
parapets are all 16mm.

2.2. Field Test Procedure. Figure 2 shows the axle weight and
position of trucks in the field test. Four trucks, in order A, B,
C, and D, were used to achieve four-step loading. *e
distance between rear axle and midrear axle is 140 cm, while
between front axle and midrear axle is 350 cm. *e lateral
wheel spacing is 180 cm. *e total axle weight of the truck
was kept in about 400 kN with front axle of 80 kN and rear
axle and midrear axle of 160 kN. Table 1 shows the actual
axle weight of the truck in the field test. *e actual weight of
each axle of the truck is little different from the required axle

weight by the field test, and the actual total axle weight of
each truck is basically kept at 400 kN. *e distance between
the inside edge of parapet and loading trucks of the outside
edge was 50 cm, and the distance between two trucks along
lateral direction was 130 cm.*e distance between rear axles
of two trucks along longitudinal direction was 500 cm.

Figure 3 shows the position and layout of sensors on steel
girders at the midspan cross section of the bridge. Seventy-
two strain gauges of 120-3AA were arranged on the surface
of six steel girders, and the number of strain gauges on the
surface of the top flange, web, and bottom flange of each steel
girder are 2, 6, and 4, respectively. Six dial gages of LINKS 0-
30 were arranged at the bottom of the steel girders. Figure 4
shows the position and layout of sensors on the concrete
deck and cross-beams at the midspan cross section of the
bridge. Ten (number 1∼10) and 6 (number 11∼16) strain
gauges of 120-80AA along the longitudinal direction and
lateral direction of the bridge were arranged at the bottom
surfaces of the concrete deck between adjacent steel girders,
respectively. Totally, 50 and 30 strain gauges of 120-80AA
were arranged, respectively. Forty strain gauges of 120-3AA
were arranged on the surface of five cross-beams, and the
number of strain gauges on the surface of the top flange, web,
and bottom flange of each cross-beam are 2, 4, and 2,
respectively.
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Figure 1: General layout of the field test bridge (unit: mm): (a) elevation plan (b) cross section in midspan.
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Figure 5 is the photos of four-step loading of the field
test. Before the field test, loading and unloading were applied
1 to 2 times to eliminate the inelastic deformation of the
structure. *en strain gauges and dial gages were checked to
ensure the equipment in normal working condition and set
back to zero. When each truck reached the predetermined
position, the engine was shut down. After all the data were
stabilized, the strain data were collected and recorded by
TDS 601, while the deflection data were read and recorded
by field testers, as shown in Figure 6. *e bridge was
unloaded in the opposite sequence with the loading.

Table 2 is the result of the loading efficiency under the
4th step loading. *e positive bending moments in midspan
under the field test loading and most unfavorable condition
were 1420 kN·m and 1316 kN·m, respectively. *e impact

factor was 1.117, so the loading efficiency was 0.97, meeting
the requirements (0.85∼1.05) in the specification [32].

According to lot of experiments, the GDF of the ith
girder could be calculated by the ratio of strain [33] value or
deflection [34] value of the ith girder to the sum of strain
values or deflection values of all girders as

GDF �
εi


Ng

i�1 εi

· NL,

GDF �
Δi


Ng

i�1 Δi

· NL,

(4)

where εi is the maximum strain value of the bottom flange of
the ith steel girder; NL is the number of lanes; Ng is the
number of girders; and Δi is the maximum deflection value
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Figure 2: Axle weight and position of trucks (unit: cm): (a) axle distance; (b) lateral wheel spacing; (c) axle weight; (d) trucks position along
lateral direction of the bridge; (e) trucks position along longitudinal direction of the bridge.

Table 1: Actual axle weight of the truck in the field test.

Truck
no.

Axle distance (m) Axle weight (kN)
Total axle weight

(kN)Rear axle to midrear axle
(m)

Front axle to midrear axle
(m)

Front axle
(kN)

Midrear axle
(kN)

Rear axle
(kN)

A 1.4 3.5 82.2 153.2 158.4 393.8
B 1.4 3.5 93.4 145.2 156.2 394.8
C 1.4 3.5 87.4 149.5 164.5 401.4
D 1.4 3.5 92.0 151.8 157.2 401.0
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Figure 3: Position and layout of sensors on steel girder at the midspan cross section of the bridge (unit: cm): (a) general layout and (b)
detailed layout of strain gauges and dial gages.
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Figure 4: Position and layout of sensors on concrete deck and cross-beams at the midspan cross section of the bridge (unit: cm): (a) general
layout and (b) detailed layout of strain gauges.
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of the ith steel girder. Eom and Nowak [35] and Stallings and
Yoo [36] modified the calculating equation of the GDF when
the geometric properties of each girder are different as

GDF �
Mi


Ng
j�1 Mj

· NL �
ESiεi


Ng
j�1 ESjεj

· NL �
Si/Slεi


Ng
j�1 Sj/Slεj

· NL

�
εiωi


Ng
j�1 εjωj

· NL,

(5)

where Mi is the moment value of the ith girder; E is the
elastic modulus of materials; Si is the section modulus of the
ith girder; Sl is the section modulus of the typical interior
girder; ωi is the ratio of the section modulus of the ith girder
to the typical interior girder.

3. FE Analysis

ABAQUS 6.14 was used for FE analysis. Since the parapet
was continuous for the whole span of 20m, the depth and
longitudinal bending stiffness of the parapet are 1.15m and
1.07×1015Nmm2, respectively, while the composite girder
are 1.17m and 2.72×1015Nmm2, respectively. *e bending
stiffness ratio of the parapet to the composite girder is about
39.34%; therefore, the influence of the parapet could not be
ignored.

3.1. Constitutive Relationship of Steel and Concrete. *e
constitutive relationship with the form of three-fold lines
was used to represent the material properties of Q345qD
steel, as shown in Figure 7(a). *e yield strength fy, design
strength fyd, and ultimate strength fu of steel are 345MPa,
270MPa and 580MPa, respectively. *e elastic modulus Es
is 206,000MPa.*e yield strain εy is 1.2 fy/Es. *e maximum
strain εt of flat line is 10 εy, and the ultimate strain εu is 100 εy.

Figure 7(b) shows the constitutive relationship of the
concrete.*e uniaxial tension stress-strain curve of concrete
can be obtained by

σt � 1 − dt( Ecεt,

dt �

1 − ρt 1.2 − 0.2x
5

 , x≤ 1,

1 −
ρt

αt(x − 1)
1.7

+ x
, x> 1,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

x �
εt
εt,r

,

ρt �
ft,r

Ecεt,r
,

(6)

where σt and εt are the tension stress and strain of concrete,
respectively; Ec is the elastic modulus of concrete (MPa), for
C50 and C30 concretes, Ec is 34,500MPa and 30,000MPa,
respectively; dt is a damaged coefficient under uniaxial
tension of the concrete; αt is a coefficient representing the
falling rate of the stress-strain curve under uniaxial tension
of the concrete, for C50 and C30 concretes, αt is 2.21 and
1.62, respectively; ft,r is the representative value of the
uniaxial tension strength of the concrete, for C50 and C30
concretes, ft,r is 2.65MPa and 2.01MPa, respectively; and εt,r
is the peak tension strain of the concrete corresponding to
the representative value ft,r, for C50 and C30 concretes, εt,r is
110×10−6 and 95×10−6, respectively.

*e uniaxial compression stress-strain curve of concrete
can be obtained by

σc � 1 − dc( Ecεc,

dc �

1 −
ρcn

n − 1 + x
n, x≤ 1,

1 −
ρc

αc(x − 1)
2

+ x
, x> 1,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ρc �
fc,r

Ecεc,r
,

n �
Ecεc,r

Ecεc,r − fc,r
,

x �
εc
εc,r

,

(7)

where σc and εc are the compression stress and strain of
concrete, respectively; dc is a damaged coefficient under
uniaxial compression of the concrete; αc is a coefficient
representing the falling rate of the stress-strain curve under
uniaxial compression of the concrete, for C50 and C30
concretes, αc is 1.45 and 0.75, respectively; fc,r is the rep-
resentative value of the uniaxial compression strength of
concrete, for C50 and C30 concretes, fc,r is 32.4MPa and
20.1MPa, respectively; and εc,r is the peak compression
strain of the concrete corresponding to the representative
value fc,r, for C50 and C30 concretes, εc,r is 1678×10−6 and
1472×10−6, respectively.

3.2. InteractionSimulationandElementType. Figure 8 shows
the interaction relationship and element type of members in
the composite girder bridge. *e interfacial relationship
between the steel girder and the concrete deck is composed
of normal contact and tangential bond slip. *e bottom

Table 2: Loading efficiency under the 4th step loading.

Field test condition Loading effect of
field test (kN·m)

*e most unfavorable
condition (kN·m)

Impact
factor Load efficiency Field test

content
Loading
type

Eccentric
loading

Positive bending
moment in
midspan

1420 1316 1.117 0.97�1420/
(1316×1.117)

Stress and
deflection

Step
loading
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surface of the deck was set as the main surface, while the top
surface of the steel girder was set as the slave surface. *e
normal contact between steel girder and deck is “hard
contact”, which transferred the interfacial pressure. *e
tangential bond slip has been ignored because the longi-
tudinal shear force of steel-concrete interface could be fully
resisted by shear studs. *e reinforcements were embedded
into the concrete deck to simulate their contact relationship.

*e steel girder and concrete deck are connected by
shear studs, which are simulated by spring elements. *e
vertical stiffness could be obtained by Sutton et al.’s [37]
modified equation, while the longitudinal and lateral stiff-
ness of the springs could be calculated by

kss � 13.0dss

�����

Ecfck



, (8)

where kss is the shear stiffness of studs (N/mm); dss is the
diameter of studs (mm); Ec is the elastic modulus of the
concrete (MPa); and fck is the standard value of the com-
pression strength of the concrete (MPa), usually takes
fck � fc,r.

Steel girders, cross-beams, and stiffeners are all thin-
walled members, whose thicknesses are much smaller than
the dimension of other directions. *erefore, these
members are simulated by the 4-node doubly curved thin
or thick shell, reduced integration, hourglass control, fine-
membrane strains (S4R). *e concrete deck, continuous
layer, and parapets are simulated by 8-node linear brick
element, reduced integration, hourglass control element
(C3D8R). *e reinforcements are simulated by truss ele-
ments T3D2.
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Figure 7: Constitutive relationship of materials: (a) steel and (b) concrete.
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3.3. Model Verification. Figure 9 shows the results of the
calculated value by FE analysis and field test value of
composite girder under the 4th step loading, including the
strain and deflection of the steel girder, as shown in
Figures 9(a) and 9(b), respectively, the longitudinal and
lateral strain of the concrete deck, as shown in Figures 9(c)
and 9(d), respectively, and strain of the cross-beam, as
shown in Figure 9(e). Table 3 is the results of one-way
analysis of variance between the values of the FE analysis and
field test. *e longitudinal strain of the bottom flange of the
steel girder εsx was taken as an example for illustration.
Under the significance level of 0.05, the statistic value F is
less than the critical value F0.05 (or the significance level p is
greater than 0.05), which indicates the single factor εsx is
lightly affected by two different levels (the FE analysis and
field test). *erefore, the difference of the εsx between the FE
analysis and field test is small. For lateral bracing, only cross-
beams 2# and 3# with the biggest strain difference between
two levels were analysed. All single factors are lightly affected
by two different levels (FE analysis and field test), except for
the longitudinal strain of the concrete deck εcx (F> F0.05 or
p< 0.05). *e reason is that the field test position of the εcx
was close to the neutral axis of the composite section, and the
small values of strain cause significant deviation between
two different levels. In general, the FE analysis can be
considered properly predicting the strain and deflection of
the composite girder.

4. Error Study

Figure 10 shows the field test and linearly fitting longitudinal
strain of the steel girder along girder depth under the four-
step loading. *e bottom flange of the steel girder was set as
vertical zero point (coordinate z). It shows that the longi-
tudinal strain of the steel girder has a significant linear
relationship along the girder depth, which indicates that the
bridge is in an elastic working condition under field test
loading. Moreover, the intercepts of fitted lines of the strain
are in the depth about 100 cm to 120 cm, which means that
the position of the neutral axis of the composite girder can be
regarded in this range.

Table 4 shows geometric properties of the composite
girder. *e theoretical position of the neutral axis of the
composite girder is 86.74 cm from the bottom flange of the
steel girder as shown in Case 3, and significantly different
from the field test value.*e reason for the difference may be
related to the factors including the elastic modulus of the
concrete deck, continuous layer, asphalt pavement, and
parapets. When the elastic modulus of the concrete deck
increases from 30,000MPa (C30) to 36,000MPa (C60), the
neutral axis increases by about 3.0% along girder depth, and
the bending stiffness of composite girder increases by about
4.6%, as shown in Cases 1 to 4. *erefore, the elastic
modulus of the concrete deck has little effect on the bending
stiffness of the composite girder and could be ignored.When
considering the bending stiffness of the continuous layer and
asphalt pavement, by comparing Case 5 and Cases 6 to 3, it
was found that the neutral axis of the composite girder
moves upward by about 8.3% and 0.3%, respectively, while

the bending stiffness increases by about 19.1% and 0.6%,
respectively. *us, the continuous layer has great effect on
the bending stiffness of the composite girder and could not
be ignored, while the asphalt pavement could be ignored.
Owing to the similar depth between parapets and composite
girders, the position of the neutral axis of the composite
girder is significantly affected by the parapet. By comparing
Case 6 and Case 7, Case 8 and Case 9, Case 10 and Case 11,
the neutral axis of the composite girder with parapets moves
upward about 28.9%, 16.9%, and 12.0% in the single girder,
twin girders, and three girders, respectively, and the bending
stiffness increases about 2.30, 1.32, and 0.92 times, respec-
tively. *erefore, the parapet has great effect on the bending
stiffness of the composite girder and could not be ignored.

For the purpose of comparison, a nondimensional pa-
rameter named ratio of bending stiffness error was defined as

rbs �
EI′ − EI0

EI0
, (9)

where EI′ and EI0 are the bending stiffness of the composite
girder with parapets and without parapets, respectively and
hh and hc are the depth of parapets and composite girders,
respectively. It is obvious that the larger the rbs, the greater
the effect of parapets on the composite girder.

Figure 11 shows the ratio of bending stiffness error.
When hh/hc equals 0.10, rbs is 10%, 6% and 4% for single
girder (twin girders by symmetry), twin girders (four girders
by symmetry) and three girders (six girders by symmetry),
respectively, while rbs is 26%, 14% and 9%, respectively,
when hh/hc equals 0.20. It was found that the effect of the
parapet is decreasing with the number of main girders in-
creasing, and the effect of the parapet can be ignored for
single girder and twin girders only when the value of hh/hc
less than 0.10, while hh/hc should be less than 0.20 for three
girders.

5. Simplified Method of Calculating
GDF by considering the Stiffness of Parapets

According to the field test and theoretical results of the
bending stiffness of the composite girder, the secondary
members such as continuous layer and parapets had great
effect on the bending stiffness of composite girders. Since the
effect of the continuous layer on each steel girder was rel-
atively uniform, this paper optimized the calculating method
of the bridge GDF by only considering the stiffness of
parapets.

5.1. Optimization of Modified Eccentric Load Method

5.1.1. Assumption

(i) No uplifting and slippage occur in the steel-concrete
interface

(ii) *e cross section remains rigid, and there are no
distortion and local buckling

(iii) Ignoring the influence of asynchrony deformation
between parapets and decks during construction

Advances in Civil Engineering 9
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Figure 9: Results of the calculated value by FE analysis and the filed test value of composite girder under 4th step loading: (a) longitudinal
strain of the bottom flange of the steel girder; (b) vertical deflection of the steel girder; (c) longitudinal strain of the bottom surface of the
concrete deck; (d) lateral strain of the bottom surface of the concrete deck; (e) strain of the cross-beam.
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(iv) Ignoring the influence of the transverse slope of the
bridge, the cross section is symmetric about the
centre line of the bridge

5.1.2. Centre Load P � 1. Based on the assumption, the
deflections of each main girder and parapet were the same
under centre load and could be calculated by

ω1 � ω2 � · · · · · · � ωn � ω1′ � ω2′ � ωm
′ , (10)

where ωi is the deflection of the main girder under centre
load (i� 1, 2, 3,. . ., n) and ωj

′ is the deflection of the parapet
under centre load (j� 1, 2, 3,. . ., m).

By converting the concrete deck into the steel deck
according to the ratio of elastic modulus, the relationship

Table 3: One-way analysis of variance between the calculated value of FE analysis and the field test value.

Position Content Sum of squares of
deviations SS

Degree of
freedom df

Mean
square MS

Statistic
value F

Critical
value F0.05

Significance
level p

Bottom flange of
the steel girder

Longitudinal strain
εsx (×10−6) 61.64 1.00 61.64 0.02 4.97 0.90

Vertical deflection ω
(mm) 0.73 1.00 0.73 0.10 4.97 0.76

Bottom surface of
the deck

Longitudinal strain
εcx (×10−6) 1261.68 1.00 1261.68 31.82 4.04 8.82×10−7

Lateral strain εcy
(×10−6) 11.44 1.00 11.44 0.02 4.26 0.89

2# cross-beam Strain εcs,y (×10−6) 0.36 1.00 0.36 0 5.98 0.98
3# cross-beam Strain εcs,y (×10−6) 135.77 1.00 135.77 0.60 5.99 0.47
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Figure 10: Longitudinal strain of the steel girder along girder depth: (a) 1# girder; (b) 2# girder; (c) 3# girder; (d) 4# girder; (e) 5# girder; (f )
6# girder.
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Table 4: Geometric properties of composite girder.

Case Name Cross section
Distance between neutral
axis and bottom flange z

(cm)

Bending stiffness
EI (N·mm2)

1 C30 deck (Ec � 30,000MPa)

Concrete
deck

Steel girder

84.77 2.63×1015

2 C40 deck (Ec � 32,500MPa) 85.91 2.68×1015

3 C50 deck 86.74 2.72×1015

4 C60 deck (Ec � 36,000MPa) 87.32 2.75×1015

5 C50 deck (Ec � 34,500MPa) and
continuous layer

Concrete
deck

Steel girder

Continuous layer

93.96 3.24×1015

6 C50 deck and continuous layer and
asphalt layer

Concrete
deck

Steel girder

Continuous
layer

Asphalt pavement

94.21 3.26×1015

7
C50 deck and continuous layer and
asphalt layer and C30 parapet (single

girder)

Steel girder

Continuous layer
Asphalt pavement

Guardrail

Deck

121.10 1.07×1016

8
C50 deck and continuous layer and
asphalt layer and C30 parapet (twin

girders)

Steel girder

Continuous layerAsphalt pavement

Guardrail

Deck
110.11 1.51× 1016

9 C50 deck and continuous layer and
asphalt layer (twin girders)

Concrete
deck Steel girder

Continuous layerAsphalt pavement

94.21 6.52×1015

10
C50 deck and continuous layer and
asphalt layer and C30 parapet (three

girders) Concrete
deckSteel girder

Continuous layerAsphalt pavement
Guardrail

105.50 1.88×1016

11 C50 deck and continuous layer & asphalt
layer (three girders) Concrete

deckSteel girder

Continuous layerAsphalt pavement

94.21 9.78×1015
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between load and deflection of main girders and parapets in
the midspan of a simply supported girder bridge are

ωi �
RiL

3

48E1Ii

, (11)

ωj
′ �

Rj
′L3

48E2Ij
′
, (12)

where E1 and E2 are elastic modulus of main girders and
parapets, respectively; Ii and Ij

′ are inertia of moment of
main girders and parapets, respectively; Ri and Rj

′ are the
distributed load by main girders and parapets, respectively;
and L is the span of the bridge.

Since E1, E2, and Lwere constants, formulas (11) and (12)
could be rewritten as

Ri � αωiIi, (13)

Rj
′ � α′ωj

′Ij
′, (14)

where α� 48E1/L3 and α′ � 48E2/L3.
According to the static equilibrium equation, formulas

(13) and (14) could be added to obtain the following:



n

i�1
Ri + 

m

j�1
Rj
′ � αωi 

n

i�1
Ii + α′ωj

′
m

j�1
Ij
′ � 1. (15)

Substituting formula (10) into formula (15), the de-
flection of the main girder and the parapet could be cal-
culated by

ωi � ωj
′ �

1
α

n
i�1 Ii + α′n

j�1 Ij
′
. (16)

Substituting formula (16) into formula (13), Ri could be
calculated by

Ri �
Ii


n
i�1 Ii + λ

n
j�1 Ij
′
, (17)

where λ� α′/α� E2/E1

5.1.3. Eccentric Torque M � 1 · e. Under the action of ec-
centric torque M � 1 · e, a rotation angle φ was produced as
the cross section rotated around the centre point. *e ro-
tation angle of the main girder and parapet could be cal-
culated by

ωi
″ � aitanφ, (18)

ωj
″ � aj
′tanφ, (19)

where ωi
″ is the deflection of the main girder under the

eccentric torque; ω″′j is the deflection of the parapet under the
eccentric torque; ai is the distance between the main girder i
and bridge centre line; and aj

′ is the distance between the
parapet j and bridge centre line.

Substituting formulas (18) and (19) into formulas (13)
and (14), new equations are as follows:

Ri
″ � αaitanφIi, (20)

R
″′
j � α′aj

′tanφIj
′, (21)

where Ri
″ and R″

′
j are the distributed torque by the main

girder and parapet, respectively.
Since α, α′, and tan φ were constants, according to the

static equilibrium equation, formulas (20) and (21) could be
added to obtain


n

i�1
Rj
″ai + 

m

j�1
R
″′
jaj
′ � c 

n

i�1
ai

2
Ii + c′

m

j�1
a′

2
j Ij
′ � 1 · e, (22)

where c � α tan φ and c’� α′ tanφ.
Solving formula (22), c could be calculated by

c �
e


n
i�1 a

2
i Ii + λ

n
i�1 a′

2
j Ij
′
, (23)

where e is the distance between the eccentric load and bridge
centre line.

Substituting formula (23) into (20), Ri
″ could be calcu-

lated by

Ri
″ �

eaiIi


n
i�1 a

2
i Ii + λ

m
j�1 a′

2
j Ij
′
. (24)

5.1.4. ?e Total Effect of the Eccentric Load on Each Main
Girder. Adding formulas (17) and (24) and assuming the
load was located on girder k, so the vertical coordinate value
Rik of the influence line of girder i could be calculated by

Rik �
Ii


n
i�1 Ii + λ

m
j�1 Ij
′
+

eaiIi


n
i�1 ai

2
Ii + λ

m
j�1 a′

2
j Ij
′
, (25)
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Figure 11: *e ratio of bending stiffness error.
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According to the equilibrium equation and
geometric relations, the torsional correction coefficient
β′ of the composite girder could also be deduced when
considering the effect of torsional stiffness of the parapet
as

β′ �
1

1 + l
2
G1 

n
i�1 ITi/12E1 

n
i�1 Iia

2
i + l

2
G2 

m
i�1 ITi
′ /12E2 

m
j�1 Ij
′a′2j

,

(26)

where G1 and G2 are the shear modulus of the main girder
and the parapet, respectively, and ITi and ITi

′ are the torsional
moment of inertia of the main girder and the parapet,
respectively.

Finally, considering the torsional stiffness of the bridge,
vertical coordinate value ηik of influence line of girder i could
be calculated by

ηik �
Ii


n
i�1 Ii + λ

m
j�1 Ij
′
± β′

eaiIi


n
i�1 ai

2
Ii + λ

m
i�1 a′

2
i Ij
′
,

(27)

*e symbols of equation were shown in Figure 12.
Figure 13 shows the flowchart of calculating the GDF by the
simplified method.

5.2. Comparison and Discussion. Figure 14 shows the most
unfavorable condition of calculating the GDF for each
girder. *e GDF for 1# girder and 2# girder can be cal-
culated by the results of the field test because the truck
position of the field test was the most unfavorable con-
dition for 1# girder and 2# girder. By ignoring the
transverse slope of the cross section, the GDF is equal for
two girders which is symmetric about the centre line of the
bridge. Table 5 shows the comparison results of the GDF
calculated by different methods. According to the sim-
plified method and FE analysis, compared to the GDF
without considering the effect of the parapet, the GDF of
exterior girder (1# girder or 6# girder) with the effect of the
parapet decreased up to about 26.92% and 23.53%, re-
spectively, and the adjacent interior girder (2# girder or 5#
girder) decreased up to about 15.22% and 12.77%, re-
spectively, while the middle girder (3# girder or 4# girder)
increased up to about 2.44% and 6.98%, respectively. *e
GDF was almost same for two girders which was sym-
metric about the centre line of the bridge based on the FE
analysis, so the reliability of the assumption of the sim-
plified method was further verified. Comparing the GDF
calculated by the AASHTO LRFD specifications, the GDF
calculated by the simplified method decreased by about
30.77% in exterior girder and 41.30% in interior girder,
respectively. *e results indicate that the method of
calculating the GDF without considering the effect of the
parapet in AASHTO LRFD specifications is conservative.
Moreover, the GDF calculated by the simplified method
are basically close to the field test results, which indicates

that the simplified method is relatively accurate in cal-
culating the GDF.

Figure 15 shows the GDF with different height span
ratio of the main girder hc/L. Under the constant height
span ratio of the parapet (hh/L� 1/16.9), the hc/L varied
among 1/20, 1/16.7 (field test bridge), 1/14/, 1/12.5, and
1/11, respectively. Compared to the GDF without con-
sidering the effect of the parapet, the GDF of 1# girder with
the effect of the parapet decreased about −24.31%, −23.53%,
−22.15%, −20.52%, and −18.81%, respectively, and the GDF
of 2# girder decreased about −10.95%, −10.42%, −5.12%,
−4.10%, and −3.24%, respectively, while the GDF of 3#
girder increased by about 7.52%, 6.98%, 5.90%, 5.39%, and
4.89%, respectively. According to the comparison results,
under the constant hh/L, the effect of the parapet decreased
with the increase of the hc/L. Moreover, the exterior girder
(1# girder) was more affected than the adjacent interior
girder (2# girder) and the middle girder (3# girder). It also
can be seen that the GDF increased with the increase of the
hc/L. *e GDF of the 1# girder with parapets and without
parapets increased about 8.27% and 3.47% with the hc/L
increasing from 1/20 to 1/11, respectively, and the GDF of
the 2# girder increased about 14.20% and 9.80%, respec-
tively, while the GDF of the 3# girder increased about
7.26% and 8.13%, respectively.

In order to further investigate the effect of the parapet
on the GDF of the bridge, GDFs of a six-girder bridge with
different ratio of the parapet depth to the girder depth hh/
hc were calculated, as shown in Figure 16. With the in-
crease of the hh/hc, the GDF of the 1# girder and 2# girder
decreased almost linearly, while the GDF of the 3# girder
increased almost linearly. When hh/hc equals to 0.2,
compared to the GDF without considering the effect of the
parapet, the GDF of 1# girder and 2# girder with the effect
of the parapet decreased by about −5.33% and −3.83%,
respectively, while the GDF of 3# girder increased by
about 0.80%. When hh/hc equals to 0.5, the GDF of 1#
girder and 2# girder with the effect of the parapet de-
creased about −9.47% and −5.20%, respectively, while the
GDF of 3# girder increased about 2.05%. *erefore, the
effect of the parapet on the GDF of the 1# girder and 2#
girder in the six-girder bridge could be ignored when hh/
hc is less than 0.2 and 0.5, respectively. As for 3# girder, the
effect of the parapet on the GDF could be ignored because
the GDF of 3# girder with the effect of the parapet in-
creased only about 4.76% when hh/hc equals to 1.0. It also
can be seen that the GDF of each girder tended to be the
same with the increase of hh/hc, meaning that the stress
distribution in each girder of the bridge gradually became
uniform.

Designers and researchers mainly pay attention to the
GDF of the exterior girder (1# girder) and adjacent interior
girder (2# girder) of the bridge because the maximum GDF
is usually at the exterior girder or adjacent interior girder.
Based on the maximum GDF, girders of the bridge were
usually designed in the same dimension. Although the
stiffness of the parapet was usually not considered in the
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design, the reserved strength contributed by parapets to the
bridge could be estimated by the simplified method con-
veniently, and the parapet ensured that the bridge had a

certain overload capacity. In addition, it was helpful for
better understanding the force or stress distribution of the
bridge.
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End
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Figure 13: Flowchart of calculating the GDF by the simplified method.
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Table 5: Comparisons of the girder distribution factor.

Girder
no.

Modified
eccentric
load

method

Simplified
method

(②−①)/②× 100%

FE analysis

(④−③)/④× 100%

Field
test

AASHTO
LRFD
2017 (②−⑥)/②× 100%

Without
parapet
①

With
parapet ②

Without
parapet
③

With
parapet
④

With
parapet
⑤

Without
parapet ⑥

1# 0.66 0.52 −26.92 0.63 0.51 −23.53 0.49 0.68 −30.77
2# 0.53 0.46 −15.22 0.53 0.48 −10.42 0.47 0.65 −41.30
3# 0.40 0.41 2.44 0.40 0.42 4.76 — — —
4# 0.40 0.41 2.44 0.40 0.43 6.98 — — —
5# 0.53 0.46 −15.22 0.53 0.47 −12.77 — 0.65 −41.30
6# 0.66 0.52 −26.92 0.62 0.52 −19.23 — 0.68 −30.77
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Figure 14: *e most unfavorable condition of calculating the GDF for each girder.
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6. Conclusion

*is paper developed a simplified method to estimate the
effect of parapets on the GDF.*e GDF was also obtained by
the field test and FE analysis in the investigation. *e fol-
lowing conclusions can be obtained:

(1) *e bending stiffness of the composite girder EI
increased by about 4.6% when the elastic modulus of
the concrete deck varied from 30,000MPa to
36,000MPa. Compared to the EI without the para-
pet, continuous layer, and asphalt pavement, the EI
with the parapet, continuous layer, and asphalt
pavement increased by about 92%, 19.1%, and 0.6%,
respectively.*e results indicate that the parapet and
continuous layer had a great influence on the EI and
could not be ignored, while the asphalt pavement
and the variation of the elastic modulus of the
concrete deck had little influence on the EI and could
be ignored.

(2) According to the simplified method and FE
analysis, compared to the GDF without consid-
ering the effect of the parapet, the GDF of the
exterior girder (1# girder) with the effect of the
parapet decreased up to about 26.92% and 23.53%,
respectively, and the adjacent interior girder (2#
girder) decreased up to about 15.22% and 12.77%,
respectively, while the middle girder (3# girder)
increased by about 2.44% and 6.98%, respectively.
Comparing the GDF calculated by the AASHTO
LRFD specifications, the GDF calculated by the
simplified method decreased about 30.77% in the
exterior girder and 41.30% in the interior girder,

respectively. *e results indicate that the method
of calculating the GDF without considering the
effect of the parapet in AASHTO LRFD specifi-
cations is conservative.

(3) *e GDF of the bridge increased with the increase of
the height span ratio of the main girder hc/L. *e
GDF of the exterior girder with parapets and without
parapets increased by about 8.27% and 3.47% with
the hc/L increasing from 1/20 to 1/11, respectively,
and the GDF of the interior girder increased by about
14.20% and 9.80%, respectively, while the GDF of the
middle girder increased by about 7.26% and 8.13%,
respectively.

(4) *e effect of the parapet on the GDF of the exterior
girder and interior girder in the six-girder bridge
could be ignored when the ratio of the parapet depth
to the girder depth hh/hc is less than 0.2 and 0.5,
respectively. As for themiddle girder, the effect of the
parapet on the GDF could be ignored because the
GDF of the middle girder with the effect of the
parapet increased only about 4.76% when hh/hc
equals 1.0.

(5) It indicates that the proposed simplified method
considering the bending stiffness of the parapet was
relatively accurate because the GDF calculated by the
simplified method was basically close to the field test
results. *e stiffness of the parapet was usually not
considered in the design, but the reserved strength of
the bridge contributed by the parapet could be es-
timated by the simplified method conveniently. *e
parapet also ensured that the bridge had a certain
overload capacity.
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Figure 16: *e GDF with different ratio of the parapet depth to the girder depth: (a) the GDF varies with the girder no. and (b) the GDF
varies with the ratio of girder depth to parapet depth (h)h/(h)c.
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