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Computer Modeling and Weight Limit Analysis for Bridge
Structure Fatigue Using OpenSEES

Lu Deng, Ph.D., M.ASCE"; Wangchen Yan?; and Shaofan Li, Ph.D.?

Abstract: With the increasing demand in freight transportation, truck overloading has become a common issue worldwide. Overloaded
trucks pose great challenges for transportation administration in that they can jeopardize the safety of bridges and even lead to bridge collapse.
Traditionally, vehicle-induced damage on bridges was estimated based on the line-girder analysis, as suggested by bridge design codes. These
analysis methods have been criticized to overly underestimate the bridge capacity. In this study, the fatigue damage (FD) of a typical compos-
ite girder bridge under truck overloading was investigated using the OpenSEES framework. The bridge system was regarded as a series-
parallel system composed of concrete deck slab and a steel girder subsystem. A method for determining rational vehicle weight limits for
highway bridges to achieve the desired service life was proposed considering the FD of bridges. The proposed method could also be used
for estimating the FD of bridges caused by truck overloading. Numerical simulation results obtained from this study have shown that the cu-
mulative FD of bridges under severe overloading conditions could increase rapidly, and it may threaten the safety of bridges, which under-
scores the importance of enforcing truck weight regulations on highway bridges. DOI: 10.1061/(ASCE)BE.1943-5592.0001459. © 2019

American Society of Civil Engineers.
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Introduction

Because of the increasing demand for freight transportation, truck
overloading has become a common issue worldwide and a big chal-
lenge for transportation administration. Overloaded trucks can lead
to an accelerated deterioration of bridge components and can even
cause bridges to collapse. Although truck overloading may not
directly threaten the safety of new bridges, it poses a serious threat
to the safety of old bridges (Mohammadi and Polepeddi 2000).
Moreover, approximately 40% of bridges in the US are older than
50 years and over 9% of the bridges are considered structurally defi-
cient according to the ASCE (2017) report card. Therefore, it is nec-
essary to set rational truck weight limits to ensure the safety of exist-
ing bridges.

Bridge design codes, such as the AASHTO LRFD (AASHTO
2017) code, typically estimated the behavior of bridges using the
linear-elastic analysis methods while treating the bridge as a one-
dimensional (1D) line girder. These methods assume that the failure
of a representative girder will lead to the failure of the entire bridge
system (Gheitasi and Harris 2014, 2016; Sofi and Steelman 2017).
However, some researchers criticized the idea that treating a bridge
as a nonredundant system could overly underestimate the capacity
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of the bridge system (Yang et al. 2004; Gheitasi and Harris 2014;
Sofi and Steelman 2017). In addition, the deck slab and secondary
elements could significantly increase the load-carrying capacity of
the bridge system (Wood et al. 2007). Nevertheless, the fatigue
design of the deck slab is not required in most bridge design codes
(Yang et al. 2017), such as the AASHTO LRFD (AASHTO 2017)
code. More importantly, there is still a lack of methods to evaluate
the damage of structure systems (AASHTO 2018; Gheitasi and
Harris 2016).

The objective of this study is to propose a rational weight limit
method for bridges to achieve the desired service life based on the
consideration of fatigue damage (FD). For this purpose, a typical
steel-concrete composite bridge, which is one of the most popular
bridge types in the US according to the National Bridge
Inventory (NBI 2015), was selected to investigate the perform-
ance of a bridge system under overloading conditions. The open-
source finite-element (FE) analysis tool, namely, the OpenSEES
framework, was adopted in the structural analysis. According to
Sofi and Steelman (2017), the system behavior of a bridge can be
evaluated by analyzing the performance of the superstructure. In
this study, the bridge superstructure was considered as a series-
parallel system consisting of the bridge deck slab and the steel
girder parallel subsystem. The FD of the superstructure system
under truck overloading was investigated.

Utilization of OpenSEES

FE analysis for bridges is typically conducted using commercial
software packages, such as ANSYS, Abaqus, ADINA, and so
forth. However, commercial software is usually not affordable to
the public. In this study, an open-source FE analysis framework
OpenSEES was adopted. The OpenSEES framework was origi-
nally developed for simulating the responses of structural and
geotechnical systems subjected to earthquakes. In addition to
the applications in seismic studies (Kashani et al. 2015; Jung
and Andrawes 2018; Bosco and Tirca 2017), the OpenSEES
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Table 1. Basic information of the considered bridge

Component Parameter Value
Girder Girder height (m) 1.61
Cross-sectional area (mz) 0.02
Moment of inertia (m*) 0.0011
Young’s modulus (GPa) 210
Poisson’s ratio 0.25
Deck Deck thickness (m) 0.2
Roadway width (m) 9.75
Young’s modulus (GPa) 33.5
Poisson’s ratio 0.167

framework has also been applied to other areas, such as load rat-
ing of bridge girders (Scott et al. 2008) and simulation of struc-
tural responses under fire (Jiang and Usmani 2013), showing
good potential in the field of civil engineering. In this study, the
OpenSEES framework was extended to the FD analysis of
bridges under the action of truck overloading.

Bridge Model

According to the report by Bae and Oliva (2010), the multi-girder
bridge, especially the steel-concrete composite girder bridge (NBI
2015), is the most common type of bridge in the United States. In
this study, a typical composite girder bridge with steel girders and
concrete deck slab was selected to investigate the bridge FD under
overloading conditions. This bridge model is a good representative
of the simply supported steel-concrete composite girder bridges in
the United States and has been widely used to investigate the behav-
ior of bridges of this type (Wang et al. 2005, 2016; Deng et al.
2019). The bridge was designed according to the HS 20-44 truck
load specified in the AASHTO LRFD (AASHTO 2017) code. It has
a single span of 30.48 m and a deck slab of 10.67 m in width. This
bridge has five identical steel I-girders with a space of 2.13 m in the
transverse direction and five steel diaphragms evenly spaced at
7.62 m in the longitudinal direction. Some basic size information
and material properties are listed in Table 1. The cross section of the
bridge is illustrated in Fig. 1.

A three-dimensional (3D) FE model for this bridge was built
using the OpenSEES framework. The concrete deck, steel girders,
and guardrails were modeled by a standard brick element with eight
nodes. The steel diaphragms were modeled by the ShellMITC4 ele-
ment, which uses a bilinear isoparametric formulation together with
a modified shear interpolation to improve the bending behavior of
thin plates. It has been demonstrated that the asphalt pavement and
the dead weight of other components, such as the waterproof layer
and drainage facilities, have a negligible influence on the behavior
of the superstructure and were therefore not considered in this study
(Deng and Cai 2010; Yan et al. 2016). In addition, the mass of each
girder was uniformly distributed along the longitudinal direction of
the bridge. Because the OpenSEES framework does not offer pre-
processing and postprocessing visualization modules, the model
visualization and code check rely on other preprocessors and post-
processors, such as the GiD software. In this study, the bridge
model developed in the OpenSEES framework is illustrated by
using the GiD software, as given in Fig. 2.

Overloading Conditions

In this study, the HS 20-44 design fatigue truck with a gross weight
of 320 kN, as given in Fig. 3, was adopted to investigate the
vehicle-induced FD. This truck model was developed based on the
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Fig. 1. Cross section of the selected composite bridge.

collected data of axle weights and spacings of a large number of
four- and five-axle trucks, which make the largest contribution to the
traffic-induced bridge FD (Schilling and Klippstein 1978; Schilling
1984). The axle weights (W_A) of the first, second, and third axles
of the design fatigue truck are 35.84, 142.08, and 142.08 kN,
respectively.

Along with the design fatigue truck, four overloaded trucks with
the same configuration as the HS 20-44 design fatigue truck were
selected to study the effect of truck overloading. According to
Siekmann et al. (2011), axle-weight-based overloading is more
likely to take place than gross-weight—based overloading. Therefore,
the axle-weight-based overloading strategy was adopted in this
study and four trucks with axle weights of 1.25, 1.50, 1.75, and 2.00
times the axle weights of the design fatigue truck, respectively, were
considered. Because the two traffic lanes of the bridge considered
are symmetric about the central axis and the possibility of multiple
vehicles traveling in the same lane is small (Nowak et al. 1993), only
the scenario of one truck traveling along the centerline of the slow
lane, as suggested by the AASHTO LRFD (AASHTO 2017) code,
was investigated in this study. This scenario is illustrated by
Loading case 1, as given in Fig. 1.

Fatigue Analysis of the Bridge Structure

It was reported that vehicle-induced damage typically took place in
the deck slab and other main superstructure members (Wang et al.
2005). Moreover, according to Sofi and Steelman (2017), the sys-
tem behavior of the bridge structure can be represented by the
behavior of the superstructure system. Therefore, only the super-
structure, i.e., the concrete deck slab and the steel girders, was
selected for the fatigue analysis in this study. Furthermore, the
superstructure was considered as a series-parallel system (Estes and
Frangopol 1999) in which the girders were regarded as a parallel
subsystem connecting with the deck slab in series (Czarnecki and
Nowak 2008; Yang et al. 2004). In the following, the failure of the
bridge system induced by the failure of the deck slab and the fail-
ure of the girder subsystem was studied. The cumulative FDs of
the concrete deck slab and steel girders were calculated based on
the Miner’s rule [Eq. (1)]. The Miner’s rule was suggested for FD
calculation by the AASHTO LRFD (AASHTO 2017) code and
has been widely adopted in bridge design practices (Fatemi and
Yang 1998; Guo and Chen 2013)

n;

Cumulative FD(z) = N
i

)]

i
where n; and N; = number of the stress cycles experienced by the

steel component and the number of stress cycles for the steel com-
ponent to fail at the stress-range level S;, respectively. In addition,
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Fig. 2. Bridge model developed using the OpenSEES framework.
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Fig. 3. Fatigue truck adopted.

the stress cycles were counted using the rainflow counting algo-
rithm (Downing and Socie 1982).

Fatigue Analysis for the Steel Girder Subsystem

In this study, the FD of each steel girder was estimated based on
the longitudinal bending moment at midspan. According to the
AASHTO LRFD code (AASHTO 2017), the stress range and the
number of the stress cycles for the steel components hold the fol-
lowing relationship:

Ni=< 2

where m = slope constant of the S-N curve; and A = fatigue con-
stant. For the fatigue details considered in this study, namely,
the welds connecting the bottom flange and the web of the steel
girders, m can be taken as 3 approximately (Guo et al. 2012). For
the flange and the web of the steel girders, A can be taken as
3.93 x 10'* MPa according to the AASHTO LRFD (AASHTO
2017) code.

According to the findings by Schilling (1984), vehicle-
induced cumulative FD can be calculated from the maximum
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stress range (MSR) and the equivalent number of stress cycles
(ENSC). The MSR is defined as the algebraic difference between
the maximum stress and the minimum stress. According to
Connor et al. (2005) and Kwon et al. (2012), the stress ranges
between 3.45 MPa and 33% of the constant amplitude fatigue
limit (CAFL) were selected to count the effective stress cycles. In
addition, the ENSC can be calculated using the following equa-
tion (Schilling 1984):

Sa\" S\" Si\"
ENSC = num + (—1> + (—2> RERRRE (—) 3)
Sip Sip S
where S, = primary stress range of the steel girder under considera-
tion; num = number of primary stress cycles caused by an individual
truck passage; and S,; = higher order stress ranges.

Finally, the cumulative FD caused by passing trucks during a
certain period can be determined by the following expression:

ENSC - MSR?

Cumulative FD(z) = Num 1

“

where Num = number of trucks passing through the bridge during a
certain period of time.
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Fatigue Analysis of the Concrete Deck Slab

The deck slab is directly subjected to traffic loading and may ex-
perience over 100 million loading cycles during the bridge’s
service life (Schlifli and Briihwiler 1998). However, the fatigue
design of deck slabs was usually not considered in bridge design
codes (Yang et al. 2017; AASHTO 2017). In this study, the FD
of the concrete deck slab was investigated via the maximum
transverse bending moment at midspan because the transverse
bending moment is usually the controlling internal force of the
bridge deck slab (Yu et al. 2017). Although the deterioration rate
of the bridge deck slab varies between different locations and
varies with time, it was assumed that the deterioration of the
entire deck slab is uniform to avoid making the problem too com-
plex. The same assumption was also adopted in other studies
(Kostem 1982).

In the following, the calculation procedure for the FD of the con-
crete deck slab was derived in a manner similar to that of steel gird-
ers, which is helpful for the fatigue analysis of the bridge system.
Based on a review of the S-N curves for concrete components, the
S-N curve originally proposed by Aas-Jakobsen and Lenschow
(1973) and modified by Tepfers and Kutti (1979), as given in Eq.
(5), was adopted in this study

S S
max:l—ﬁ-(l—smm)-logN' (5)

S ck max

where S ; = concrete strength; Spax and Spin = maximum and mini-
mum stresses, respectively; B is approximately 0.685 according to
Tepfers and Kutti (1979); and N' = number of cycles required for
the concrete component to fail at a certain stress level. Then, S
was taken as 35 N/mm? for compression and 1.57 N/mm? for ten-
sion in this study.

With simple transformation, Eq. (5) can be rewritten as follows:

Sm'x
Smax(l - Sd )
N Ok ogN (©6)

B (Smax - Smin)

According to the definition of stress range S; as listed in Eq. (7),
Eq. (6) can be expressed by Eq. (8).

S: - Smax - Smin (7)
Smax (l - %)
ck
5§ log NV; )

Because the parameters Spax, Sck, and B are all constants, as
mentioned previously, the term Spyax(1 — Smax/Sex)/B is a con-
stant and was assumed as the fatigue constant A’ for the concrete
deck slab. Then the relationship between the stress range and the
loading cycle for the concrete deck slab, i.e., Eq. (8), can be
expressed in a manner similar to that for steel girders, as shown in
the following:

A/

5 = logh; ©
According to Eq. (9), the cumulative FD (Cumulative FD;)

caused by an individual truck passage can be calculated as follows:

Based on the equivalent FD concept (Oh 1991), it is expected
that an equivalent number of stress cycles (ENSC’) can be found
for the maximum stress range (MSR’) for concrete components.
The cumulative FD of the concrete deck slab can be expressed
by Eq. (11), which is similar to that of steel girders, as shown in
Eq. (4)

n ENSC’

Cumulative FD'(f) = Num - o= Num:————

an

where MSR’ = maximum stress range for the concrete deck slab;
and ENSC’ can be determined from the following equation:

A A A A A A

ENSC' = num’ +10% 57 +10% %4 ... 410% %

A’~(+ - #) Aﬂ(# - #)
— num/ + 10 Srp S + 10 Srp S + ...
A (g - l,)
+10 @ Si (12)

where S’rp = primary stress range for the concrete deck slab; and
num’ = number of primary stress cycles caused by each truck
passage.

Failure Analysis of the Bridge System

Based on the bridge model developed with the OpenSEES frame-
work, the static analysis of the bridge was performed under
Loading case 1, as given in Fig. 1. In the numerical simulations,
the truck was set to travel through the bridge step by step with a
step length of 0.2 m. The static transverse stress of concrete deck
slab at midspan and the static longitudinal stress of the steel girder
at midspan at each loading step were recorded. Then the dynamic
load allowance specified in the AASHTO LRFD code (AASHTO
2017) was added to the static stress range to take the dynamic
load effect into account when calculating the cumulative FD on
the girders and deck slab.

In this study, the bridge system was represented by a series-
parallel system that would fail if the failure of the deck slab or the
failure of the girder subsystem occurred. Because the bridge is sym-
metric about the central axis, the failure of one lane could be
deemed as the failure of the entire bridge system. For the loading
case adopted in this study, as given in Fig. 1, the girders under Lane
2, namely, Girders 3—5, bear most of the vehicle load. The failure of
any two adjacent girders of these three girders could lead to the fail-
ure of Lane 2 and therefore the failure of the bridge system. Similar
assumptions were made in other studies (Estes and Frangopol
1999).

To determine the most vulnerable girder in the entire structure of
the girder subsystem, the behavior of each girder was investigated
after being subjected to the overloaded trucks with different
weights, as given in Fig. 4. Fig. 4 demonstrates that the FD of each
girder under the same loading is different, and the FD of Girder 5 is
always the maximum because it experiences the largest stress
among all the girders under the loading conditions considered.
Therefore, Girder 5 is expected to fail first, followed by Girder 4,
and then the other girders. Therefore, the failure of the two adjacent
girders, i.e., Girders 5 and 4, can be regarded as the failure of the
bridge system in this study.

Figs. 5(a and b) are the flowcharts for determining the failure of

/ .
Cumulative FD} = n—’/ = nf/s, (10) the bridge system, in which the girder subsystem was represented
Ni10M by an individual girder and any two adjacent girders, respectively.
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In these flowcharts, “M-slab” denotes that the fatigue failure is
caused by the bending moment of the deck slab, whereas “M-
Girder 5” denotes that the fatigue failure is caused by the bending
moment of Girder 5. Previous studies have shown that shear fail-
ure is not the controlling failure mode for this type of bridge
(Briihwiler and Herwig 2008; Gonzélez et al. 2011), therefore, it

Ly . Fatigue design truck
1—-125W_A
0254 —%—1.50 W_A
o 1 —+*—175W_A
I 0204 v 2.00W_A
o
2
= 015
=
§ 0.10 1
O
0.05 +
0.00
1 2 3 4 S
Girder No.

Fig. 4. Cumulative FD of each girder under different loading conditions.

M-slab M-Girder 5

No
@ No @ Continue
service

Yes Yes
System failure
(@)
M-Girder 4
M-slab
M-Girder 5
@ No @ No Continue
service
Yes Yes
System failure

(b)

Fig. 5. Flowchart for bridge system failure: (a) girder subsystem repre-
sented by a single girder; and (b) girder subsystem represented by two
adjacent girders.

is not considered in this study. In the following, the behavior of
the girder subsystem represented by one girder and two adjacent
girders was investigated.

FD of the Bridge System

As discussed previously, the analysis of the bridge system in this
study is focused on the performance of the superstructure, which
was considered as a series-parallel structure system. Specifically,
the girder subsystem was regarded as a parallel subsystem, and it is
connected to the deck slab in series. In the following, we investi-
gated the fatigue failure of the deck slab and the fatigue failure of
the girder subsystem in detail.

Cumulative FD of the Girder Subsystem

In the current design practices, multigirder bridges are usually
designed based on the 1D line girder analysis methods (AASHTO
2017; Wood et al. 2007; Harris and Gheitasi 2013). In the follow-
ing, the fatigue problem of Girder 5 was investigated according to
the flowchart given in Fig. 5(a) and the results are given in Fig. 6.

Fig. 6 demonstrates that the FD of Girder 5 increases as the
bridge service time increases. In addition, it is found that the cumu-
lative FD increases more rapidly than the increase of the axle
weight. Furthermore, it takes 75, 43, 27, and 18 years for the cumu-
lative FD of Girder 5 to reach 1.0 under the loading of trucks with
1.25, 1.50, 1.75, and 2.00 W_A, respectively. This nonlinear rela-
tionship between the fatigue life and axle weight ratio occurs
because the FD is proportional to the third power of the stress that is
linearly related to the axle weight.

Interestingly, the cumulative FD of Girder 5 under the loading of
the truck with 1.25 W_A reaches about 1.0 at the end of the design
fatigue life of 75 years. In other words, the allowable overloading
ratio considering the FD is roughly 25% in this study. Nevertheless,
the overloading ratio corresponding to the weight cap of 363 kN by
Bridge formula B was calculated to be 13%, which is smaller than
the allowable ratio (25%) obtained from this study. In fact, the cap
of 363 kN was criticized to be too arbitrary (Moshiri and Montufar
2016). This phenomenon indicates that bridges may be capable of
carrying more loads than that allowed by Bridge formula B. Similar
conclusions were found in other studies (Committee for the Truck
Weight Study 1990; Moshiri and Montufar 2016; Deng and Yan
2018).

—*— Fatigue design truck —e— 125 W A —4a—150W_A
o= 175 W_A—*—2.00 W_A

Cumulative FD

Service time (year)

Fig. 6. Cumulative FD of Girder 5 under truck loading.
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More importantly, the approximate overloading ratio of 25% in
this study was obtained based on the behavior of a single representa-
tive girder in accordance with the AASHTO LRFD design method.
It has been demonstrated that the analysis based on the component’s
behavior could underestimate the actual system behavior (Gheitasi
and Harris 2014). Therefore, the approximate overloading ratio of
25% may be conservative. Furthermore, Eamon and Nowak (2002)
pointed out that the collapse of the entire bridge is a more likely
consequence than the failure of an individual girder. Consequently,
the failure of the bridge girder subsystem based on the multigirder’s
behavior, as given in Fig. 5(b), was investigated in the following.

Generally, for the girder subsystem represented by a single
girder, the girder with the maximum stress is the controlling compo-
nent. In this study, Girder 5 is always the one with maximum longi-
tudinal stress. Therefore, Girder 5 is the controlling girder when the
girder subsystem is represented by an individual girder. However,
this is not necessarily the case for the girder subsystem represented
by multiple girders. In this study, when the girder subsystem is rep-
resented by multiple girders, two adjacent girders may be even
more critical than a single girder, namely, Girder 5.

Note that in the single-girder—based approach, as suggested by
the AASHTO LRFD (AASHTO 2017) code, each girder is
designed according to the maximum load that it may possibly expe-
rience (Sofi and Steelman 2017). As a result, the girder may fail
under the load effect that is larger than the design load effect, i.e.,
the maximum possible load effect. Furthermore, the maximum pos-
sible load effect can be calculated based on the 1D line-girder analy-
sis with a proper girder distribution factor (GDF) (Harris and
Gheitasi 2013; AASHTO 2017). According to the definition of the
GDF, as shown in Eq. (13), the number of girders has no influence
on the value of GDF. As a result, the maximum stress can be deter-
mined regardless of the number of girders. In the 3D FE analysis in
this study, the design stress of the girder subsystem is regarded as
the maximum possible stress that the girders may experience

0.4 0.3 0.1
N S K
DF = 0. — = d 1
G 006+ (14) (L) (12.0Lt3> (13)

where S = girder spacing; L = span length; K, = longitudinal stiff-
ness parameter of the girder; and ¢, = depth of concrete slab.

According to Fig. 5(b), the behavior of the girder subsystem rep-
resented by two adjacent girders (Girders 5 and 4) was analyzed in
this study, and the results are given in Fig. 7. Unlike the constant
deterioration rate for the girder subsystem represented by a single
girder, the cumulative FD of the girder subsystem in Fig. 8 experi-
ences two deterioration rates during the service life. The turning
points are caused by the redistribution of the stress due to the failure
of Girder 5. Additionally, the stress of Girder 4 after the failure of
Girder 5 can be conservatively taken to be equivalent to the design
stress, which was obtained from the 3D FE analysis.

Taking the girder subsystem under the overloading of truck with
1.75 W_A in Fig. 7 as an example, the deterioration rate of the
girder subsystem is controlled by the stress of Girder 4. According
to Fig. 6, it takes 27 years for the FD of Girder 5 to reach 1.0 under
the loading of truck with 1.75 W_A. After that, the deterioration
rate of the girder subsystem increases due to the increase of the
stress of the controlling girder (Girder 4).

More importantly, under the same overloading condition, Fig. 7
and Fig. 6 demonstrate that the fatigue life of the subsystem repre-
sented by two adjacent girders (Fig. 7) is longer than that repre-
sented by a single girder (Fig. 6). This difference between the fa-
tigue lives of the girder subsystem obtained based on the presence
of multiple girders and each individual girder can be regarded as
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Fig. 7. Cumulative FD of the girder subsystem represented by two ad-
jacent girders.
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Fig. 8. Cumulative FD of the concrete deck slab under various over-
loading conditions.

an indication of the redundant level for the bridge (Estes and
Frangopol 1999; Czarnecki and Nowak 2008).

Additionally, Fig. 6 clearly demonstrates that under the over-
loading of a truck with 1.25 W_A, the cumulative FD of the girder
subsystem based on the single girder behavior reaches 1.0 at the
end of 75 years. In contrast, the cumulative FD of the girder sub-
system based on the behavior of two adjacent girders reaches 0.42
at the end of 75 years, as given in Fig. 7, which is much less than
1.0. This difference can be attributed to the redundancy of the
girder subsystem represented by multiple girders. Moreover, ei-
ther based on the behavior of a single girder or that of multiple
girders, the weight cap of 363 kN specified in Bridge formula B,
which corresponds to an equivalent overloading ratio of 13%,
seems to be too restrictive considering the FD.

Cumulative FD of the Deck Slab

In the superstructure system, the concrete deck slab is connected to
multiple girders in series, as given in Figs. 4 and 6. The FD of the
deck slab under various overloading conditions was calculated
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according to Eq. (11), and the results are presented in Fig. 8. Fig. 8
demonstrates that under the loading of the HS 20-44 design fatigue
truck, the cumulative FD of the deck slab at the end of the design
service life is much less than 0.1 and can be neglected. However,
under overloading conditions, the cumulative FD increases rapidly
as the overloading ratio increases, especially when the overloading
ratio exceeds 50%. Note that to make the curves clearer, not all FD
results for the deck slab were plotted in Fig. 8.

Based on Fig. 8, the FD at the end of design service life for the
deck slab under the loading of design fatigue trucks with 1.25, 1.50,
and 1.75 W_A is 0.0007, 0.0065, 0.0572, and 0.5045, respectively.
This clearly shows that the FD increases exponentially as the load
increases, as demonstrated by Eq. (11). As a result, truck overload-
ing could cause rapid deterioration of both the concrete deck and
the bridge system because the concrete deck was connected to the
girder subsystem in serial.

Weight Limit Analysis Considering the Cumulative FD of
the Bridge System

In the following, the weight limit under which the bridge can
achieve the desired service life was determined based on the FD of

both the deck slab and the girders. The method for calculating the
cumulative FD was introduced in the previous section.

The single-girder—based approach assumes that the bridge sys-
tem is a nonredundant system (Yang et al. 2004), although loads
are shared by different bridge components (Czarnecki and Nowak
2008). This assumption could help the prediction of an early fail-
ure under truck overloading according to Fig. 6. However, this
contradicts the fact that the collapse of the entire bridge is more
realistic than the failure of an individual girder (Eamon and
Nowak 2002). Therefore, it is not appropriate to set weight limits
for the bridge based on the behavior of a single girder. In this
study, the behavior of the girder subsystem represented by two
adjacent girders has been investigated, and the procedure of
determining the weight limit based on the behavior of bridge sys-
tem is illustrated in Fig. 9.

Taking the composite steel girder bridge adopted in this study as
an example, the weight limit method considering the system behav-
ior is explained in the following. It is assumed that the cumulative
FD of an existing bridge is 0.4 after 30 years of service, and the
expected service life for the bridge is 75 years. According to Fig. 9,
the detailed procedures for determining the vehicle weight limit are
listed as follows.

N

Bridge condition: Cumulative FD, service time, expected service time (T)

Determine the range of overweight ratio based on estimated Cumulative FD
according to Eqgs. (4) and (11)

The concrete deck slab subsystem

A 4

Set a more restrictive weight limit

Find a reference fatigue damage curve based on the range of overweight ratio

v

Step 1
Which subsystem
is more critical ?
% é The steel girder subsystem
Step 2

Obtain the reference load weight (W_0) and reference service time (T_0)

T 0 meets the
expectation ?

No

W_0 is acceptable » End

Set a less restrictive weight limit

v

Determine the service time ratio y=T 0/T ;
Deterioration rate ratio y’ =1/

v

Plot the CED curve for the bridge under the loading of W_L

v

Calculate the expected weight limit: W_L=§/5W_0

v

End

Fig.9. Flowchart for determining the weight limit.
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Step 1: Determine Which Subsystem Is More Critical

The purpose of this step is for the deck slab to avoid being the criti-
cal subsystem under overloading conditions. Based on the current
damage condition, it can be deduced from Fig. 8 that the cumulative
FD of the concrete deck slab under the assumed loading condition
increases rapidly and would reach around 0.75 at the end of
expected service life, which is still less than 1.0. Therefore, the con-
crete deck slab is not the critical subsystem to determine the vehicle
weight limit.

Step 2: Determine the Reference Loading Level

According to the cumulative FD depicted in Fig. 7, the vehicle load
should be within the range of 1.25-1.50 W_A so that the cumulative
FD could reach 1.0 at the end of 75 years. In this study, 1.50 W_A
was selected as the reference loading level, which corresponds to a
total service life of 69 years and a remaining service life of 39 years,
according to Fig. 7. Note that the total service life and the remaining
service life were selected as the reference service time in this study.
Unfortunately, neither of the reference service times meets the
desired service life, namely, a total service time of 75 years and a
remaining service time of 45 years.

To illustrate the detailed procedure and show the expected FD
curves more clearly, the curves for the cumulative FD under the
loading of trucks with 1.50 and 1.25 W_A are depicted purposely in
Fig. 10, and these two curves are defined as the reference FD
curves.

Step 3: Determine the Deterioration Rate Based on the
Reference FD Curves
Even though the FD based on multiple girders’ behaviors experien-
ces two stages (Stages 1 and 2, as given in Fig. 10) with different
accumulation rates, the ratio of the accumulation rates under differ-
ent loading conditions is constant, as demonstrated by Eq. (4).
Specifically, the remaining service lives of the girder subsystem
in Stages 1 and 2 under the loading of a truck with 1.50 W_A are
denoted as fy and 7y, respectively, as presented in Fig. 10. Similarly,
the remaining service lives of the girder subsystems under the
expected weight limit (W_L) are denoted as f;, and ], respectively.
Then, the ratio of the remaining fatigue life under these two loading
conditions can be calculated as

—— W L—4—150W A—*—125W A

1.0 4
0.8 1
0.6 1

0.4+

Cumulative FD

0.2 1

0.04 Stage 1

T 4 T ¥ T Y T v T L T v T

0 10 20 30 40 50 60 70
Service time (year)

Fig. 10. Weight limit based on the cumulative FD of the bridge
system.
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Correspondingly, the ratio of the deterioration rate is
¢’ =1/¢ = 1.153, based on which the cumulative FD curve due
to the loading of truck with expected weight can be depicted in
Fig. 10.

Step 4: Determine the Rational Weight Limit Based on the
Remaining Life Ratio
According to Eq. (4), the expected weight limit can be obtained
based on the remaining fatigue life ratio (¢) and the reference load-
inglevel (1.50 W_A): W_L = /¢ - 1.50W_A = 1.43W_A.

The proposed weight limit method could be used for determining
the weight limit for existing bridges and for estimating the FD of
bridges under truck overloading.

Summary and Conclusions

In this study, the application of the OpenSEES framework was
extended to the fatigue analysis of bridges. A typical steel-concrete
composite girder bridge was adopted to investigate the FD under
overloading conditions. The fatigue analysis of the bridge system
focuses on the behavior of the superstructure, which was considered
as a series-parallel system. Based on the fatigue analysis, a weight
limit method was proposed considering the behavior of the bridge
system under overloading. The proposed method can be applied to
assist in determining the truck weight limit and to evaluate the FD
of existing bridges under overloading conditions.

Based on the fatigue analysis of the bridge considered, the fol-
lowing conclusions can be drawn: (1) under severe overloading
conditions, the cumulative FD could increase rapidly and may
threaten the bridge safety; (2) the single-girder—based approach
would predict an early failure of the bridge system under overload-
ing conditions because the redundancy due to the system behavior
of the bridge structure was overly simplified and underestimated,
and (3) for the bridge considered in this study, the allowable over-
loading ratio was 25% if the single girder based approach is used,
which is larger than the ratio of 13% corresponding to the gross
weight cap of 363 kN specified in Bridge formula B. This cap value
has been criticized to be too restrictive for overloaded trucks. These
conclusions were based on the results from the bridge adopted in
this study. To draw more general conclusions and to comment on
the rationality of the truck weight regulations, more comprehensive
analyses on a number of different types of bridges should be
performed.
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