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The number of stress cycles (NSC) specified in the AASHTO LRFD bridge design specifications for the fati-
gue design of steel bridges is evaluated in this paper. A new approach for determining the reasonable
number of stress cycles for the fatigue design (NSC_FD) of simply-supported steel I-girder bridges is pro-
posed which takes the dynamic effect of vehicle loading into account. A three-dimensional vehicle–
bridge coupled model is developed to simulate the interaction between the bridge and vehicle, in which
both the bridge and fatigue load models are adopted from the LRFD code. The equivalent number of stress
cycles (ENSC), which is calculated based on the fatigue damage accumulation from the dynamic stress
time history due to each truck passage, is used for the fatigue analysis of steel girders. Numerical simu-
lations are conducted to study the influence of three important parameters, including the road surface
condition (RSC), bridge span length and vehicle speed, on the ENSC of simply-supported steel I-girder
bridges. Results show that the RSC has a great impact on the ENSC. By considering the cumulative fatigue
damage caused by each truck passage under different RSCs and the deterioration process of the RSC dur-
ing its whole life cycle, simple and reasonable expressions are proposed for calculating the NSC_FD of
simply-supported steel I-girder bridges under the given traffic and environmental condition.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The stresses caused by the passage of trucks are a very impor-
tant factor that determines the fatigue life of steel bridges. The
stress range and number of stress cycles (NSC) induced by each
truck passage are two key parameters in the fatigue analysis. In
the current AASHTO LRFD Bridge Design Specifications [1], a value
1.0 is adopted as the NSC induced by each truck passage for the
fatigue design of steel bridges when the bridge is longer than
12.19 m (40 ft) while a value of 2.0 is adopted for bridges no longer
than 12.19 m (40 ft). This is based on the study of Schilling [2], in
which the NSC is counted when trucks move slowly across
simply-supported girders with different spans by ignoring the
dynamic effect of vehicle loading. In fact, previous studies have
shown that the real stress time history of bridge components and
thus the NSC experienced by bridge components can be signifi-
cantly affected by the dynamic effect of vehicle loading, especially
under poor RSC [3–5]. Therefore, the values of 1.0 and 2.0 adopted
in the LRFD code [1] for the fatigue design may not truly reflect the
effect of vehicle loading on the NSC experienced by bridge compo-
nents during the whole life cycle of the bridge.

Within the service life of steel bridges, the dynamic impact of
vehicle loading under progressively deteriorated RSC can induce
serious fatigue issues for bridge components [4,6,7]. Zhang and
Cai studied the effect of RSC on the fatigue life of a steel bridge
by using the concept of equivalent fatigue damage in which the
equivalent stress ranges and number of stress cycles induced by
each truck passage were assembled into one variable [4,5]. They
found that the road surface deterioration rate significantly affects
the fatigue life of bridge components. However, the effect of each
truck passage on the progressive deterioration of RSC and therefore
on the accumulative fatigue damage was not considered in their
study, which may result in inaccurate prediction of fatigue life of
steel bridge components.

In this paper the NSC specified in the LRFD code for fatigue
design of steel bridges is evaluated and a new approach is pro-
posed for determining the reasonable NSC_FD of simply-supported
steel I-girder bridges that can more rationally consider the
dynamic effect of vehicle loading during the whole life cycle of
bridges. The structure of this paper is organized as follows. In order
to consider the dynamic effect of vehicle loading under different
RSCs during the whole life cycle of a bridge, the deterioration pro-
cess of the RSC under the given traffic and environment condition
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Fig. 2. The finite element model of bridge 2.

Table 1
Detailed properties of the five studied bridges.

Bridge
number

Span
length
(m)

Fundamental
natural
frequency
(Hz)

Girder Number of
intermediate
diaphragm

Cross-
sectional
area (m2)

Inertia
moment of
cross-
section
(10�2 m4)

1 10.67 12.40 0.018 0.040 1
2 16.76 8.62 0.020 0.109 2
3 22.86 6.10 0.023 0.219 2
4 30.48 4.39 0.026 0.421 3
5 36.58 3.49 0.028 0.641 4
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is first investigated to obtain the number of truck passages and the
time taken for the RSC to deteriorate from one class to the next, for
instance, from the ‘‘very good” class to the ‘‘good” class. Then, a
three-dimensional vehicle–bridge coupled model is used to ana-
lyze the ENSC of the simply-supported steel I-girder bridges under
consideration. The influence of three parameters, including the
bridge span length, RSC and vehicle speed, on the ENSC is
investigated based on numerical simulations. In the end, simple
and reasonable expressions for the NSC_FD of simply-supported
steel I-girder bridges are proposed by considering the fatigue dam-
age accumulation resulted from the dynamic vehicle loading under
progressively deteriorated RSC during the whole life cycle of
bridges.

2. Analytical bridges

The majority of steel bridges in the United States are simply-
supported steel I-girder bridges. In this study, five typical steel I-
girder bridges with span lengths between 10.67 m (35 ft) and
36.58 m (120 ft) were designed based on the AASHTO LRFD Bridge
Design Specifications [1]. The selected range of bridge span is a
good representative of the span lengths of simply-supported steel
bridges in the United States. All the five bridges are simply-
supported bridges and have a roadway width of 9.75 m (32 ft)
and a bridge deck thickness of 0.20 m (8 in). Each bridge has five
identical girders with a girder spacing of 2.13 m (7 ft). Fig. 1 shows
a typical cross section of the bridges. In addition to the end dia-
phragms used for all five bridges, intermediate diaphragms are also
used depending on their span lengths. In the present study, the
steel I-girder bridges were modeled with the ANSYS 14.5 program
[8]. Fig. 2 shows the finite element model of Bridge 2 (with span
length of 16.76 m). The detailed parameters and fundamental fre-
quencies obtained from the modal analysis of the five bridges are
summarized in Table 1.
3. Analytical vehicle model

Fig. 3 shows the analytical model of the HS20-44 truck specified
in the AASHTO LRFD Bridge Design Specifications [1], which was
adopted as the fatigue truck in this study. It should be noted that
the distance between the middle and rear axles of the HS20-44
truck for fatigue design is 9.14 m (30 ft). Table 2 summarizes the
main parameters of the truck, including the geometry, mass distri-
bution, damping, and stiffness of the tires and suspension systems
[9].
4. Vehicle–bridge coupled system

4.1. Equation of motion of the vehicle

The equation of motion for a vehicle can be expressed as
follows:

½Mv �f€dvg þ ½Cv �f _dvg þ ½Kv �fdvg ¼ fFGg þ fFvg ð1Þ
Fig. 1. Typical cross-s
where [Mv], [Cv] and [Kv] = the mass, damping and stiffness matrices
of the vehicle, respectively; {dv} = the displacement vector of the
vehicle; {FG} = the gravity force vector of the vehicle; and {Fv}
= the vector of the wheel-road contact forces acting on the vehicle.

4.2. Equation of motion of the bridge

The equation of motion for a bridge can be written as follows:

½Mb�f€dbg þ ½Cb�f _dbg þ ½Kb�fdbg ¼ fFbg ð2Þ
where [Mb], [Cb] and [Kb] = the mass, damping and stiffness matrices
of the bridge, respectively; {db} = the displacement vector of the
bridge; and {Fb} = the vector of the wheel-road contact forces acting
on the bridge.

4.3. Assembling the vehicle–bridge coupled system

Vehicles traveling on a bridge are connected to the bridge via
the wheel-bridge deck contact points. The interaction forces acting
on the bridge {Fb} and on the vehicles {Fv} are actually action and
ection of bridges.



Fig. 3. Analytical model of the fatigue truck.

Table 2
Main parameters of the fatigue truck model used in this study.

Items Parameters Values

Geometry L1 1.698 (m)
L2 2.569 (m)
L3 4.452 (m)
L4 4.692 (m)
L5 2.215 (m)
L6 4.806 (m)
b 1.1 (m)

Mass Truck body 1 2612 (kg)
Truck body 2 26,113 (kg)
First axle suspension 490 (kg)
Second axle suspension 808 (kg)
Third axle suspension 653 (kg)

Moment of inertia Pitching, truck body 1 2022 (kg m2)
Rolling, tuck body 1 8544 (kg m2)
Pitching, truck body 2 33,153 (kg m2)
Rolling, tuck body 2 181,216(kg m2)

Spring stiffness Upper, first axle 242,604 (N/m)
Lower, first axle 875,082 (N/m)
Upper, second axle 1,903,172 (N/m)
Lower, second axle 3,503,307 (N/m)
Upper, third axle 1,969,034 (N/m)
Lower, third axle 3,507,429 (N/m)

Damper coefficient Upper, first axle 2190 (N s/m)
Lower, first axle 2000 (N s/m)
Upper, second axle 7882 (N s/m)
Lower, second axle 2000 (N s/m)
Upper, third axle 7182 (N s/m)
Lower, third axle 2000 (N s/m)
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reaction forces existing at the contact points. In addition, the
vertical displacement of vehicle body dv, bridge deflection at the
contact point db_contact, deformation of vehicle spring DL, and road
surface profile r(x) have the following relationship:

DL ¼ dv � db contact � rðxÞ ð3Þ
Based on the displacement relationship and the interaction

force relationship at the contact points as described previously,
the vehicle–bridge coupled system can be established by combin-
ing the equations of motion of both the bridge and vehicle [10], as
shown below:

Mb

Mv

� � €db

€dv

( )
þ Cb þ Cb�b Cb�v

Cv�b Cv

� � _db

_dv

( )

þ Kb þ Kb�b Kb�v
Kv�b Kv

� �
db

dv

� �
¼ Fb�r

Fv�r þ FG

� �
ð4Þ

where Cb�b, Cb�v, Cv�b, Kb�b, Kb�v, Kv�b, Fb�r and Fv�r are due to the
wheel-bridge contact forces and are time-dependent terms.

Solving Eq. (4) directly can be very time consuming. To simplify
the bridge model and therefore save computation effort, the modal
superposition technique can be used. As a result, the displacement
vector of the bridge {db} in Eq. (2) can be expressed as:

fdbg ¼ fU1g fU2g . . . fUmg½ � n1 n2 � � � nmf gT ¼ ½Ub�fnbg ð5Þ
where m is the total number of modes used for the bridge; {Ui} and
ni are the ith mode shape of the bridge and the ith generalized
modal coordinate, respectively. Each mode shape is normalized
such that {Ui}T[Mb]{Ui} = 1 and fUigT ½Kb�fUig ¼ x2

i .
Assuming [Cb] in Eq. (2) to be equal to 2xigi[Mb], wherexi is the

frequency of the ith mode of the bridge and gi is the percentage of
the critical damping for the ith mode of the bridge, Eq. (2) can then
be simplified into the following:

½I�f €nbg þ ½2xigiI�f _nbg þ ½x2
i I�fnbg ¼ ½Ub�TfFbg ð6Þ

where [I] = unit matrix.
Then, with the transformation in Eq. (6), Eq. (4) can now be

written as follows:

I

Mv

� � €nb
€dv

( )
þ 2xigiI þUT

bCb�bUb UT
bCb�v

Cv�bUb Cv

" #
_nb
_dv

( )

þ x2
i I þUT

bKb�bUb UT
bKb�v

Kv�bUb Kv

" #
nb
dv

� �
¼ UT

bFb�r

Fv�r þ FG

( )
ð7Þ

A Matlab program was developed to assemble the vehicle–
bridge coupled system in Eq. (7) and solve it using the fourth-
order Runge–Kutta method in the time domain. For more detailed
derivation of the vehicle–bridge coupled equation in Eq. (7), read-
ers can refer to [10].

Once the bridge dynamic responses, {db}, are obtained by solv-
ing Eq. (7), the stress vector, [S], can then be obtained by the fol-
lowing equation:

½S� ¼ ½E�½B�fdbg ð8Þ
where [E] = the stress–strain relationship matrix and is assumed to
have constant values over the element; and [B] = the strain–displace-
ment relationshipmatrix assembledwith the x, y, and z derivatives of
the element shape functions, following a standard finite element for-
mulation process. It should be noted that Eq. (8) is actually a typical
equation to calculate the stress of a finite element based on the nodal
displacementsof thenodes, thedetails ofwhichcanbeeasily found in
many finite element method books such as [11].

5. Deterioration model of the RSC

5.1. Expression of road surface profile

RSC has a significant influence on the dynamic interaction
between the bridge and vehicle. A road surface profile is usually
considered to be a zero-mean stationary Gaussian random process
and can be generated through an inverse Fourier transformation
[12]:
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rðXÞ ¼
XN
k¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2uðnkÞDn

p
cosð2pnkX þ hkÞ ð9Þ

where hk is the random phase angle uniformly distributed from 0 to
2p; u() is the PSD function (m3/cycle/m) for the road surface eleva-
tion; and nk is the wave number (cycle/m). The following PSD func-
tion [13] was used in the present study. The rationale of the chosen
PSD function in Eq. (9) has been verified by [12] and also used by
other scholars [5,14].

uðnÞ ¼ uðn0Þ n
n0

� ��2

ðn1 < n < n2Þ ð10Þ

where n is the spatial frequency (cycle/m); n0 is the discontinuity
frequency of 1/2p(cycle/m); uðn0Þ is the roughness coefficient
(m3/cycle) whose value is chosen depending on the road condition;
and n1 and n2 are the lower and upper cut-off frequencies,
respectively.

5.2. RSC indices

Three indices are usually used to describe the RSC, including the
road-roughness coefficient (RRC), present serviceability rating
(PSR) and international roughness index (IRI) [15,16]. Both the
RRC and PSR categorize the RSC into five classes, namely, very
good, good, fair (average), poor, and very poor. However, the RRC
is only based on the road profile while the PSR is based on passen-
gers’ interpretation of ride quality, which is developed by the
AASHTO road test. The International Organization for Standardiza-
tion [17] adopts the RRC to define the road-roughness classification
based on different ranges of RRC listed in Table 3. The IRI, which is
based on the average rectified slope (ARS), is also used to define the
longitudinal profile of a wheel track [15,18], which is similar to the
RRC. Various relationships have been developed between those
indices [15,16]. In the present study, the correlation between the
IRI and RRC developed by Shiyab [16] was adopted, which can well
describe the relationship of the corresponding ranges of the RRC
and IRI values. This correlation expression has also been used by
other scholars [4]. The correlation is expressed as follows:

uðn0Þ ¼ 6:1972� 10�9 � eIRI=0:42808 þ 2� 10�6 ð11Þ
5.3. Progressive deterioration of RSC

Under the combined action of traffic loading and environment
corrosion, the RSC will experience progressive deterioration.
Different models for the progressive deterioration of RSC have been
proposed. Paterson [15] proposed that the IRI values of a road sur-
face at any time since it is opened to traffic can be calculated as:

IRIt ¼ 1:04eg�t � IRI0 þ 263ð1þ SNCÞ�5ðCESALÞt ð12Þ
where IRIt is the IRI value at time t; IRI0 is the initial roughness
value before it is opened to traffic; t is the time in years; g is the
environmental coefficient which varies from 0.01 to 0.7 depending
on the environmental condition, for instance, dry or wet, freezing or
non-freezing; SNC is the structural number which is calculated from
Table 3
RRC values for five different road-roughness classifications.

Road-roughness classification Ranges for RRC (m3/cycle)

Very good 2 � 10�6 to 8 � 10�6

Good 8 � 10�6 to 32 � 10�6

Average 32 � 10�6 to 128 � 10�6

Poor 128 � 10�6 to 512 � 10�6

Very poor 512 � 10�6 to 2048 � 10�6
the strength and thickness of each layer in the pavement; and
(CESAL)t is the estimated number of traffic in millions in terms of
the AASHTO 80-kN (18-kip) equivalent single axle load at time t.
It should be noted that Eq. (12) was initially developed for pave-
ment management systems when initiating the maintenance and
rehabilitation of asphalt-surfaced pavements. However, the deteri-
oration of RSC is mainly affected by three factors, namely, initial
roughness level, traffic loading and age. Other factors, such as pave-
ment thickness and stiffness, have a smaller influence on the rough-
ness deterioration [16]. Therefore, it was used to analyze the
roughness deterioration in this study.

Based on Eqs. (11) and (12), the RRC at any time since being
opened to traffic can be predicted with the following equation:

uðn0Þt ¼ 6:1972� 10�9 � expf½1:04egt � IRI0
þ 263ð1þ SNCÞ�5ðCESALÞt�=0:42808g þ 2� 10�6 ð13Þ

In this study, a general environment condition is assumed. The
average daily truck traffic (ADTT) and fraction of traffic in a single
lane were assumed to be 2000 and 0.85, respectively, as suggested
by the LRFD code [1]. According to Shiyab [16], the SNC can then be
calculated as 6.19 and g is usually adopted as 0.1 for bridges
exposed in general environment condition. Traffic increase was
not considered in the present study and thus the CESAL was calcu-
lated to be 12.42 for each lane each year [16]. Substituting the val-
ues of SNC, CESAL and g into Eq. (13), the time in years taken for the
RSC to deteriorate from one class (denoted by the road-roughness
coefficient u(n0)) to the next can then be determined. With the
assumed ADTT, the number of truck passages, denoted by Ni

(i = 1, 2, 3, 4, 5), taken for the RSC to deteriorate from one class
to the next can then be calculated. For instance, N1 is the number
of truck passages required for the RSC to deteriorate from the class
‘‘very good” to the class ‘‘good”. The calculated time in years (ti)
and number of truck passages (Ni) for the RSC to deteriorate from
one class to the next are summarized in Table 4. The proportion of
the number of truck passages, ri ¼ Ni=

P
Ni (i = 1, 2, 3, 4, 5),

required for the RSC to deteriorate to the next class and the total
time in years (T) taken for the RSC to deteriorate to the end of each
class since opened to traffic were also calculated.

6. Parametric study

In this section, numerical simulations were performed using a
three-dimensional bridge–vehicle coupled model and parametric
studies were carried out. The accuracy and reliability of the used
bridge–vehicle model was verified in other works [19,20], in which
a series of field tests were conducted on an existing slab-on-girder
concrete bridge in Louisiana, and the bridge responses, including
deflections and strains at the mid-span of the girders, were mea-
sured and compared with the bridge responses obtained from
the numerical simulations. The field measured results and the
numerical results agree with each other very well, in terms of both
maximum dynamic responses and the vibration frequencies. The
influence of parameters on the interaction of bridge and vehicle
has been commonly studied [21–26]. In the present study, three
Table 4
The number of truck passages and time taken for the RSC to deteriorate to the next
class.

Parameter RSC

Very good Good Average Poor Very poor

Ni 4,113,464 1,156,504 938,321 839,119 768,396
ri (%) 52.63 14.80 12.01 10.74 9.82
ti (years) 6.63 1.86 1.52 1.35 1.24
T (years) 6.63 8.49 10.01 11.36 12.60



Fig. 5. Illustration of the primary stress cycle.

Fig. 6. Static primary stress range at the mid-span of the bridges under the loading
case considered.
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important parameters commonly considered to have a significant
effect on the interaction of bridge and vehicle were investigated
to obtain the ENSC caused by truck passages, namely, the bridge
span length, vehicle speed and RSC.

Table 1 shows the span lengths and other parameters of the five
bridges used in this study. A total of seven vehicle speeds ranging
from 30 km/h to 120 km/h with an interval of 15 km/h were con-
sidered, and five different RSCs based on the ISO [17] were studied,
namely, very good, good, average, poor and very poor. Fig. 4 shows
the loading case specified in AASHTO LRFD code [1], which was
adopted in this study.

To reduce the bias due to the randomly-generated road surface
profile, for each specific case with a given bridge span length, vehi-
cle speed and RSC, the vehicle–bridge interaction analysis was set
to run 20 times with 20 sets of randomly generated road surface
profiles under the given RSC. Then, the average value of the 20
ENSCs was obtained and used to investigate the relationship
between the parameters and the ENSC. Twenty simulations were
also considered to be adaquate by other researchers [23].

During the passage of a truck, bridge components can experi-
ence complex stress cycles which can be decomposed into the pri-
mary stress cycles and one or more higher-order stress cycles [2].
Fig. 5 shows typical static and dynamic stress time history curves
at the mid-span of Girder 4 of Bridge 2. The static stress curve
was obtained when the fatigue truck crawled across the bridge
while the dynamic stress curve was obtained when the truck
crossed the bridge at a speed of 45 km/h. The algebraic difference
between the maximum and minimum stresses is the stress range
for the primary stress cycle, as shown in Fig. 5. The primary stress
range at the mid-span of the girder carrying the largest amount of
load was selected as the bridge response for calculating the equiv-
alent number of stress cycles in the present study.

Fig. 6 shows the static primary stress ranges at the mid-span of
all five girders of each bridge under the loading case considered. It
can be easily observed from the figure that the maximum static
primary stress range occurs at the mid-span of Girder 4 for all
bridges considered. Therefore, the stresses of Girder 4 were used
for calculating the ENSC. It should be noted that the reason why
the static primary stress ranges of Bridge 4 are smaller than those
of Bridge 3 on Girders 3 and 4 is that Bridge 4 has a diaphragm
right at the mid-span and thus the vehicle loading is more evenly
distributed laterally.

Based on the study of Schilling [2], the cumulative fatigue dam-
age due to the complex stress cycles caused by each truck passage
can be represented by the fatigue damage of the primary or max-
imum stress range with the ENSC determined from:

ENSC ¼ nþ Sr1
Srp

� �m

þ Sr2
Srp

� �m

þ � � � þ Sri
Srp

� �m

ð14Þ

where n = the number of primary stress cycle induced by each truck
passage; Srp = the primary stress range; m = the slope constant of
Fig. 4. Vehicle loa
the S–N curve; Sri = the higher-order stress ranges. The slop constant
m is approximately equal to 3 for all AASHTO fatigue category
details [27].

To illustrate how the RSC affects the ENSC, the stress time histo-
ries at the mid-span of Girder 4 of Bridge 3 under different RSCs are
shown in Fig. 7. It can be observed that the RSC affects the ENSC,
based on Eq. (14), by affecting the magnitude of the primary stress
range, high-order stress ranges and the number of high-order
stress ranges simultaneously during the truck passage.
ding position.



Fig. 7. Stress time histories at the mid-span of Girder 4 of the Bridge 3 under
different RSCs when the fatigue truck moves across the bridge.
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Since the ENSC is greatly affected by the stress-range cutoff
threshold, it is necessary to determine a reasonable threshold
value when calculating the ENSC. Studies have shown that the con-
tribution of stress ranges less than 3.45 MPa (0.5 ksi) to the fatigue
life of steel bridges is negligible [28,29]. Therefore, the cutoff
threshold for stress-range was chosen to be 3.45 Mpa (0.5 ksi) in
this study.

Based on the numerical simulation results, the average ENSCs
calculated using Eq. (14) for each RSC are plotted against the vehi-
cle speed in Fig. 8 where the results for bridges with different span
lengths are plotted separately. As can be seen from Fig. 8, the aver-
age ENSC can reach as large as 3.0 when the RSC is very poor and
can be less than 1.0 when the RSC is very good for the same bridge,
demonstrating that the RSC has a significant impact on the ENSC.
However, an increase of vehicle speed does not necessarily lead
to an increase of the ENSC due to the fact that an increase of vehicle
speed does not necessarily intensify the interaction between the
bridge and vehicle, as reported by many other researchers
[23,30]. It is noted that the ENSCs for the good and very good RSCs
in Fig. 8 seem to be very close, which could be due to the following
reasons: (1) the magnitudes of the primary stress range under good
and very good RSCs are very close; (2) the high-order stress ranges
under both good and very good RSCs are not significant and are
almost negligible compared to the magnitude of the primary stress
range, as can be seen from Fig. 7 where the stress time history of
the bridge under a specific load case is provided.

To examine the effect of each parameter on the ENSC more
clearly, the average ENSC is plotted against each of the three
parameters separately in Fig. 9. From Fig. 9 it can be easily
observed that the average ENSC is greatly affected by the bridge
span length and RSC. For example, the value of ENSC decreases
from around 1.55 at the span length of 10.67 m (35 ft) to 1.1 at
the span length of 22.86 m (75 ft) and then remains almost a con-
stant when the bridge span further increases. On the other hand,
when the RSC changes from ‘‘very good” to ‘‘very poor”, the value
of ENSC increases from around 1.0 to 1.9.

In order to propose rational values for the number of stress
cycles used in the fatigue design of simply-supported steel
I-girder bridges, the following steps were taken: firstly, based on
the regression analysis on the simulation results, the expressions
for predicting the ENSC for each RSC are obtained; then, with the
consideration of the cumulative fatigue damage caused by each
truck passage under different RSCs and the number of truck pas-
sages taken to cause the RSC to deteriorate from one class to the
next, the number of stress cycles for the fatigue design of
simply-supported steel I-girder bridges were proposed taking into
consideration the whole life cycle of the RSC.

Since it has been illustrated that the ENSC is highly dependent
on the RSC for all bridges considered, it would be very natural to
relate the expression of ENSC to the RSC. In the present study,
the following expressions for predicting the ENSC under each RSC
are suggested based on a regression analysis:

ENSCi ¼ RSIi �
1:117þ 0:037� ð22:86� LÞ L < 22:86 m
1:117 L P 22:86 m

�
ð15Þ

where RSIi = the road surface index, which is taken as 0.87, 0.87,
0.87, 1.23 or 1.65 corresponding to very good, good, average, poor,
or very poor RSC, respectively, based on the regression analysis
results; and L = the bridge span length.

It should be noted that the reason why vehicle speed is not con-
sidered in this expression is that vehicles can usually run with a
wide speed range while an increase of vehicle speed does not
always cause a monotonic increase or decrease of the ENSC.
Besides, the influence of vehicle speed on the ENSC is smaller com-
pared to the influence of bridge span length and RSC. Therefore, as
usually done in the codes, vehicle velocity is not included as a vari-
able in the proposed expressions for predicting the ENSC. In addi-
tion, it should also be noted that, in real life, drivers are unlikely
to drive at high speeds under poor RSC, and therefore it may not
be appropriate to calculate the average ENSC for poor RSC by taking
the average of results for all seven vehicle speeds considered.
However, due to the same reasons discussed above, this influence
was ignored in this study.

Based on the proposed expressions in Eq. (15), the ENSCs of the
five bridges studied were predicted for each RSC, as summarized in
Table 5.
7. Proposed number of stress cycles for fatigue design

As fatigue failure is resulted from the cumulative damage
caused by each truck passage, a reasonable number of stress cycles
for fatigue design should consider the effect of each truck passage
on the cumulative fatigue damage during the life cycle of the
bridge. Based on this consideration, the number of stress cycles
for the fatigue design of simply-supported steel I-girder bridges
under the traffic and environmental condition suggested by the
LRFD code can be calculated using the following expression:

NSC FD ¼
X

ri � ENSCi ¼
X

ri � RSIi

� 1:117þ 0:037� ð22:86� LÞ L < 22:86 m
1:117 L P 22:86 m

�
ð16Þ

where ri (i = 1, 2, 3, 4, 5) = the proportion of truck passages needed
for each class of the RSC to deteriorate to the next class, as summa-
rized in Table 4.

Based on Eq. (16), the numbers of stress cycles for the fatigue
design of the five bridges studied are obtained and summarized
in Table 6. It should be noted in Table 6 that two conditions, i.e.,
Condition ‘‘a” and Condition ‘‘b”, are considered. The only differ-
ence between the two conditions is that Condition ‘‘a” includes
all five RSCs when calculating the NSC_FD using Eq. (16) while
Condition ‘‘b” does not include the ‘‘very poor” RSC in the
calculation. The reason of not considering the ‘‘very poor” RSC in
Condition ‘‘b” is that in real life road maintenance has usually been
carried out before the road surface deteriorates to a ‘‘very poor”
condition. Therefore, Condition ‘‘b” may more realistically repre-
sent the real situation of the road pavement.



Fig. 8. Variation of ENSC with change in vehicle speed and RSC for different bridges under the loading case considered.
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From Table 6, it can be observed that the proposed NSCs_FD for
shorter bridges (Bridges 1 and 2) are larger than those for longer
bridges (Bridges 3, 4, and 5). In addition, the NSCs_FD under
Condition ‘‘a” are considerably larger than those under Condition
‘‘b”, which means that maintaining a good RSC is of great impor-
tance in reducing the fatigue damage of bridge components due to
the traffic load. Besides, it can be calculated from Eq. (16) that the
proposed NSC_FD under Condition ‘‘b” equals to 1 when the bridge
length is 20.17 m (66 ft). In contrast, in the LRFD code [1] the num-
ber of stress cycles for bridge fatigue design is taken as 1 for bridges
longer than 12.19 m (40 ft) and 2 for bridges no longer than 12.19 m
(40 ft), respectively. This indicates that the number of stress cycles
adopted by the LRFD code for bridge fatigue design may have been
underestimated for bridges with length between 12.19 m (40 ft)
and 20.17 m (66 ft). Based on the results of this study, it is suggested
that a value of 1 may be adopted as the NSC_FD for the main longitu-
dinal components of simply-supported steel bridges with span
lengths greater than 22.86 m (75 ft) and a value of 1.5 may be taken
for bridges shorter than 22.86 m (75 ft). However, for very short
bridges, a larger value such as 2 may be considered.



Fig. 9. Variation of the average ENSC with change of each parameter: (a) bridge
span length; (b) vehicle speed; (c) RSC.

Table 5
The ENSCs of the five bridges.

Bridge no. RSC

Very good Good Average Poor Very poor

1 1.37 1.37 1.35 1.93 2.59
2 1.17 1.17 1.15 1.65 2.22
3–5 0.97 0.97 0.97 1.37 1.84

Table 6
The NSCs_FD for the five bridges studied.

Bridge no. 1 2 3 4 5

Span length (m) 10.67 16.76 22.86 30.48 36.58
NSC_FD 1.54a|1.29b 1.32|1.1 1.10|0.92 1.10|0.92 1.10|0.92

a Condition ‘‘a”: all five RSCs are considered, i.e., very poor, poor, average, good,
and very good.

b Condition ‘‘b”: all five RSCs are considered except the ‘‘very poor” RSC.
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8. Summary and conclusions

In this study the number of stress cycles for fatigue design of
simply-supported steel I-girder bridges was studied. Simple and
reasonable expressions for calculating the number of stress cycles
for the fatigue design of simply-supported steel I-girder bridges
were proposed considering the dynamic effect of vehicle loading
and the cumulative fatigue damage caused by each truck passage
under different road surface conditions during its whole life cycle.

The proposed number of stress cycles calculated with Eq. (16)
can be used as supplementation to the AASHTO LRFD bridge design
specifications when dealing with the fatigue design of simply-
supported steel girder bridges under the assumed traffic and envi-
ronmental condition. It should be noted that the expression for
NSC_FD in Eq. (16) was obtained under an ADTT of 2000 and the
environmental condition suggested by the LRFD code. However,
the proposed approach in the present study is suitable for the fati-
gue design of steel bridges under different traffic and environmen-
tal conditions by adopting different traffic number (CESAL) and
environmental coefficient (g) in Eq. (13). While this study focused
on proposing a new approach for determining the reasonable num-
ber of stress cycles for fatigue design of steel bridges and proposed
the expressions of NSC_FD for simply-supported I-girder bridges
with different span lengths, the effects of other parameters, includ-
ing bridge type, bridge width, etc., on the NSC_FD will be the subject
of future studies.
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