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Abstract. This paper presents the two-, three-, and four-lane transverse reduction factor based on FEA method, probability
theory, and the recently actual traffic flow data. A total of 72 composite girder bridges with various spans, number of lanes,
loading mode, and bridge type are analyzed with time-varying static load FEA method by ANSYS, and the probability models
of vehicle load effects at arbitrary-time point are developed. Based on these probability models, in accordance to the principle of
the same exceeding probability, the multi-lane transverse reduction factor of these composite girder bridges and the relationship
between the multi-lane transverse reduction factor and the span of bridge are determined. Finally, the multi-lane transverse
reduction factor obtained is compared with those from AASHTO LRFD, BS5400, JTG D60 or Eurocode. The results show that
the vehicle load effect at arbitrary-time point follows lognormal distribution. The two-, three-, and four-lane transverse reduction
factors calculated by using FEA method and probability respectively range between 0.781 and 1.027, 0.616 and 0.795, 0.468
and 0.645. Furthermore, a correlation between the FEA and AASHTO LRFD, BS5400, JTG D60 or Eurocode transverse
reduction factors is made for composite girder bridges. For the two-, three-, and four-lane bridge cases, the Eurocode code
underestimated the FEA transverse reduction factors by 27%, 25% and 13%, respectively. This underestimation is more
pronounced in short-span bridges. The AASHTO LRFD, BS5400 and JTG D60 codes overestimated the FEA transverse
reduction factors. The FEA results highlight the importance of considering span length in determining the multi-lane transverse
reduction factors when designing two-lane or more composite girder bridges. This paper will assist bridge engineers in
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quantifying the adjustment factors used in analyzing and designing multi-lane composite girder bridges.
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1. Introduction

Composite girder bridges remain one of the most
common types of bridges built in many countries. Due to
the presence of the bridge deck slab in the superstructure,
the live loads are not applied directly to the beams. The
concept of the transverse reduction factor allows the design
engineer to consider the transverse effect of vehicle loads in
determining the moments of beams under vehicle loads,
thus simplifying the analysis and design of bridges.
According to the approach of the load distribution,
maximum moments in beams are obtained first as if the
vehicle loads are applied directly to beams. These values
are then multiplied by the appropriate transverse reduction
factors to obtain critical vehicle-load moments of beams in
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bridges. Currently, the transverse reduction factor of the
vehicle load moment in highway bridge design is
commonly determined using the method in the JTG D60
specification (2015), AASHTO LRFD Specification (2012),
AASHTO Standard Specification (2002), British Standard
(BS5400 2006, Dawe 2003) or Eurocode Specification
(2003). JTG D60 (2015) specification assumed that the
loading of vehicle load in each lane is not related. The
relation between transverse reduction factor and Annual
Average Daily Traffic (AADT) Q of single lane, number of
lanes m and the design reference period T of structure is
established by the theory on probability of random event in
independent repeated trials. The expression of multi-lane
transverse reduction factor is obtained (Bao et al. 1995,
Zhang 2001). The transverse reduction factor of three-lane
and four-lane is 0.78 and 0.67, respectively. AASHTO
LRFD Specification (2012) assumed that the vehicle load
on bridge is under one-way traffic; the AADT of single lane
Q is equal to 5000; the design reference period T is equal to
75 year; and that the most unfavorable position of vehicle
load is loaded to the influence surface of a load effect on the
calculated section of structure. The transverse reduction
factor of three-lane and four-lane is 0.85 and 0.65,
respectively. AASHTO Standard Specification (2002) that
results obtained from analyses of three- and four-lane
bridge decks where all lanes are loaded simultaneously are
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to be multiplied by 0.90 and 0.75, respectively. British
Standard (BS5400 2006) and Eurocode specifications
(2003) adopts the form of loading a given load in terms of
multi-lane transverse reduction. In BS5400, HA load
(composed by uniformly distributed load and concentrated
load) loaded on two notional lanes, and 1/3 HA load loaded
on the other lanes. The calculation results show that the
transverse reduction factor of three-lane and four-lane is
0.78 and 0.67, respectively. Eurocode divides the lane into
four grades according to the most unfavorable lane of
action, and numbers themas @, @, @ and @. Wherein,
D is the most unfavorable lane, which is followed by @
and ; @ refers to other lanes. The lanes in different
grades have different grade of loading. The analysis results
show that the transverse reduction factor of three-lane and
four-lane is 0.52 and 0.46, respectively. It can be seen from
the above that the multi-lane transverse reduction factors
specified by China, the US and the UK are quite different;
this may be caused by incomplete factors considered in
determining transverse reduction factor. For example, the
probability model of truck load adopted by JTG D60 was
obtained through the statistical analysis on actually
measured vehicle load in 1980s for Canadian. The vehicle
condition in China is not involved. Moreover, the
interaction of abutting lane is not considered. AASHTO
LRFD specification while considering the relationship of
abutting lane, but load effect is calculated by static method,
and without considering the randomness of vehicle load.
Eurocode adopts the fixed load model, and the influence of
actual traffic flow is not considered. All these specifications
do not consider the influence of bridge span and bridge
type. Therefore, it is necessary to make a further study on
multi-lane transverse reduction factor.

At present, many scholars in domestic and abroad have
studied the transverse reduction factor of multi-lane bridge
from different angles. Meski et al. (2011) presented static
calculation for one- and two-span reinforced concrete
beam-slab bridges with different spans, different beam
spacing and different live-loading methods by FEA method.
The vehicle load effect of corresponding condition is
obtained. Through the comparison with load effect specified
by AASHTO Standard (2002), it can be found that the load
effect calculated as per specification for bridge with span
L<12 m is conservative. Moreover, through the comparison
and the analysis of wvehicle load effects calculated by
different live-loading methods, it can be obtained that
multi-lane transverse reduction factor is related to bridge
span and boundary beam. The publications (Mabsout et al.
1999, Mabsout et al. 2002, Hotowaty 2012) presented the
parametric investigation on transverse distribution factor
using the three-dimensional (3D) finite-element analysis
(FEA) of one- and two-span steel girder bridges. HS20 load
(AASHTO LRFD 2012) is loaded to all lanes and part of
lanes on bridge structure with different spans and different
beam spacing. The static calculation is conducted by 3D
FEA method. Mabsout et al. (2002) compares the
distribution factor by finite element analysis (FEA-DF) with
the transverse distribution factor (DF) calculated as per
AASHTO Standard (2002) and the Mabsout et al. (1997).
The results show that the FEA-DF is similar to the result

calculated as per NCHRP. When bridge span L>13.5 m and
the beam spacing is 3 m-3.6 m, FEA-DF is similar to the
result calculated as per AASHTO. Mabsout et al. (1999)
compared the transverse distribution factors after multi-lane
reduction, which are obtained through loading HS20 load to
part of lanes and loading HS20 load to all lanes,
respectively. The results show that the multi-lane transverse
reduction factor specified by AASHTO is relatively
conservative when bridge span >18.3 m and girder spacing
>1.83 m. To sum up, multi-lane transverse reduction factor
is related to bridge span, and the variation trend that it
changes with bridge span is given. However, in finite
element calculation, fixed form of vehicle load is loaded to
bridge structure, and static calculation is conducted based
on this. The randomness of vehicle load is not considered.
Moreover, the expression of multi-lane transverse reduction
factor and bridge span is not given.

This paper builds on the results reported in the literature
and explores in more detail a parametric study of multi-lane
distribution in one-span, two-equal-span, bridge width, span
length, shoulder width, straight composite girder bridges.
Firstly, based on measured data of vehicle load in main road
of China, this paper presents the probability model of
random vehicle load. The finite element models of
composite girder bridges under 72 different conditions are
established by ANSYS. The lane load or random vehicle
load are applied to the one- and two-span composite girder
bridges structure of two-lane, three-lane and four-lane in the
forms of loading to single lanes and loading to all lanes.
The finite element calculation of time-varying static load is
conducted. The probability distribution of wvehicle load
effect at time-point is put forward. Secondly, the
relationship between the multi-lane transverse reduction
factors and span lengths are established with the same
guaranteed rate based on the probability model of vehicle
load effects. Finally, the calculated multi-lane transverse
reduction factor is compared to the specified by the
specification.

2. Bridge model

The publications (Tarhini and Frederick 1992, Mabsout
and Jabakhanji 2004) reported a parametric study that
showed the bridge deck construction, sectional dimension
of support beam, presence of cross bracing, and variation in
concrete slab thickness had negligible effect on the
transverse reduction factors. Therefore, this study
considered span length, slab width, and vehicle-loading
condition as the major bridge parameters affecting the
multi-lane transverse reduction factor for bending moment
in composite girder bridges.

Typical one-span, two-equal-span, two-, three-, and
four-lane composite girder bridges are selected for this
study. The various lengths considered for the one-span
bridges were 10.5, 17.1, 30.3, and 42.9 m (34, 56, 99, and
141 ft), respectively. The overall total span lengths of two-
equal-span bridges in this study were 56.1, 69.3, 82.5, and
95.7 m (184, 227, 270, and 314 ft), respectively. The overall
bridge width was selected to be a constant 9.15 m (30 ft) for
two lanes, 12.81 m (42 ft) for three lanes, and 16.47 m (54
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Fig. 1 Cross section of composite girder bridges of two-
lane, three-lane and four-lane (unit: m)

ft) for four lanes. The shoulder width on two sides of bridge
was 0.915 m (3 ft). All the bridges were non-skewed and
had straight beams. The bridge deck cross section consisted
of a constant thickness of 500 mm (19.7 in) reinforced
concrete slab supported by structural steel girder
H1016x1880x140x152 mm spaced at 3.66 m (12 ft), as
shown in Fig. 1 for two lanes, three lanes and four lanes.

The material properties used in modeling the highway
bridges were normal-strength reinforced and concrete (JTG
D62 2004). The compressive strength of the concrete f, was
16.7 MPa (4500 psi), the modulus of elasticity E. was
3.15x10* MPa, the density p. was 2320 kg/m® and the
Poisson’s ratio u. was 0.2. The modulus of elasticity of the
grade HRB335 reinforcing steel E, was 2.0x10° MPa, the
density p, was 7900 kg/m®, and the Poisson’s ratio Uy Was
0.3.

3. Bridge load
3.1 Lane load

General Code for Design of Highway Bridges and
Culverts specifies (JTG D60 2015) that the overall
calculation of bridge structures adopt lane load which is
composed by uniformly distributed load (UDL) and
concentrated load (CL). The characteristic value of
uniformly distributed load of Grade I highway is q=10.5
kN/m. It shall be fully distributed in the same sign influence
line which will generate the most unfavorable effect to the
structure. The concentrated load Py of bridge with different
spans is given by the following Eg. (1).

180 L<5m
Pk(L)z 4L +160 5m < L <50m,kN (1)
360 L >50m

Py Py

T T

'y
L %VL/ZW%’L/ZW%”

A 7 7

(a) One-span bridge (b) Two-equal-span bridge

Fig. 2 The most adverse lane load arrangement of mid-span
moment

Table 1 Proportion of different types of vehicles

Percentage of vehicle types
Lane division Two-Axle Two-Axle Two-Axle Tri-Axle Four-Axle Five-Axle

cars buses trucks trucks trucks trucks

Fast lane 74.47 6.32 9.90 2.39 2.68 4.24
Middle lane ~ 57.41 10.79 12.98 7.38 6.47 4.97
Slow lane 52.32 6.42 15.97 9.58 8.33 7.38

where Py is the characteristic value of concentrated load
(kN), which is arranged in the maximum influence line peak
of corresponding influence line; gy is the characteristic value
of uniformly distributed load (KN/m). L is the span length of
one-span bridges or the total span length of two-equal-span
bridges (m). The calculation of Grade | highway lane load
arranged as per the most unfavorable position is as shown in
Fig. 2.

3.2 Random vehicle load

The bridge loading model is very closely related to gross
vehicle weight, axle load and inter-vehicle spacing. In
addition, the number and position of wheels changed with
time as vehicle moves on a bridge (Mei et al. 2004, Gao et
al. 2008, Helmi et al. 2014, Ting et al. 2015). That is to say,
the gross vehicle weight, axle load and inter-vehicle spacing
are all the random variables. Thus, the load effect under
vehicle load is a stochastic process. Weighing vehicles as
they travel on highways is known as Weigh-in-Motion
(WIM) technology. By using a WIM system, virtually a
100% sample of traffic data for statistical purposes can be
obtained. The information can be transmitted immediately
in real time, or at some future time, to locations remote
from the WIM site via conventional communications
networks (Miao and Chan 2002). Thus, WIM systems were
used to provide a great amount of traffic flow data in this
study.

These data were then used to determine the
mathematical distributions and statistical parameters of the
bridge random vehicle load.

The maximum likelihood estimation approach is
adopted to fit traffic flow data recorded by WIM systems.
Then, the obtained statistical parameters such as mean value
and standard deviation, etc. are verified by Kolmogorov-
Smirnov (K-S) test method (Miao and Chan 2002). Because
the WIM systems could not record all possible traffic
situations, Monte-Carlo simulation was used to regenerate
traffic records for any chosen scenario.

(1) Proportion of different types of vehicles
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Fig. 5 Fitted probability density curve of different types of vehicle loads in slow lane

The proportion of different types of vehicles in fast lane
(left lane), middle lane and slow lane (right lane) can be
obtained by statistical analysis of the actual traffic flow, as
shown in Table 1.

(2) Gross vehicle weights

: .60
Gross vehicle weight ,t

(e) Four-axle truck

Gross vehicle weight ,t

(f) Five-axle truck

When statistical analysis is conducted for the probability
distribution of gross vehicle weight, the following basic
assumptions shall be met: (1) A certain section of bridge is
under the single action of vehicle load, and the influence of
other factors is not considered. (2) The operating state of
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Table 2 Statistical parameter of gross vehicle weight

Lane  Vehicle
division  types

Two-AXle | 400 0538 0410 —  — - -

Py Hinx1 Olnx1 P2 lxa t Tinxa, t P3 Hxa b o, t

car

TWo-Axle 697 0793 0350 0178 18535 5188 @ — @ —  —
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F“:'r:g(x'eo.em 3003 0124 0213 40342 15572 0.153 10.630 4.329

Five-Axle
truck 0.722 3.007 0.359 0.278 52.126

Two-Axle
car 1.000 0.772
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0442 — — - - =

vehicle load in fast lane, middle lane and slow lane is
considered, respectively. (3) The vehicle load and the
interval of vehicle load in each lane are independent and
identically distributed random variables. The stochastic
process of wvehicle load and number of vehicle is
independent.

The gross vehicle weights of two-axle cars obey the
lognormal distribution, and the probability density function
is given by
2

In(x)-—
exp _% M (2)

b (X) ==
2oy, X, X Olnx,

where, X is the random variable of vehicle load (t), uinxi,

oinxy are respectively the mean and standard deviation of the

logarithm of the two-axle car, as shown in Table 2.

A multi-peak distribution with two or three peaks,
consists of a weighted sum of lognormal distribution and
normal distributions, which can appropriately describe the
gross vehicle weight of two-axle buses, two-, tri-, four-,

five-axle trucks.
function is given by

The multi-peak probability density

p, In(x)_,ulnx1 Lop | Xy, :
f(X)=——p| ———|+) —o| — =1
X( ) O-Inxl)(¢ O-Inxl ;O-X ’ O-X‘ Z:l:pl (3)
where p; is the proportion of the 1st overall vehicle load; p;
is the proportion of the i th overall vehicle load; tynx1, oinxt
are respectively the mean and standard deviation of the
logarithm of the 1 th overall vehicle load, as shown in Table
2; uxi, ox; are respectively the mean and standard deviation
of the i th overall vehicle load (t), as shown in Table 2; ¢(-)
is the probability density function of the standard normal
random variable.

Figs. 3-5 illustrate the statistical histograms of the gross
vehicle weights of different types of vehicles and their fitted
theoretical distributions.

(3) Time-interval of vehicle

The statistical analysis is also carried out to determine
time-interval in vehicle load model. According to measured
data of traffic flow, the histograms of the acquired data are
shown in Fig. 6. Gamma distribution and exponential
distribution are to be merged for K-S test, and confidence
level 0=0.05 is taken. The result shows that time-interval of
vehicle does not refuse to obey gamma distribution and
exponential distribution.

Probability density function of gamma distribution is as
follows

a
b a-1,-bt

fr (t)zmt e 4

where t is the random variable of time-interval of vehicle
(s); I'(-) is gamma function; a and b are parameters.

Probability density function of exponential distribution
is as follows

f(t)=4e* (5)

where 4 is parameter.

4. Calculation and analysis of finite element
4.1 Finite element model

The geometry of a bridge superstructure can be
idealized for theoretical analysis in many ways. The
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P,=228.4kN

0.3mx0.305m
Shell Element q=10.5kN/m

(@) The single lane loaded lane load

(b) The single lane loaded vehicle load

(c) The all lane loaded vehicle load

Fig. 8 Schematic diagram for lane load and vehicle load at arbitrary-time point for one-span, two-lane bridges

P=360kN

qk=l.5kN/m
(a) The single lane loaded lane load

(b) The single lane loaded vehicle load

(c) The all lane loaded vehicle load
Fig. 9 Schematic diagram for lane load and vehicle load at arbitrary-time point for two-equal-span, two-lane bridges

various assumptions and simplifications used in formulating
and idealizing the bridge superstructure can have a
significant effect on how closely the calculated results
match the actual behavior. The finite-element method can
be used to predict the actual behavior of complex structures.
Bridge superstructures can be modeled using FEA in many
ways. It is in the idealization phase of the analysis-the
selection of the finite-element models that the greatest
differences in approaches are encountered (Frederick and
Tarhini 2000, Mabsout et al. 1997, Patrick and Huo 2004).
Generally, the concrete slab is simplified into idealized
quadrilateral shell element, space steel girder is simplified
into idealized beam element, the centroid of space steel
girders and concrete slab are in the same plane. The
simplification can accurately simulate complex bridge
structure and vehicle position on the bridge deck. Therefore,
this paper builds finite element model of composite girder
bridges through finite element program ANSYS. All
elements of the finite-element models are considered to be
linear elastic, and small deformations and deflections are
assumed in the process of analysis. The concrete slabs are
modeled using quadrilateral shell elements, SHELL63, with
six degrees of freedom at each node. The steel girders are
idealized as space-frame beam members, BEAM44, with
six degrees of freedom at each node. A typical square-
element size of 0.3x0.305 m (1x1 ft) is tested and adopted
for the concrete slab discretization.

The centroid of all steel girders coincides with the
centroid of concrete slab elements. Hinges and rollers are
assigned at bearing locations to simulate one-span boundary
conditions (Altunisik et al. 2013).

4.2 Bridge loading

For multilane loading, the vehicle load per lane is
reduced to account for the reduced probability of several
lanes being loaded simultaneously by vehicles. The reduced
per-lane loading is a scaled-down version of the loading
specified for single-lane loading. The primary loading for
most major highways are the lane truck loading or the
random vehicle loading. Thus, the load is applied to bridge
structure through three load modes: (1) The lane load by
General Code for Design of Highway Bridges and Culverts
(JTG D60 2015) is placed in one out of two lanes, one out
of three lanes, and one out of four lanes; (2) According to
random vehicle load model in section 3.2, a group of
random vehicle loads is generated through Monte-Carlo
method, on the assumption that the vehicle loads are
traveling in the same direction and then is placed in one out
of two lanes, one out of three lanes, and one out of four
lanes; (3) According to random vehicle load model in
section 3.2, ¢ groups of random vehicle loads are generated
through Monte-Carlo method, wherein, ¢ represents the
number of lanes, and then are placed in full lanes. The
transverse vehicle load position is considered center in its
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Fig. 11 The bending moment of mid-span section in L=69.3 m, two-equal-span, two-lane bridge

own lane as prescribed. Compared with girder spacing,
mesh size of concrete slab is smaller, lane load or vehicle
load can be approximately considered to be loaded on
element node of deck slab. The typical one out of two lanes
loaded for one-span, L=17.1 m and two-equal-span, L=69.3
m composite girder bridges are shown in Figs. 8-9.

4.3 Calculation and analysis of vehicle load effect

The single-beam bending moment (load effect) is
calculated using JTG D60 lane load or random vehicle load
positioned on the beam to produce the maximum bending
moment. The maximum girder moments in the bridge
superstructure are calculated using the general computer
program ANSYS. A total of 72 distinct bridge cases are
modeled using 3D finite-element analysis subject to time-
varying static loading.

The bending moment of beam element at longitudinal
mid-span or near mid-span is used to determine mid-span
section moment of composite girder bridges. As shown in
Figs. 10(a) and 11(a), the mid-span section moment of
composite girder bridges could be determined when lane
load is applied on one out of two lane bridge structures.
Mid-span section moment of steel girders | decreases with
increase of bridge span, and mid-span section moments of
steel girders Il and Il increases with increase of bridge
span. The increase amplitude for mid-span section moment
of steel girders 11 is the largest. Therefore, mid-span section
moment of steel girders Il is suggested as the vehicle load
effect sample value in this paper.

According to random vehicle load model developed in
section 3.2, random vehicle load obtained by Monte-Carlo
method is applied to single lane (1/2, 1/3, 1/4) and all the
lanes (2/2, 3/3, 4/4) in the same bridge structure,
respectively. It is assumed that the vehicles would move
slow enough so as not to produce any dynamic or impact

effects. Thus, random vehicle moves along the longitudinal
direction on the bridge with 0.3 m step size and then the
vehicle load effect of mid-span section of steel girder Il at
arbitrary-time point is extracted. Figs. 10(b), 11(b), 10(c)
and 11(c) indicates that statistical histogram for vehicle load
effect of mid-span section in steel girder Il when random
vehicle load is loaded to one out of two lane (1/2) and all
lanes (2/2) to one- and two-span bridge structure.

For sample value of vehicle load effects generated by
random vehicle load in Section 3.2. Fitting testing is made
for Weibull distribution and lognormal distribution with K-
S test and significance level =0.05 is taken. Through
testing: significance level of Weibull distribution is 0.442;
significance level of lognormal distribution is 0.457.
Therefore, we can believe that vehicle load effect does not
refuse to obey Weibull distribution and lognormal
distribution. It is evident from Figs. 10(b), 10(c), 11(b) and
11(c) that maximum value of load effect always plays
control role, tail curves of vehicle load effect are close to
Weibull distribution and Lognormal distribution. Compared
with actual conditions, lognormal distribution is selected as
probability distribution model of vehicle load effect in this
paper, and its probability density function is as follows

_ 1 [In(y)_ﬂmvj
= 4
O-InY y GInY

where fy(y) is probability density function of vehicle load
effect; Y represent random variable of vehicle load effect
(KN-m); mnxe and ojxy are respectively the mean and
standard deviation of the natural logarithm of vehicle load
effects.

Its cumulative distribution function is given by

" (5)-of Mt

(6)

(7

Iny
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Table 4 Countries’ regulations for multi-lane transverse
reduction factors

Table 5 Guarantee rate of vehicle load effect during
composite girder bridges in design reference period

Specification/Criterion Signal lane  Two-lane Three-lane  Four-lane

One-span bridge Two-span bridge

U.S. AASHTO 1.00 1.00 0.90 0.75
U.S. AASHTO LRFD 1.20 1.00 0.85 0.65
U.K. BS5400 1.00 1.00 0.78 0.67
U.K. Eurocode 1.00 0.64 0.52 0.46
China JTG D60 — 1.00 0.78 0.67

L, m Two-lane Three-lane Four-lane L, m Two-lane Three-lane Four-lane

10.5 0.8024 0.7213 0.7986 56.1 0.8827  0.8545  0.8476
17.1 0.8352 0.8204 0.7829 69.3 0.9208 0.9352  0.9112
30.3 09771 09791 09783 825 0.9200 0.9324  0.9253
429 09813 09801 0.9896 95.7 09141 0.8998  0.8872

*1.2 in Table is counted when multi-lane transverse
reduction factors are determined by AASHTO LRFD
specifications according to two-lane instead of signal lane;
when only one car is on the bridge, it can be heavier than
each one of a pair of vehicles and still have the same
probability of occurrence, therefore, taking 1.2 conforms to
the actual situation

where Fy(y) is cumulative distribution function of vehicle
load effect; @(-) is standard normal cumulative distribution
function.

According to sample value of vehicle load effect under
random vehicle load, maximum likelihood method is
adopted to estimate parameters inx1 and opx: in Egs. (6)-
(7). The estimation results and probability density curve
drawn in Eqg. (6) are indicated in Figs. 10(b), 10(c), 11(b)
and 11(c). It can be seen from Figs. 10(b), 10(c), 11(b) and
11(c), Eq. (6) better describes statistical characteristics of
vehicle load effects.

Maximum distribution of vehicle load effect in design
reference period is adopted to determine standard value of
bridge load. Therefore, the section distribution of vehicle
load effect should be converted to the probability
distribution of the maximum value in design reference
period. Assume period of section distribution is one year,
and then probability distribution function of vehicle load
effect with 100 year of design reference period Fyr(y) is

Olny

Re(0)=[FR T =[R(n]" :[CD[W)_”H 8)

where T is design reference period of bridge structure

(year).
Its cumulative distribution function is given by

fw<y>—1oon<y>[ﬁ<y>fg—1°°«{'””)'”'“]{@['”(y"”'“]T ©

Glnv y alnY Glnv

5. Probability calculation of reduction factors

Since the lane number is different, the load effect is
calculated by considering that the most unfavorable loads
simultaneously appear. In general, a multi-lane transverse
reduction factor is adopted to obtain the load effect.

Table 4 summaries the multi-lane transverse reduction
factors in different design codes. It can be found that with
the increase of lanes, the probability of vehicle load on all
lanes occurred simultaneously at most unfavorable situation

should be very low.
5.1 Calculation methods of reduction factors

Multi-lane transverse reduction factors refer to a multi-
lane bridge in the transverse lane. When the vehicle load is
not simultaneously, the load effects of the bridge structure
should be reduction. Based on probability model of vehicle
load effect, multi-lane transverse reduction factors of
bridges with different spans should be calculated at this
section, in the same exceeding probability with lane load
effect. Moreover, the relationship of change rules of multi-
lane transverse reduction factors and bridge span was
analyzed. It is supposed that My should be lane load effect
with different spans calculated when lane load (JTG D60
2015) is loaded to 1/2, 1/3 and 1/4 lanes of bridge structure
as shown in Figs. 10(a) and 11(a); p is probability of vehicle
load effect corresponding My when vehicle load is applied
to single lane of one- and two-span bridges with different
spans and lanes. The result is determined according to Eq.
(10) and shown in Table 5. As shown in Table 5, the
guarantee rate of vehicle load effects with different spans
bridges in design reference period is different. When the
bridges span L is less than 20 m, the guarantee rate of
vehicle load effect is smaller, reflecting the sensitivity of
small-span bridges for vehicle loads.

tr (y) 1008, ()[F, (] =100w[m(y)_” '”J{@[m(y)_” . H (10)

Uln‘{ y O—In‘( alnv

where w,y and uny are respectively the mean and standard
deviation of the natural logarithm of vehicle load effects
when vehicle load is applied to 1/2, 1/3 and 1/4 lanes; p is
guarantee rate of vehicle load effect during design reference
period as shown Table 5; My is standard value of lane load
effect (kN-m), namely it is section moment of span for
corresponding steel beam Il in Figs. 10(a) and 11(a).
Moreover, it is supposed that the mid-span section
moments of steel girder 11 for random vehicle loads applied
on all lanes, with the PDF fy(y), when they having the same
guarantee rate p, the corresponding load effect is M, that is,

M =FR;(p),kN-m (12)

where wu,y and o),y are respectively the mean and standard
deviation of the natural logarithm of load effects when
vehicle load is applied to 2/2, 3/3 and 4/4 lanes; M’ is the
characteristic value of load effects (kN-m) when vehicle
load is applied to 2/2, 3/3 and 4/4 lanes and the calculation
results are shown in Fig. 12.
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Fig. 13 fitted curves of two-lane, three-lane and four-lane
transverse reduction factors

Fig. 12 summaries that standard value of vehicle load
effect of one-span and two-span bridge structure under
random vehicle loads increases with increase of bridge
spans, and the change trend of one-span bridges is larger
than that of two-span bridges.

Multi-lane transverse reduction factors are determined
by considering the possibility of most unfavorable condition
of vehicle load effect by other lanes on bridge deck for
specific lanes corresponding standard value of vehicle load
effect. Based on the above calculation method, multi-lane
transverse reduction factors are acquired as shown in Fig.
13 (scatter plot) by comparison of standard values of load
effect between single lane and all lanes, separately applied
vehicle load on. Fig. 13 also shows that multi-lane
transverse reduction factors decrease with increase of
bridge span. By numerical analysis, linear function between
multi-lane transverse reduction factors and bridge span can
be established.

5.2 Contrastive analysis of reduction factors

Table 6 Comparison of calculation results of two-lane

transverse reduction factors in this paper and standard

values
Type of * 0 * 0 de* 9 * 0
bridges L,m FEA AASHTOLRFD* % BS5400* % Eurocode*, % JTG D60*, %
105  0.950 -5 -5 33 -5
171 1.027 3 3 38 3
One-span
303 0.781 -28 -28 18 -28
429 0.869 -15 -15 26 -15
56.1 0.889 -12 -12 28 -12
69.3 0.816 -23 -23 22 -23
Two-span
825 0.829 -21 -21 23 -21
95.7 0.861 -16 -16 26 -16

Average value of

0.878 15 15 27 15
absolute error

*The specified values of transverse reduction factors in
AASHTO LRFD, BS5400, Eurocode and JTG D60 codes
are respectively in Table 4

Table 7 Comparison of calculation results of three-lane
transverse reduction factors in this paper and standard
values

Em;:sf Lm FEA AASHTOLRFD* % BS5400% % Eurocode*, % JTG D60*, %
105 0745 14 5 30 5
171 0795 7 2 35 2
One-span
303 0679 25 -15 23 -15
429 0778 -9 0 33 0
561 0.711 20 -10 27 -10
69.3 0.658 29 -19 21 -19
Two-span
825 0.625 -36 25 17 25
957 0616 -38 27 16 27

Average value of
absolute error

*The specified values of transverse reduction factors in
AASHTO LRFD, BS5400, Eurocode and JTG D60 codes
are respectively in Table 4

0.701 22 13 25 13

Multi-lane transverse reduction factors calculated
according to finite element and probability method, is
compared with the standard specification by different
countries (Table 4), as shown in Tables 6-8.

Table 6 shows that the range of two-lane transverse
reduction factors calculated by the method in this paper is
0.781-1.027 and the average is 0.878, which are
approximately closer to specified values by AASHTO
LRFD, BS5400 and JTG D60 codes, conversely, relatively
greater deviation compared with the values stipulated by
Eurocode code. For all two-lane, one- and two-span bridge
cases, Eurocode code underestimates the FEA transverse
reduction factor by 20% to 40%.

Table 7 shows that the range of three-lane transverse
reduction factors calculated by the method in this paper is
0.616-0.795 and the average is 0.701 which are relatively
closer to specified values by BS5400 and JTG D60 codes,
conversely, relatively greater deviation compared with the
values stipulated by AASHTO LRFD and Eurocode codes.



734 Xiaoyan Yang, Jinxin Gong, Bohan Xu and Jichao Zhu

Table 8 Comparison of calculation results of four-lane
transverse reduction factors in this paper and standard
values

Type of AASHTO LRFD*, BS5400*,  Eurocode*, JTG D60%*,

bridges Lm FEA % % % %
10.5 0.536 -21 -25 14 -25
17.1 0.645 -1 -4 29 -4
One-span
30.3 0.514 -26 -30 11 -30
429 0.578 -12 -16 20 -16
56.1 0.557 -17 -20 17 -20
69.3 0.491 -32 -36 6 -36
Two-span
82.5 0.468 -39 -43 2 -43
95.7 0.493 -32 -36 7 -36
Average value of 0.535 23 2% 13 2%

absolute error

*The specified values of transverse reduction factors in
AASHTO LRFD, BS5400, Eurocode and JTG D60 codes
are respectively in Table 4

For all bridge cases, AASHTO LRFD overestimated the
FEA transverse reduction factors by 10% to 40%. The
Eurocode code underestimates the FEA transverse reduction
factors by about 15% to 30%.

Table 8 shows that the range of four-lane transverse
reduction factors calculated by the method in this paper is
0.468-0.645 and the average is 0.535. Compared with the
specified values by AASHTO LRFD, BS5400, Eurocode
and JTG D60 codes, Eurocode code underestimates the
FEA transverse reduction factors by 10% to 30% with one
lane and various span lengths.

In Tables 6-8, comparison of multi-lane transverse
reduction factors calculated by methods in this paper and
specified values by other countries is conducted based on
actual traffic flow. It can be observed that AASHTO LRFD,
BS5400 and JTG D60 codes overestimate FEA transverse
reduction factors. While the FEA transverse reduction
factors in two-, three-, and four-lane is respectively about
27%, 25% and 13% higher than Eurocode code.

6. Conclusions

Based on measured data of vehicle load on main roads
in China in recent years, the probability model of random
vehicle load was established. Probability model of vehicle
load proposed by this paper was respectively loaded to one
out of two lane, one out of three lane, one out of four lane,
and all lanes of bridge structure, time-varying static load
can be conducted. Vehicle load effect of composite girder
bridges was confirmed at different arbitrary-time point and
under the same guaranteed rate, and then multi-lane
transverse reduction factors were calculated. It is significant
to consider influence of load mode, number of lane, type of
bridges and other factors of vehicle load in analysis. Finally,
comparison of multi-lane transverse reduction factors
calculated by methods in this paper and specified values by
AASHTO LRFD, BS5400, Eurocode and JTG D60 is
conducted. The following conclusions are obtained:

« The arbitrary-time point distribution of vehicle load
effects can be described by lognormal distribution.

« According to probability theory and FEA method, the
calculation method of multi-lane transverse reduction
factors is put forward based on random vehicle load; it can
be acquired that multi-lane transverse reduction factors of
composite girder bridges decrease with increase of bridge
span; for the range of multi-lane transverse reduction
factors, two-lane is 0.781-1.027, three-lane is 0.616-0.795
and four-lane is 0.468-0.645.

* The values of two-lane transverse reduction factors in
AASHTO LRFD, BS5400 and JTG D60 codes are about
15%, 15% and 15% higher than FEA, respectively. The
values of three-lane transverse reduction factors in
AASHTO LRFD, BS5400 and JTG D60 codes are about
22%, 13% and 13% higher than FEA, respectively. The
values of four-lane transverse reduction factors in AASHTO
LRFD, BS5400 and JTG D60 codes are about 23%, 26%
and 26% higher than FEA, respectively. While for the two-,
three-, and four-lane bridges, the Eurocode code
underestimated the FEA transverse reduction factors by
27%, 25% and 13%, respectively. The FEA results highlight
the importance of span length in determining the transverse
reduction factors when designing composite girder bridges
with two lanes or more.
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Appendix: Conversion to S.I. equivalents

To convert To Multiply by
in mm 254
ft m 0.305
Ib N 4.448

ksi MPa 6.895






