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In this study, the effect of the pavement maintenance cycle on the fatigue reliability of simply-supported
steel I-girder bridges under dynamic vehicle loading is studied. The bridge model and the fatigue load
model are both adopted from the Load and Resistance Factor Design (LRFD) Bridge Design
Specifications of the American Association of State Highways and Transportation Officials (AASHTO). A
three-dimensional vehicle-bridge coupled model is developed to simulate the vehicle-bridge interaction
and used to obtain the stress ranges of the steel bridge girders under the dynamic vehicle loading.
Numerical simulations are carried out to study the influence of three important parameters, including
the road surface condition, bridge span length and vehicle speed, on the fatigue damage induced by
the fatigue truck. The results from this study show that the bridge fatigue reliability decreases dramat-
ically under repeated dynamic vehicle loads when the road surface condition is very poor and that the
pavement maintenance cycle has a significant influence on the bridge fatigue reliability. A procedure
for determining the desired pavement maintenance cycle to achieve the target fatigue reliability of steel
bridge girders is developed. An example is also provided for demonstrating the proposed procedure.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Vehicle-induced fatigue problem is one of the main issues that
need to be considered in the design and assessment of steel
bridges. With the ever-increasing traffic on highways, the fatigue
problem of steel bridges has received more and more attention.

The fatigue design of steel bridges is usually based on the static
stress under the fatigue vehicle loads and uses a fatigue impact fac-
tor to account for the dynamic load effects. For example, the Load
and Resistance Factor Design (LRFD) Bridge Design Specification of
the American Association of State Highways and Transportation
Officials (AASHTO) adopts an impact factor of 0.15 for fatigue
design [1]. However, recent studies found that the vehicle dynamic
effect may have been underestimated when analyzing the fatigue
of steel bridges, especially under deteriorated road surface condi-
tions (RSCs) which can lead to very large dynamic vehicle loads
[2]. Zhang and Cai [2,3] studied the fatigue reliability of a steel
bridge based on the concept of equivalent fatigue damage and
found that the fatigue reliability of bridge components is greatly
affected by the road surface deterioration rate.
Maintaining the road surface in good conditions can reduce the
dynamic effect of vehicle loads and therefore the stress ranges of
bridge components, leading to increased fatigue life and fatigue
reliability of the bridge components. The pavement maintenance
plan of bridges was usually determined based on a life-cycle cost
analysis approach [4–9] and most of these studies were focused
on the cost and the reliability of the pavement [10–12]. Little
attention has been paid to the fatigue problem of the bridge com-
ponents. Therefore, this study aims to reveal the influence of pave-
ment maintenance cycle on the fatigue reliability of bridge girders
and to provide suggestions for the decision-making on pavement
maintenance plan from this point view.

In this paper, a three-dimensional vehicle-bridge coupled
model was developed to simulate the bridge responses under the
dynamic vehicle loading. The bridge stresses were obtained from
the numerical simulations using the vehicle-bridge coupled model.
Based on the numerical simulation results, the effects of the road
surface condition and the pavement maintenance cycle on the fati-
gue reliability of simply-supported steel I-girder bridges under
dynamic vehicle loading were studied. A procedure for determin-
ing the desired pavement maintenance cycle to achieve the target
fatigue reliability of steel bridge girders was developed. An exam-
ple was also provided for demonstrating the proposed procedure.



Fig. 2. Finite element model of Bridge 2.
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2. Analytical bridge

Simply-supported steel I-girder bridges constitute a major pro-
portion of steel bridges in the United States. In this study, five
simply-supported steel I-girder bridges with common span lengths
ranging from 10.67 m (35 ft) to 36.58 m (120 ft) were designed fol-
lowing the AASHTO LRFD Bridge Design Specifications [1]. Each
bridge has five identical girders spaced at 2.13 m (7 ft) and has a
roadway width of 9.75 m (32 ft) and a bridge deck thickness of
0.20 m (8 in.). The cross-section of Bridge 2 was taken as an exam-
ple for illustration and is shown in Fig. 1. In addition to the end dia-
phragms used for all five bridges, intermediate diaphragms were
used for bridges with relative long spans. Fig. 2 shows the finite
element model of Bridge 2 created using the ANSYS 14.5 program
[13]. Some basic parameters and the fundamental frequencies of
the five bridges are summarized in Table 1.

3. Truck model

The AASHTO LRFD Bridge Design Specifications [1] specifies a
fatigue truck model with detailed sizes and weight to be used in
bridge fatigue design. An analytical model of this truck is shown
in Fig. 3. A summary of the basic parameters of the truck, including
the geometry, mass distribution, damping, and stiffness of the tires
and suspension systems, are shown in Table 2 [14]. The size and
weight of this truck were derived based on surveyed truck data
[15] and can well represent the equivalent fatigue damage accu-
mulation caused by the truck traffic which consists of trucks with
a variety of gross vehicle weights and axle configurations [16].
Therefore, this truck model was used in the analysis of this study.

4. Vehicle-bridge coupled system for numerical simulations

4.1. Dynamic equation of the vehicle

The dynamic response of a vehicle can be obtained by solving
the equation of motion as follows:

½Mv �f€dvg þ ½Cv �f _dvg þ ½Kv �fdvg ¼ fFGg þ fFvg ð1Þ
where ½Mv �, ½Cv �, and ½Kv � = the vehicle’s mass, damping, and stiff-
ness matrices, respectively; fdvg = the vector of the vehicle’s dis-
placement; fFGg = the vector of the vehicle’s gravity; and
fFvg = the vector of wheel-road interaction forces acting on the
vehicle.

4.2. Dynamic equation of the bridge

The dynamic equation of a bridge can be written as follows:

½Mb�f€dbg þ ½Cb�f _dbg þ ½Kb�fdbg ¼ fFbg ð2Þ
where ½Mb�; ½Cb�, and ½Kb� = the bridge’s mass, damping, and stiffness
matrices, respectively; fdbg = the bridge’s displacement vector; and
fFbg = the vector of wheel-road interaction forces that are applied to
the bridge.
Fig. 1. Cross-sectio
4.3. Establishing the vehicle-bridge coupled system

The interaction forces between the bridge and vehicle are force
and reaction forces which are equal in magnitude but with oppo-
site directions. At the contacting points, the displacement of the
bridge, the displacement of the wheel axle, the deformation of
the tire spring and the road roughness are compatible [17]. Based
on these two relationships, a coupled equation for the vehicle-
bridge system can be established by combining Eqs. (1) and (2),
as shown below:
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where Cbb, Cbv , Cvb, Kbb, Kbv , Kvb are the damping and stiffness terms
related the interaction between the bridge and vehicle; Fbr and
Fvrare due to the contact force between the bridge and the vehicle
and are also time-dependent terms [18].

The sizes of the matrices in Eq. (3) can be reduced by adopting
the modal superposition technique, which transforms Eq. (3) to the
following simplified equation:
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The vehicle-bridge coupled system in Eq. (4) was then solved
using the fourth-order Runge-Kutta method in the time domain
in the Matlab environment. More details about the establishment
of the bridge-vehicle coupled system and the solutions can be
found in [17,18] and are therefore not provided in this paper.
n of Bridge 2.



Table 1
Detailed properties of the five studied bridges.

Bridge
number

Span length
(m)

Girder Number of intermediate
diaphragm

Fundamental frequency
(Hz)

Cross-sectional area
(m2)

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

1 10.67 0.018 0.040 1 12.40
2 16.76 0.020 0.109 2 8.62
3 22.86 0.023 0.219 2 6.10
4 30.48 0.026 0.421 3 4.39
5 36.58 0.028 0.641 4 3.49

Fig. 3. Analytical model of the adopted truck.

Table 2
Main parameters of the HS20-44 truck model adopted in this study.

Items Parameters Values

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)

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)

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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The accuracy and reliability of the bridge-vehicle coupled system
was also verified with a series of field tests in other research works
of the authors [19,20]. The bridge responses obtained from the
numerical simulation, including bridge deflections and strains at
the mid-span of the girders, were compared and agreed well with
the field measured results.

Once the bridge dynamic responses are solved, the stress can
then be calculated with the following equation:
½S� ¼ ½E�½B�½db� ð5Þ

where [E] represents the matrix of the stress-strain relation; the
elements of the matrix [E] are usually assumed to have constant
values over each finite element of the bridge model; and ½B�repre-
sents the matrix of the strain-displacement relation that is assem-
bled with the x, y, and z derivatives of the element shape
functions that can be derived following a standard finite element
formulation procedure. The stress time histories of the steel girders
obtained from numerical simulations using the coupled vehicle-
bridge model were used in the fatigue analysis.
5. Deterioration model of the RSC

5.1. Generation of road surface profile

RSC plays a significant role in exciting the dynamic interaction
between a bridge and passing vehicles. A road surface profile can
usually be treated as a zero-mean stationary Gaussian random pro-
cess. A random road surface profile can be generated by an inverse
Fourier transformation of a power spectral density (PSD) function
[21], as shown below:

rðXÞ ¼
XN
k¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2uðnkÞDn

p
cosð2pnkX þ hkÞ ð6Þ

where uðÞ is the PSD function (m3/cycle); hk is a random phase
angle uniformly distributed from 0 to 2p; and nk is the wave num-
ber (cycle/m). In the present study, the following PSD function [22]
was adopted:

uðnÞ ¼ uðn0Þ n
n0

� ��2

ðn1 < n < n2Þ ð7Þ

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



Table 3
RRC values for different road-roughness classifications.

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

Very good 2 � 10�6–8 � 10�6

Good 8 � 10�6–32 � 10�6

Average 32 � 10�6–128 � 10�6

Poor 128 � 10�6–512 � 10�6

Very poor 512 � 10�6–2048 � 10�6
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The International Organization for Standardization [23] defines
five road roughness classifications (denoted by j hereafter where
j = 1, 2, 3, 4, and 5 representing very good, good, average, poor,
and very poor RSCs, respectively) based on different ranges of the
road-roughness coefficient (RRC) listed in Table 3. In this research
the classification of road roughness based on the ISO [23] was used.
5.2. Progressive deterioration of RSC

Under the combined action of traffic loads and environmental
corrosion, road pavement experiences progressive deterioration.
To describe the progressive deterioration of the bridge RSC, the fol-
lowing model can be used [24]:

uðn0Þt ¼ 6:1972� 10�9 � expf½1:04egt � IRI0
þ263ð1þ SNCÞ�5ðCESALÞt�=0:42808g þ 2� 10�6

ð8Þ

where uðn0Þt is the road roughness coefficient as a function of time
from the opening of the new road; IRI0 is the initial roughness value
before the road is opened to traffic; g is the environmental coeffi-
cient depending on the environmental condition and can vary from
0.01 to 0.7; t is the time in years; SNC is the structural number cal-
culated based on the strength and thickness of each layer in the
pavement; and (CESAL)t is the estimated number of traffic (in mil-
lions) in terms of the AASHTO equivalent single axle load of 80-
kN (18-kip) at time t.

Bridges may experience rain and freezing conditions during
their service life. By referring to the study of Shiyab [25], for
bridges that are exposed in wet and freezing conditions (general
condition), the SNC were calculated to be 6.19 and g was adopted
as 0.1. Based on the AASHTO LRFD Bridge Design Specifications [1],
the average daily truck traffic (ADTT) and the fraction of traffic in a
single lane were taken as 2000 and 0.85, respectively, in this
research for the purpose of illustration. Assuming no traffic
Fig. 4. The vehicle loading posi

Table 4
The number of truck passages and time taken for the RSC to deteriorate to the next class.

Parameter RSC

Very good Good

NTj 4,113,464 1,156,504
tj (years) 6.63 1.86
T (years) 6.63 8.49
increase, the CESAL number was calculated to be 12.42 for each
lane each year [25].

By substituting the values of SNC, CESAL and g into Eq. (8), the
time taken for the RSC to deteriorate from one class to the next
can be calculated. The number of truck passages, denoted by NTj

(j = 1, 2, 3, 4, 5), taken for the RSC to deteriorate from one class
to the next was also obtained based on the assumed ADTT. For
instance, NT1 represents the number of truck passages required
for the RSC to deteriorate from the class ‘‘very good” to the class
‘‘good”. A summary of the calculated time (tj) and number of truck
passages (NTj) needed for the RSC at each class to deteriorate to the
next is shown in Table 4. The total time (T) taken for the RSC to
deteriorate to the end of each class after being opened to traffic
was also calculated. Table 4 shows that under the assumed traffic
and environmental conditions, the pavement life cycle was calcu-
lated to be 12.60 years.

6. Numerical study

In this section, numerical simulations were performed for fati-
gue analysis using the developed bridge-vehicle coupled system.
Many researchers have investigated the effect of important param-
eters on the bridge-vehicle interaction [26–28]. Based on the
results from previous studies, three parameters were investigated
in the present study, namely, RSC, bridge span length and vehicle
speed.

As discussed previously, all five different RSCs defined by the
ISO [23] were considered, namely, very good, good, average, poor
and very poor. A total of seven vehicle speeds ranging from
30 km/h to 120 km/h were considered. The fatigue truck model
and the loading position shown in Fig. 4, as specified by the
AASHTO LRFD Bridge Design Specifications [1], were adopted in
this study. Fig. 5 shows the maximum static stress at the mid-
span position of all five girders of each bridge when one fatigue
truck travels across the bridge with a very slow speed with the lat-
eral position fixed as shown in Fig. 4. It can be seen that for all five
bridges the maximum static stress occurs consistently at the mid-
span of Girder 4. Therefore, the stresses of Girder 4 were used for
fatigue analysis hereafter. The detail considered in the study was
the connection point between the bottom flange and the web,
which corresponds to Category B for welded joints as specified in
the AASHTO LRFD Bridge Design Specifications [1].

Due to the fact that the randomly-generated road surface profile
could bring bias to the results obtained, under each case with a
tion adopted in the study.

Average Poor Very poor

938,321 839,119 768,396
1.52 1.35 1.24
10.01 11.36 12.60



Fig. 5. Maximum static stresses at the mid-spans of the bridge under loading case
considered. Fig. 6. Illustration of the maximum stress range.
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given vehicle speed and RSC, the bridge-vehicle coupled analysis
was repeated 20 times and 20 simulated results were obtained
under the given RSC. By using 20 simulations, the coefficient of
variation of the bridge stress results can be controlled under 10%
[18], and a satisfactory convergence level could be achieved [27].
Then, the average values of the 20 simulations were used for fati-
gue analysis.

6.1. Expression of the FD

Bridge components will experience complex stress cycles under
the action of passing trucks, leading to the accumulation of the FD.
According to Miner’s rule [29], the accumulated fatigue damage
(AFD) can be estimated as:

AFDðtÞ ¼
X
i

ni

Ni
ð9Þ

where ni is the number of cycles accumulated at a stress range level
of Si and Ni is the average number of cycles to failure at this stress
level. It should be noted that Miner’s rule [29] assumes linear dam-
age accumulation and does not consider the effect of the order of
stress [30,31]. Based on the fatigue analysis approach specified in
the AASHTO LRFD Bridge Design Specifications [1], Ni and Si satisfy
the following relationship:

Ni ¼ A
Smi

ð10Þ

where A is the fatigue-strength coefficient and m is the slope con-
stant which is usually taken as 3 for all AASHTO fatigue category
details [32]. After substituting Eq. (10) into Eq. (9), the following
equation can be obtained:

AFDðtÞ ¼
X
i

niS
3
i

A
ð11Þ

Fig. 6 shows the typical static and dynamic stress time history
curves of the target point of Bridge 2. The static stress curve (the
solid line in Fig. 6) was obtained when the truck crossed the bridge
with a very slow speed while the dynamic stress curve (the dashed
line in Fig. 6) was obtained when the truck crossed the bridge
under good RSC at a speed of 45 km/h. The algebraic difference
between the maximum and minimum stresses is the maximum
stress range (MSR), as illustrated in Fig. 6.

According to the study of Schilling [33], with the complex stress
cycles induced by each truck passage, the cumulative fatigue dam-
age can be calculated based on the primary or maximum stress
range and the corresponding equivalent number of stress cycles
(ENSC), which can be determined using the following equation:

ENSC ¼ numþ Sr1
MSR

� �m

þ Sr2
MSR

� �m

þ�� �þ Sri
MSR

� �m

þ�� �þ Srcut
MSR

� �m

ð12Þ
where num = the number of maximum stress range caused by each
truck passage; Sri (i = 1� � �cut) = the higher-order stress ranges; and
Srcut = the cutoff stress range. In this study, the slope constant m
was taken as 3 for the AASHTO fatigue category details [32], and
the rainflow counting algorithm was used to extract the number
of stress ranges from the stress history [34].

A reasonable cutoff value is necessary when calculating the
ENSC, as can be seen from Eq. (12). According to previous studies,
the upper limit for the cut-off stress range for welded details is
usually set to 25–33% of the CAFL in previous studies [35,36] while
the applicable stress range cut-off levels could range between
3.45 MPa (0.5 ksi) and 36.40 MPa (5.28 ksi) (33% of the CAFL)
[37,38]. In this research, the cutoff stress range was set to
3.45 MPa (0.5 ksi), which could result in relatively conservative
results.

It is known from Eq. (11) that the AFD is related to the summa-
tion of the cube of the stress range multiplied by its corresponding
number of stress cycles. Therefore, the FD due to each truck pas-
sage under different RSCs, denoted by j (j = 1, 2, 3, 4, 5) as discussed
previously, can be defined as follows:

FDj ¼ ENSCj �MSR3
j ð13Þ

Based on the numerical simulation results, Eqs. (12) and (13),
the average FDs of 20 simulations under the action of the fatigue
truck considered are plotted against vehicle speed in Fig. 7. Again,
the average values of twenty simulations for each specific case
were adopted in order to reduce the bias that may be brought into
the results due to the randomly-generated road surface profile.
From Fig. 7, it can be observed that the average FD is greatly
affected by the RSC. For instance, the average FD of Bridge 1
increases from 2.41 � 103 MPa3 when the RSC is very good to
1.20 � 106 MPa3 when the RSC is very poor. However, the increase
of vehicle speed does not necessarily lead to the increase of the FD
due to the fact that increasing the vehicle speed does not necessar-
ily intensify the bridge-vehicle interaction [27,39].

6.2. Distribution of the FD

The distribution of the FD of the bridge considered under
different RSCs was needed in the fatigue reliability analysis. The



Fig. 7. Variation of the FD with change in vehicle speed and RSC for the bridge under the action of the truck considered.
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Chi-square test was used to determine the distribution of the cal-
culated 140 FDs (7 speeds � 20 replicates) for the bridge under
each RSC. In the present study, the number of intervals of the his-
togram used in the Chi-square test was set to be 10 and the signif-
icance level was set to 0.99. As a result, the threshold value for the
Chi-square test was determined to be 23.21.
The calculated FDs for the bridge under different RSCs were
tested against two of the most common distribution types, namely,
the normal and lognormal distributions. The test results are sum-
marized in Table 5.

From Table 5 it can be observed that for the bridge considered
the Chi-square test values for the lognormal distribution are all



Table 6
Statistical properties of the FDs induced by truck passages under different RSCs.

Bridge number RSC Mean (MPa3) COV

1 Very good 2.75 � 103 0.21
Good 4.30 � 103 0.52
Average 1.15 � 104 0.29
Poor 6.28 � 104 1.10
Very poor 6.53 � 105 1.25

2 Very good 4.55 � 103 0.16
Good 6.83 � 103 0.33
Average 1.75 � 104 0.79
Poor 8.05 � 104 1.42
Very poor 4.08 � 105 0.96

3 Very good 6.49 � 103 0.10
Good 7.76 � 103 0.17
Average 1.15 � 104 0.29
Poor 2.45 � 104 0.52
Very poor 1.34 � 105 0.57

4 Very good 5.90 � 103 0.09
Good 7.13 � 103 0.15
Average 1.05 � 104 0.26
Poor 2.13 � 104 0.45
Very poor 1.13 � 105 0.70

5 Very good 7.83 � 103 0.09
Good 9.39 � 103 0.16
Average 1.44 � 104 0.35
Poor 8.05 � 104 1.42
Very poor 1.67 � 105 0.60
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below the threshold value of 23.21 for each of the RSCs. However, a
significant portion of the test values for the normal distribution are
above the threshold value. These test results indicate that the log-
normal distribution can be used to describe the FDs with signifi-
cant confidence. The statistical properties of the FDs induced by
truck passages under different RSCs are summarized in Table 6.

7. Effect of pavement maintenance cycle on the target fatigue
reliability

According to a previous study in 2007 [40], 28% of the total
586,000 bridges in the United States were found deficient, and half
of these bridges were structurally deficient. Poor road conditions
can magnify the dynamic effect of vehicle loading and therefore
lead to accelerated deterioration of bridge condition. On the other
hand, well-maintained pavement can reduce the dynamic vehicle
loading and therefore reduce the fatigue damage to the bridge
components as well.

In this section, the effect of pavement maintenance cycle on the
fatigue reliability of the bridge girders was studied and a procedure
for determining the pavement maintenance cycle to achieve the
target fatigue reliability of steel bridge girders is put forward.
The goal was that with the minimum number of maintenance
cycles the fatigue reliability of the bridge girders can satisfy the
target reliability index during the 75-year service life.

The fatigue limit state function is defined as follows:

gðXÞ ¼ D� AFDðtÞ ð14Þ
where D is the damage to cause fatigue failure and was found to fol-
low a lognormal distribution with a mean value of 1.0 and a coeffi-
cient of variation of 0.3 [41], and g is a failure function. Fatigue
failure occurs when ‘‘g < 0”.

Assume Np is the number of pavement maintenance, based on
Eqs. (11) and (13), theAFD inducedby truckpassagesunder different
RSCs after Np pavement maintenance cycles can be calculated as:

AFDðtÞ ¼ n1S
3
1

A
þ n2S

3
2

A
þ � � � þ n5S

3
5

A
ð15Þ
Table 5
Chi-square test results on the distribution of FDs for each bridge under different RSCs.

Bridge number RSC Distribution type

Log-normal Normal

1 Very good 6.82 14.51
Good 12.44 58.66
Average 5.25 194.84
Poor 2.54 104.60
Very poor 2.05 125.55

2 Very good 5.23 12.23
Good 11.47 24.68
Average 6.42 73.74
Poor 6.53 177.87
Very poor 3.63 64.75

3 Very good 9.41 13.79
Good 5.49 16.21
Average 5.25 20.13
Poor 4.55 27.06
Very poor 1.37 27.58

4 Very good 6.72 11.61
Good 16.70 24.96
Average 5.39 25.88
Poor 6.63 32.29
Very poor 3.29 45.84

5 Very good 2.43 3.49
Good 2.71 8.15
Average 4.58 21.34
Poor 5.17 54.66
Very poor 3.46 30.99
In Eq. (15), njS
3
j ¼ Np � NTj � ENSCj �MSR3

j ¼ Np � NTj � FDj (j = 1, 2,
3, 4, 5), and NTj is the number of truck passages taken for the
RSC at one class to deteriorate to the next, as shown in Table 4.

Substituting njS
3
j into Eq. (15), the following can be obtained:

AFDðtÞ ¼ Np �NT1 �FD1
A þ Np �NT2 �FD2

A þ � � � þ Np �NT5 �FD5
A

¼
P5

j¼1
Np �NTj �FDj

A

ð16Þ

After substituting Eq. (16) into Eq. (14), the following can be
obtained:

gðXÞ ¼ D�
P5

j¼1Np � NTj � FDj

A
ð17Þ

The statistical properties of the FDj are summarized in Table 6.
The fatigue-strength coefficient A was also found to follow a log-
normal distribution with a mean value of 2.57 � 1013 MPa3

(7.85 � 1010 ksi3) and a coefficient of variation of 0.35 (Category
B) [41].

In the present study, the iterative Rackwitz-Fiessler algorithm
was employed to calculate the bridge girder fatigue reliability
index based on Eq. (17) [42], and the target reliability index was
chosen to be 3.5 as specified in the AASHTO LRFD Bridge Design
Specifications [1]. The number of pavement maintenance cycles
(Np) and the total time (Tp) required for fatigue reliability index
of the bridge girder to decrease to the target reliability index was
obtained and summarized in Table 7. It should be noted that two
conditions, namely, Condition ‘‘a” and Condition ‘‘b”, were consid-
ered for the pavement life cycle in calculating the fatigue reliabil-
ity. The only difference between the two conditions is that
Condition ‘‘a” includes all five RSCs for the pavement life cycle
when calculating the fatigue reliability index of the bridge girder
using Eq. (17) while Condition ‘‘b” does not include the ‘‘very poor”
RSC. In other words, for Condition ‘‘b” it was assumed that mainte-
nance is conducted before the pavement turns into the ‘‘very poor”
condition. It should also be noted that the pavement deterioration
rates and cycles in Table 4 were assumed.

From Table 7, it can be observed that under Condition ‘‘b”, i.e., if
pavement maintenance is conducted regularly before the pave-



Table 7
Number of pavement maintenance, Np, and the total time in years (Tp) required for
the bridge fatigue reliability index to decrease to the target reliability index.

Bridge number Np Tp (years)

1 1a|20b 24.73|237.20
2 3|15 49.58|180.61
3 19|68 250.76|783.19
4 23|77 289.80|884.73
5 12|14 162.29|170.20

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.

Fig. 8. Variation of the fatigue reliability indexes of all the bridge girders considered
against their service time.
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ment turns into very poor condition, the total time required for the
fatigue reliability of the bridge girders of all five bridges to
decrease to the target reliability index is longer than 75 years, indi-
cating that the fatigue reliability index of all the bridge girders is
above 3.5 after 75-year service life. It can also be observed that
under Condition ‘‘a” the total time required for the fatigue reliabil-
ity index of the bridge girders of the two shorter bridges to
decrease to the target reliability index of 3.5 is significantly less
than 75 years, namely, less than 25 years for Bridge 1 and less than
50 years for Bridge 2. This indicates the significant influence of
maintaining the pavement condition on increasing the fatigue life
and fatigue reliability of steel bridge girders.

Fig. 8(a) plots the variation of the fatigue reliability indexes of
all the bridge girders considered against their service time. In order
to achieve a better visual effect, only the reliability indexes at the
end of each pavement maintenance cycle are plotted in Fig. 8(a)
while the elaborated variation of the fatigue reliability indexes of
the bridge girders are plotted against their service time, using
Bridge 1 as an example, in Fig. 8(b).

From Fig. 8 it can be observed that the fatigue reliability indexes
of the bridge girders decrease with the increase of their service
time under both conditions. It can also be observed by comparing
Condition‘‘a” and Condition ‘‘b” that the reliability index of the
bridge girders is significantly affected by the very poor RSC. The
fatigue reliability indexes of the bridge girders can be reduced by
1 to over 2 for different bridges if the RSC is allowed to deteriorate
into the very poor condition. In addition, from Fig. 8(b) it can be
seen that the fatigue reliability of bridge girders, during one pave-
ment maintenance cycle, decreases slowly at the beginning until a
point when the RSC enters the worst possible condition and the
fatigue reliability then drops rapidly. This again indicates that poor
RSC has a significant effect on the fatigue reliability index of bridge
girders.

In order to meet the target reliability index of 3.5 after 75 years
of service for the two shorter bridges considered, based on Eq. (17)
it was calculated that the total time that Bridge 1 and Bridge 2
could stay in the class of ‘‘very poor” RSC during their 75-year
design life should be less than 1.97 and 4.07 years, respectively.
This means the pavement maintenance for Bridge 1 and Bridge 2
should be conducted every 11.69 and 12.00 years on average with
the number of the pavement maintenance to be six during the 75-
year design life. In contrast, the pavement maintenance cycle in
some states of the United States is specified longer than the values
calculated above. For example, the first and second pavement
maintenances of the steel bridges in the state of Indiana are sug-
gested to be conducted after around 20 and 55 years of service,
respectively [43]. In addition, it should be noted that nearly four-
teen percent of the bridges in the United States are classified as
structurally deficient, and many of those bridge decks are in very
poor conditions [40].

It should be noted that the results in Table 7 and Fig. 8 were
based on the assumed traffic and environmental conditions and
the specific bridge considered and were only for the purpose of
illustration. In order to account for more general conditions, the
following procedure was proposed for determining the pavement
maintenance cycle that can meet the target fatigue reliability of
the steel girders:

(1) based on the environmental condition, calculate the total
time that the pavement can stay in each RSC and thus obtain
the number of trucks passing the bridge under each RSC
based on the ADTT;

(2) obtain the maximum stress range and its ENSC of the target
point under each RSC through a three-dimensional bridge-
vehicle interaction analysis and then calculate the FD under
each RSC and check its distribution pattern;

(3) based on the Miner’s rule, the S-N curve, and the parameters
obtained from the above two steps, an equation similar to
Eq. (17) can be obtained and used to determine the pave-
ment maintenance cycle that can meet the target fatigue
reliability of the steel girders considered.

8. Summary and conclusion

Deteriorated road surface condition can significantly intensify
the vehicle-induced bridge vibration and increase the fatigue dam-
age of bridge components. In this study, the effects of pavement
condition on the vehicle-induced fatigue damage and on the fati-
gue reliability of steel bridge girders were investigated. It was
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found that the bridge reliability index decreases dramatically when
pavement condition gets worse, especially when the pavement is
in very poor condition. More specifically, the fatigue reliability
index of the bridge girders can be reduced by 1 to over 2 for differ-
ent bridges if the RSC is allowed to deteriorate into the very poor
condition. Therefore, the pavement maintenance cycle has a
remarkable influence on the fatigue reliability of the steel girders.
A procedure for determining the desired pavement maintenance
cycle to achieve the target fatigue reliability of steel bridge girders
was put forward. An example was also provided for demonstrating
the proposed procedure.

It should be noted that the effect of environmental erosion on
the steel fatigue strength was not considered in the fatigue analysis
in this research. It should also be noted that a few important
parameters, including the traffic condition and environmental con-
dition, have significant influence in the calculation of fatigue relia-
bility of bridge components. In this study, the traffic and
environmental condition suggested by the AASHTO LRFD Bridge
Design Specifications were adopted for the purpose of illustration.
Therefore, more rational assumptions based on field measurement
or monitoring data should be adopted when considering a particu-
lar field bridge in practice.
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[39] Brady SP, O’Brien EJ, Žnidarič A. Effect of vehicle velocity on the dynamic
amplification of a vehicle crossing a simply supported bridge. J Bridge Eng
2006;11:241–9.

[40] Robelin C-A, Madanat SM. History-dependent bridge deck maintenance and
replacement optimization with Markov decision processes. J Infrastruct Syst
2007;13:195–201.

[41] Chung H-Y. Fatigue reliability and optimal inspection strategies for steel
bridges [Ph.D]. Texas: University of Texas at Austins; 2004.

[42] Nowak AS, Collins KR. Reliability of structures. CRC Press; 2012.
[43] Cha H, Liu B, Prakash A, Varma AH. Effect of local damage caused by

overweight trucks on the durability of steel bridges. J Perform Constr Facil
2014;30:1–11.


