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Abstract: Fatigue is one of the main sources of mechanical failure in steel bridges. However,
a few studies have investigated the relationship between the longitudinal shape of bridge
girders and long-term fatigue effects. This paper shows how different girder profiles affect
the probability of fatigue damage occurring in continuous I-multigirder steel bridges. The
analysis was conducted using realistic traffic scenarios defined through truck data collected
in USA and Canada. Monte Carlo simulations with 5000 realizations were performed on
several continuous bridge configurations with different span lengths and different girder
profiles. The results of the analysis showed that the probability of fatigue damage is affected
by profile shape and the smoothness of the transition between the maximum and minimum
height of the cross section. In particular, the probability of fatigue damage on continuous
I-multigirder steel bridges can be reduced by up to 26% for typical fatigue construction
details over a bridge service life of 75 years by modifying the geometry of the girders
during the design phase of the bridge.

Keywords: steel bridges; cyclic loading; fatigue damage; weigh-in-motion; Monte Carlo
simulation; reliability analysis

1. Introduction

Stress accumulation under low-intensity high-frequency conditions, or fatigue, due to
highway traffic load is one of the main concerns for typical highway steel bridges that may
lead to major failure events [1-4]. Researchers have studied fatigue since the nineteenth
century as one of the main sources of mechanical failures of steel structures [5]. Fatigue has
a direct effect on structural safety and durability, for which different traffic load conditions
contribute to different fatigue scenarios [6]. The same is true for other parameters such as
environmental conditions and material degradation [7].

The stress history of bridge members is a random phenomenon, and the fatigue life
is dependent on the truck traffic flow over the bridges [8-10]. For steel members, the
accumulation of fatigue is determined by two main parameters: the stress range and its
number of cycles [10,11]. A thorough bridge fatigue analysis should be conducted by
analyzing actual traffic load time-histories [10,12]. Collecting a representative sample size
of the traffic loads is a crucial factor to determine stress time histories for the analysis
of bridge fatigue damages. To overcome such a difficulty, in recent decades, structural
health monitoring systems (SHMs) have been developed to collect realistic time-dependent
load data on bridges. Stress—strain time histories for probabilistic fatigue investigations
are currently collected by bridge weigh-in-motion (BWIM) methods [13-16] or through
strain gauges installed on bridge members [17,18]. When investigating fatigue damage
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from field stress data, several authors have shown that a bilinear fatigue model provides
more accurate results compared to the traditionally used models that include constant
amplitude fatigue thresholds (CAFTs) [19-21]. However, SHM systems are currently only
implemented on a limited number of bridges compared to the entire population, which,
excluding culverts, consists of 524,400 bridges in the United States and Canada [22,23].

As an alternative to installing SHM systems on bridges, engineers can collect perti-
nent traffic data from monitoring devices such as road pavement weigh-in-motion (WIM)
systems that have been installed at many locations across the United States and Canada.
These provide representative traffic data on bridges within their proximity. Specifically, the
Long-Term Pavement Performance (LTPP) program of the Federal Highway Administra-
tion (FHWA) collects vehicle data, including axle weight and axle spacings from 570 WIM
sites in the United States and Canada that can be used for assessing the safety of bridges
under cyclic and extreme loading [24-31]. The LTTP program is part of the long-term
infrastructure performance program (LTIP) sponsored by the Federal Highway Adminis-
tration in the United States. The LTIP envelopes both the long-term bridge (LTBP) and the
pavement performance program [22,32].

WIM data have also been extensively used in past studies to assess the probability of
bridge superstructure failures due to overloading events [24,25,27-29,31,33-36]. Similarly,
researchers have also used field traffic data to develop probabilistic fatigue damage mod-
els [1,11,16,19,21,37-54]. Most of the probabilistic analyses of bridge fatigue were initially
based on the experimental results of Fisher et al. [55,56]. Schilling [11] has shown how a
complex stress history can cause more fatigue damage to bridge girders than estimated by
the then commonly used simplified approximation of the maximum stress range. A similar
conclusion was reached by Dexter et al. [57] who demonstrated that Miner’s rule [58] pro-
vides an appropriate approach to characterizing truck loading effects. This was achieved
by performing the variable-amplitude fatigue testing of various bridge components. The
same authors also indicated that a significant proportion of cracking in steel bridges is due
to out-of-plane distortions in web gaps at connection plates for cross frames, diaphragms,
or floor beams. However, according to McConnell and Almoosi [59], who recently investi-
gated this phenomenon through field evaluation, distortion-induced fatigue is more likely
when side-by-side truck events occur. However, side-by-side events are less frequent than
single-lane loading events, which dominate bridge fatigue cracking. According to [24,60],
side-by-side truck crossings take place only with a probability on the order of 2-5% in typical
bridges with Average Daily Truck Traffic (ADTT) in the range of 1500 to 2000 trucks per day.

Furthermore, the stress ranges and fatigue of bridge members are not only functions
of the load history but also functions of the longitudinal profile of the girders, even when
bridges are subjected to the same load history. To the best of the authors” knowledge, no
previous studies have investigated the effect of girder profiles on the reliability of bridges for
fatigue. Therefore, the objective of this paper is to investigate how the longitudinal shape of
girders coupled with realistic truck traffic scenarios affect the probability of fatigue damage
occurring in continuous I-multigirder steel bridges. To achieve this objective, a Monte Carlo
simulation approach is used to characterize the response of bridges with different girder
profiles under the same truck population. The Monte Carlo simulation was chosen because
of its flexibility to be applied to complex loading and structural configurations. Then, a
reliability analysis was performed on the limit state function used to calibrate the AASHTO
LRFD fatigue truck model [40]. Traffic profiles were built using the aforementioned traffic
data collected in the United States and Canada from 2012 with weigh-in-motion (WIM)
systems from the LTPP program.

The remaining part of the manuscript describes the methodology used in this study to
characterize bridge characteristics, traffic data, the models to compute fatigue stresses and
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fatigue damage on bridge girders, and the reliability analysis for fatigue. In the last part of
the paper, a discussion of the results and conclusions is presented.

2. Materials and Methods
2.1. Characterization of Bridges

Bridge data were extracted from the FHWA long-term bridge performance program
(LTBP) and the Infrastructure Canada databases [22,23]. According to these sources, exclud-
ing culverts, there are about 475,000 bridges in the USA and 49,400 bridges in Canada. The
focus of the analysis was concentrated on continuous steel bridges because the accumula-
tion of fatigue damage on this bridge type is higher than simply supported bridges due
to the multiple load paths generated while a truck crosses a bridge [61]. Also, box girders
were not considered because of the limited number of this bridge type in the inventory,
which only accounts for 1.5% of the highway continuous steel bridge population [22]. Many
of continuous I-multigirder steel bridges in the United States and Canada have a variable
longitudinal profile, as shown in Figure 1. These profiles can have either a linear or a
parabolic shape. The ratio between the maximum and minimum depth of the cross section
ranges between 1.4 and 1.6 based on the image processing of a set of photographs collected
from bridges on interstate and regional roads. These aspect ratios are also in agreement
with the recommendations of FHWA for variable steel girder profiles, which limit the value
of the aspect ratio to 2.0 [62]. The transition point between the prismatic and variable cross
section along the girder is generally dictated by engineering judgment and construction
requirements rather than a mechanical behaviour. Accordingly, the ratio between the
length of the variable portion of the girder cross section and one half of the span length,
herein defined as p, can be as small as 20%, as shown in Figure 2. The representation of
o is schematically shown in the profiles depicted in Figure 3 for bridges with linear and
parabolic shapes.

(b)
Figure 1. Continuous steel bridges with a variable profile. (a) Linear (L) variation. (b) Parabolic
(P) variation.
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Figure 3. Variable girder cross section profile. (a) Linear (L) variation. (b) Parabolic (P) variation.

2.2. Representative Bridge Sample

Regarding the span configuration, about 5%, or 23,750, of the total bridge population
were found to be continuous steel I-multigirder bridges. According to LTBP data, 23,604 of
these have less than 20 spans and about 86.2% of the 23,604 bridges have less than 5 spans.
A further analysis showed that for the 5759 two-span bridges, the maximum span length
ranged between 7.0 m and 110.0 m, with about 96.7% (or 5567) of the bridges having a
maximum span length less than 65.0 m. For most two-span bridges, the ratio between the
maximum span length and the total bridge length (A) ranges between 0.35 and 0.55.

Similar statistics were collected for three-span and four-span bridges. For three-span
continuous steel bridges, about 97.5% (or 10,039) have a maximum span length less than
80.0 m, while the maximum span ratio A ranges between 0.25 and 0.45. Finally, for four-span
continuous bridges, about 96.3% (or 4138) of the 4298 bridges have a maximum span length
shorter than 70.0 m, and the maximum span length ratio ranges between 0.25 and 0.35.

According to these statistics, bridge span lengths from 10.0 m to 50.0 m and maximum
span-bridge length ratios from 0.25 to 0.50 were considered for the numerical simulations.
In addition, a girder spacing of 2.4 m was used for the analysis. The choice of a single
value for the girder spacing does not undermine the validity of the study because the focus
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is on the effect on the longitudinal girder profile once the desired spacing for a bridge
is chosen. The number of longitudinal girders was set as equal to 5, which is typical for
redundant highway bridges [63]. These configurations accommodate between two and
three lanes of traffic. A composite concrete deck 250 mm thick was used to connect the steel
girders with a constant 1.0 m overhang on both sides from the exterior girders. Two aspect
ratios between the maximum and minimum cross-section depth equal to 1.4 and 1.6 were
considered. For each of these configurations, either a linear (L) or a parabolic (P) profile
was analyzed. As a reminder, these profiles are schematically shown in Figure 3. Finally,
four different p values, equal to 25.0%, 50.0%, 75.0%, and 100%, were analyzed. The bridge
parameters are listed in Table 1. The parameters listed in Table 1 are representative of about
83.1% of the continuous steel I-multigirder bridges in the inventory. The combination of
these parameters resulted in a total of 224 different bridge configurations.

Table 1. Continuous bridge configurations analyzed.

Bridge N. Shape p Spacing Spans Girder Flange Girder Web
N. Spans P [%] [m] [m] Width [mm]  Thickness [mm] Variable Depth [mm] Thickness [mm]
1 10-10 550 30 400-640 4
2 10-17 440 25 680-1088 6
3 20-20 470 25 800-1280 8
4 2 L P 25-100 24 20-33 550 26 1320-2110 10
5 33-33 550 26 1320-2110 10
6 50-30 750 40 2000-3200 15
7 50-50 750 40 2000-3200 15
8 10-10-10 550 29 400-640 4
9 10-17-10 440 24 680-1088 6
10 3 L P 25-100 24 33-33-33 530 27 1320-2110 10
11 30-50-30 750 40 2000-3200 15
12 50-50-50 750 40 2000-3200 15
13 25-25-25-25 485 27 1000-1600 8
14 & LP A0 24 5505050 750 40 2000-3200 15

For each span configuration, the dimensions of the steel girders were estimated using
empirical equations calibrated based on the design of highway bridges according to the
AASHTO specifications [34]. For the bridges listed in Table 1, the minimum height of the
cross section was set equal to ern—gx [62,64]. The dimensions of the cross sections obtained
from the empirical equations were found to be consistent with actual girder dimensions of
similar bridges constructed in Manitoba following the AASHTO specifications [65].

2.3. Characterization of Truck Configurations

The statistical characterization of truck loads and truck configurations was completed
using WIM data from the LTPP program [32]. The WIM data collection of the LTPP program
reached its peak between 2008 and 2012, with an average of 3350 WIM files collected every
year from local and state agencies according to the latest traffic monitoring guide (TMG-W)
data format [66]. These files are publicly available through the LTPP website [32]. In
this study, the entire set of WIM files for the 2012 was analyzed because it provided the
largest spatial distribution of data collected at WIM locations for a single year, as shown in
Figure 4. As a result, this provides a representative picture of the entire truck population in
the United States and Canada.
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Figure 4. WIM station locations.

The classification of the 66.8 million trucks from the 2012 database into FHWA cate-
gories [66] showed that 71.2% were five-axle Class 9 tractor-trailers and 15.2% were two
axle Class 5 single-unit trucks, as shown in the third column of Table 2. The next most
frequent truck type was the single-unit truck with three axles (Class 6) that accounted for
5.0% of the total population, followed by tractor-trailers with four axles (Class 8) (4.0%),
tractor-trailers with six axles (Class 10) (2.2%), and long-hauling double trailer trucks with
eight axles (Class 13) (1.3%). These six truck configurations accounted for 98.9% of the
entire LTPP truck population in 2012.

A subsequent analysis of these six truck categories revealed the distributions of gross
vehicle weight (GVW), the axle weight to GVW ratio, and axle spacings. The histograms of
the GVW for each truck category are shown in Figure 5.

Table 2 shows the parameters of the statistical distributions that best fit the GVW data
expressed in kN in each truck group.

Table 2. GVW distribution parameters for different truck configurations.

Class N. Axles Pm}[):/llition Distribution - Parameters P2 x2 Value
(Wl 2 3) (€Y (5) 6) (7)
5 2 15.2 Log-normal 4.2 0.3 31.37
3 5.0 Log-normal 4.8 0.4 8.70
4 4.0 Log-normal 49 0.3 23.75
9 5 71.2 Truncated-normal 2434 77.3 73.96
10 6 2.2 Log-normal 5.45 0.36 82.97
13 8 1.3 Truncated-normal 426.6 123.5 541.21
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Figure 5. Gross vehicle weight histograms. (a) Class 5, (b) Class 6, (c) Class 8, (d) Class 9, (e) Class 10,
and (f) Class 13.
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Column five of Table 2 indicates either the mean value (p;) of the data modelled
using a normal distribution (truncated at zero) or the log-mean for the log-normal
distribution. Column six of Table 2 lists the standard deviation (p,), while column seven
of table indicates the chi-square value of the goodness of fit test for each distribution.
The reference chi-square value with 97 degrees of freedom at a 95% confidence level
is 75.28. A chi-square value below 75.28 indicates a very good fit for the data. Based
on the values listed in Table 2, the models fit the GVW data well, except for Class 13.
This is due to the multi-modal behaviour exhibited by the gross weights in this category.
However, given the small proportion of this class compared to the entire population,
a slight error in the estimate of the gross weight based on the proposed model in this
category will not compromise the accuracy of the structural reliability analysis, which
will be discussed later.

A statistical analysis of the axle weight to GVW ratios was also performed for each
truck category. These ratios are assumed to be normally distributed based on past investi-
gations [67]. The results of this analysis are summarized in Table 3.

Table 3. Axle weight to GVW ratio statistics.

Truck Axle
1 P
Class arameter 1 5 3 4 5 6 . 8
5 Mean 0.42 0.58 - - - - - -
Ccov 0.19 0.14 - - - - - -
6 Mean 0.41 0.30 0.29 - - - - -
Ccov 0.26 0.21 0.21 - - - - -
3 Mean 0.25 0.35 0.20 0.20 - - - -
COVv 0.24 0.27 0.28 0.32 - - - -
9 Mean 0.21 0.21 0.20 0.19 0.19 - - -
Ccov 0.32 0.11 0.11 0.18 0.19 - - -
10 Mean 0.20 0.19 0.19 0.14 0.14 0.14 - -
Ccov 0.32 0.12 0.12 0.24 0.20 0.24 - -
13 Mean 0.12 0.11 0.15 0.14 0.12 0.13 0.12 0.11
Ccov 0.40 0.30 0.14 0.20 0.20 0.19 0.20 0.22

The values listed in Table 3 show the mean and the coefficient of variation (COV) of
each axle weight to GVW ratio. For semi-trailers, it is common to use a fixed value for the
steering wheel, which is fairly consistently equal to 35.0 kN, and then divide the rest of
the weight by the rest of the axles following a statistical distribution. For Class 13 trucks,
the COV of 0.40 for the steering axle load is due to the large variation in the GVW in Class
13 trucks.

Statistics of truck axle spacings were also investigated for each FHWA class. The mean
and COV for each axle spacing are summarized in Table 4. The axle spacings are also
assumed to be normally distributed [67]. The parameters listed in Tables 2—4 were used to
simulate the truck load characteristics for the structural analysis.
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Table 4. Axle spacings statistics.

Axle Spacing
1-2 2-3 3-4 4-5 5-6 6-7 7-8
Mean [m] 5.0 - - - - - -

Class Parameter

Ccov 0.22 - - - - - -
6 Mean [m] 5.3 1.3 - - - - -
Ccov 0.15 0.08 - - - - -
8 Mean [m] 4.5 7.2 2.3 - - - _
Cov 0.20 0.44 1.17 - - - -
9 Mean [m] 5.1 1.3 9.8 14 - - -
COov 0.14 0.31 0.11 0.43 - - -
10 Mean [m] 5.1 1.3 9.1 1.4 1.5 - -
COov 0.14 0.08 0.18 0.21 0.20 - -
13 Mean [m] 4.2 1.6 3.7 5.3 24 35 1.7
COVv 0.21 0.25 0.76 0.74 0.83 0.66 0.71

2.4. Structural Analysis

The procedure to compute the mechanical response of bridges is illustrated using the
example shown in Figure 6, which depicts a two-span continuous bridge system with a
composite concrete deck over steel I-multigirders.

For each girder cross section at position P(x,y), a stress tensor ¢ is computed at each
value of the z coordinate along the depth of the cross section A-A as the input truck with
parameters contained in the vector ; travels over the bridge, as shown in Figure 6, where
i = [1,...,N7] and Nr is the total number of truck configurations investigated. Given
the bending behaviour of composite steel girders, the stress tensor o is characterized by
an axial component oy and a shear stress Ty, = 7x = T component. The stress tensor’s
history is recorded for every longitudinal position xy, of the truck ¢; as it travels over
the bridge. Note that xy, should not be confused with the location x of P, as shown in
Figure 6. The stress tensor in the global reference system XYZ is then converted into
principal components according to Mohr’s equations [68]:

tan(th):U— (1)
X
_ % o\
=5 (2) Tt @
_ O (N
0'[1—2 (2) +T (3)

where « is the angle of rotation of the principal axes relative to the global X axis and o7 and
oy are the major and minor components of the principal stresses, respectively. This is also
schematically shown in Figure 6.

The bridges are modelled as a grillage using an efficient simulation framework named
OpenBRAIN [34]. This framework performs the linear and nonlinear structural analysis
of girder-type bridges using OpenSees as the back engine for the structural analysis [69].
For a given bridge configuration, OpenBRAIN performs the analysis of hundreds of load
configurations on a structure in a matter of seconds thanks to its parallel implementation,
making this software extremely efficient when conducting Monte Carlo simulations.
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Figure 6. Fatigue analysis of a continuous I-multigirder steel composite bridge. (a) Tridimensional

view. (b) Girder profiles and stress tensors as a function of the truck position.

OpenBRAIN creates a grillage consisting of main girders oriented along the x direction
of a Cartesian reference system, connected by the deck in the y direction. Each girder is
divided into elements with an approximate length of 0.5 m in the longitudinal direction,
and, at each joint, the girders are connected by transverse beams simulating the deck in the
perpendicular direction. Permanent and live loads are applied in the z direction, which
is normal to the plane of the bridge. Deck elements are discretized uniformly along the
span length and modelled as unidirectional slab strips. Provided a set of parameters, such
as a number of spans, vector of span lengths, and overall deck width, in addition to the
dimensions and material properties of the deck and girders, OpenBRAIN calculates each
member’s moment—curvature relationship. The composite moment curvature relationship
of the girders is computed by dividing the cross section of each grillage beam into fibres and
calculating the moment value that satisfies the condition of equilibrium of all fibres for each
value of the curvature, x. The stress—strain relationship o-€ for concrete in compression
is described by the Ramberg—Osgood model given in Equation (4) [70], neglecting the
contribution of concrete in tension. The stress—strain relationship for reinforcing steel is
given in Equation (5) [71]. The value of concrete strengths f. for regular concrete was set
equal to 35.0, while the plate girders and reinforcing steel yielding stress f,, respectively,
350 MPa and 410 MPa. The reinforcement area in the concrete deck was set equal to
0.8% of the top and bottom of the concrete deck area. Further details on the modelling
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processes of the I-girder bridges are provided in [34,36,67]. A similar approach is also
used in OpenBRAIN to calculate the non-composite ultimate capacity when bending the
deck elements.

/ . 2 /
fc{zqf—(ﬁo)}; e < ep; €o=1.8£f

(4)
/ / 2 ,
fo—015f (5 )5 € > eo; Ec=4700\/fi [MPal

Ec-¢; e<e =14 E =200,000 [MPa
o ={ fy e<ele; € =10-¢ (5)

fu—=(fu—fy) (;:‘:;)2; ep<e<ey fu=15-f

As an example, Figure 7 shows the mesh discretization for a continuous bridge con-

figuration analyzed in this study. The bridge has two spans, which are 20.0 m long. In
this example, the number of girders is equal to five, spaced at 2.6 m. For the finite element
analysis of the grillage, each span was divided into 50 sections. Figure 7 also shows the
vertical displacement of the bridge when it is loaded by a two-axle truck with a total length
of 4.0 m and a gross weight of 236 kN. The location of the truck on the bridge is with the
centroid of the axle weights at the midspan on the left span close to the southern girder.

v v v
X Axis [m]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
10 1 T T{[[IT[TITTTIIIT]N”{HH‘HH \\ 1 T I T T I +10
9 +9
[ESNE : +8
7 \ -+
6 -6
Y Axis [m] g 4 5 Y Axis [m]
4 ~+a
3T +3
2 -+2
1 +1
o} | | | ) f | ! y ' f } 0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
X Axis [m]

A A A

Vertical Displacement [mm] Axis Z oY
-15.1 12 -10 -8 -6 -4 -2 0 2 4 6.7
‘ b e —
I Girder supports line < X

Figure 7. Bridge finite element model in OpenBRAIN.

For each bridge configuration with a specified number of girders, the bending and
shear on each girder are computed using Courbon’s distribution factor (DF) [72]. Courbon’s
distribution factor assumes that the lateral profile of the bridge cross section is not distorted
after deformation. This assumption is fairly accurate for common girder bridges and for
bridges with lateral cross bracings and diaphragms. In addition, if the flexural stiffness
of the girders is the same, the distribution factor for each applied load reduces to the

following equation:
1 e-d
I T

where 1, is the number of girders, d, ; is the distance of each girder from the centroid of

8
6
: d;]- (6)

the girders’ flexural stiffness, and e is the eccentricity of the applied concentric load from
the girders’ centroid in the direction perpendicular to the traffic flow. The parameter ¢ in
Equation (6) affects the load distribution of trucks on the girders, as shown in Figure 7,
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where the displacement of the girders underneath the truck on the southern lane is greater
than the rest of the bridge’s superstructure due to the eccentricity ¢ of the truck load with
respect to the centroid of bridge cross section. The structural analysis of the most loaded
girder is performed using OpenBRAIN for a random sample of N7 trucks. For each bridge
configuration, the simulations are repeated for two height ratios and for four different
p values.

As an example, Figure 8 shows the bending moment and shear force response of
the simply supported continuous two spans bridge shown in Figure 7 under the effect
of Nr = 10 random trucks. In Figure 8, the solid black line indicates the position of the
interior support.

150-
0,
125 Truck N. 10
- 10
L .9
100- / 3 N _20-
75 E fg —-30-
1S 5 1S
£ 50 2 Z w0
= 3 = STE
25- 2 -50- ot
1
0- —60- o
el -70-
_80,
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
x [m] X [m]
(a) (b)
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51 e, -10-
0- Fing ) -15
= e
X, _5. x,—20
> >
_25,
710'
_30,
_15
_35-
-20- 0]
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
x [m] x [m]
(c) (d)

Figure 8. Bridge response to 10 random trucks. (a) Moment response at section x = 10 m. (b) Moment
response at section x = 19.5 m. (c) Shear response at section x = 10 m. (d) Shear response at section
x=195m.

The random trucks considered in this example are single-unit trucks with 2 axles.
Figure 8 shows that the response of the bridge is a function of the truck configuration and
position. For each section along the girder, the random response is recorded and the shear
and bending stresses are computed.

The structural analysis is conducted for single-lane truck loading and for side-by-
side events. The multiple-presence of trucks is characterized by two identical #; truck
configurations spaced transversely at a distance equal to 1.20 m, as shown in Figure 9 [36].
This is completed to be consistent with the current bridge engineering practice in the
United States and Manitoba, where two identical truck designs are considered for the
analysis of the superstructure [73]. The probability of multiple-presence events is set equal
to 2.0% [24,60].
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Figure 9. Transverse truck load position. (a) Single truck. (b) Side-by-side events.

2.5. Reliability Analysis for Fatigue

A deterministic estimate of the fatigue damage is computed using Miner’s rule [58]:

& k
Drr =Y, Kl (7)
g=1"1
A 3
= () ©
where Q is the total number of stress ranges and g = [1,...,Q)], k; is the number of

cycles experienced by the section for the stress range Aoy, and K, is the maximum number
of cycles that a construction detail can sustain at the stress range Ao, before failing in
fatigue according to the S-N relationship given by Equation (8). The construction detail is
characterized by the constant parameter A [73].

According to Miner’s rule, if Dpr > 1, then the section fails in fatigue. Through the
manipulation of Equations (7) and (8), [40] defined the following limit state function Z to
calibrate the fatigue design model for the AASHTO LRFD:

ADTT - T S3G3IPH?
Np S5

Z = Drr — Wo ©)
where T is the bridge service life, S, is the stress ratio between a random truck effect and
design truck, G is the distribution factor ratio, I is the dynamic impact factor, H is the
headway factor to account for multiple presence loads, W, is the factor that accounts for
the variation in the truck gross weight population, Np is the fatigue number of cycles of
reference, and S 4 is the stress range ratio associated with Np for each construction detail
A. According to this limit state function, Drr, ADTT, S,, G, I, H, W,, and S4 are random
variables. A summary of the statistical information for the random variables for the limit
state function of Equation (9) is provided in Table 5.

The ADTT is an important parameter for the assessment of fatigue on steel bridges.
Nyman and Moses [40] estimated an average value for the ADTT on freeways equal to
2500 trucks per day in the United States. According to the LTPP WIM data analyzed in
this study from 2012, which contained 158 sites, the average ADTT for sites with ADTT
greater than 50 trucks per day was equal to 1236 trucks per day, with a COV of 1.00. This



Infrastructures 2025, 10, 92

14 of 26

large variation in the ADTT between sites across the United States and Canada is due to
the nature of the roads where the WIM stations are located, which range from municipal
roads to interstate highways, as shown in Figure 4. The distribution of the ADTT at the
LTPP WIM sites is shown in Figure 10. A log-normal distribution describes the variation in
the ADTT between sites relatively well.

The nominal value of the parameter S is computed from the numerical simulations
as a function of the profile shape and profile ratio. The distribution factor ratio G takes into
account the effect of the actual stress on the most loaded girder compared to the design
equations in the standards, while the dynamic impact factor I accounts for the variability
of the dynamic stress versus the static assessment performed either with design equations
or a static finite element analysis.
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Figure 10. Annual Daily Truck Traffic distribution from the LTPP WIM sites in 2012.

The probability model for fatigue proposed by Nyman and Moses for the headway
ratio H assumes a normal distribution with a mean of 1.0 and a coefficient of variation equal
to 5.0%. This factor was also investigated by other researchers. For example, Caprani [74]
also adopted a normal distribution with a 5.0% coefficient of variation to model the headway
of trucks for advanced traffic simulations. In their study, Caprani showed that the headway
factor for different headway configurations and bridge span lengths ranged between 0.6
and 1.3, with a mean value of 0.88 and a COV equal to 0.21.

The stress range ratio S4 accounts for the variability of the failure stress range for
different construction details failing in fatigue.

Typical construction details of highway composite steel girder bridges are AASHTO
fatigue detail types B, C, and C’, which envelope plate girders, cross frames, and diaphragm
construction components. These details are depicted in Figure 11. However, during the
calibration process, Nyman and Moses also considered other fatigue details for bridges
constructed with hot-rolled steel elements (type A), members with holes (type D), and
eye bars (type E). For all these details, according to Nyman and Moses, the reference
number of cycles Np associated with the statistical parameters of the stress range ratios
is equal to 2,000,000 cycles. For this value, the stress range ratios and thresholds for
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typical construction details of redundant highway composite steel girder bridges, which
are categorized from A to E in the AASHTO LRFD specifications, are listed in Table 6 [73].

Table 5. List of random variables.

Variable Unit Parameters Values Distribution Reference
Truck gross weight, GVW kN p1/ p2 Table2 Table 2 Varies This study
Axle weight ratio - Mean/COV Table 3 Table 3 Normal [67]

Axle spacings m Mean/COV Table 4 Table 4 Normal [67]
Fatigue damage model, Dt - Mean/COV 1.00 0.15 Weibull [40,75]
Average Daily Truck Traffic, ADTT - Mean/COV 1236 1.00 Log-normal  This study
Stress ratio, S, - Mean/COV 0.97 0.09 Normal [40], This study
Distribution factor ratio, G - Mean/COV 0.38 0.13 Normal [40]
Dynamic impact, I - Mean/COV 1.10 0.11 Normal [40]
Headway factor, H - Mean/COV 0.88 0.21 Normal [74]

Gross weight factor, W, - Mean/COV 0.35 0.06 Log-normal  [40]
Fatigue stress range ratio, S - Mean/COV Table 6 Table6 Log-normal [40]

Table 6. Stress range ratios parameters S 4 and threshold for 2,000,000 cycles [40].

Detail Type Mean cov Fatigue Threshold [MPa]
A 1.37 0.09 165.0
B 1.22 0.10 110.0
C 1.29 0.12 69.0
c 1.29 0.12 82.7
D 1.18 0.07 48.3
E 1.19 0.07 17.9

Welded Component

Welded Component

(b)

Welded Component

(©) (d)

Figure 11. Typical fatigue details of highway steel bridges according to [73]. (a) Type B, built of plates
and shapes connected by a continuous longitudinal complete penetration weld. (b) Type B or C,
welded joints in the transverse direction of the stress. (c) Type C, members with re-entrant corners or
cuts. (d) Type C/, members with welded stiffener connections.
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The probability of fatigue failure Pr corresponds to the probability that the limit state
function Z expressed through Equation (9) is equal to or less than zero:

(10)

ADTT-T S3G313H3
P, =Pr(Z <0) =Pr| Dpr — u W, <
f r( — 0) r( FT ND S?q 0o = O

The reliability analysis is performed using the First-Order Reliability Method (FORM)), as
applied to Equation (9) [76]. The random variable parameters are listed in Tables 5 and 6.
The reliability analysis takes into account the effect of the profile shape and the profile
ratio on the stress ratio S, that is discussed in the Results Section. Following the same
approach of [40], the random variables are considered to be independent. The values of the
probability of failure are expressed through the reliability index g = —& ! (Pf), where

®~1(.) is the inverse standard normal cumulative distribution function.

3. Results
3.1. Model Validation

The first step of the analysis consisted of validating the results obtained from Open-
BRAIN with respect to a benchmark. Unfortunately, due to the lack of load testing and field
investigations looking at continuous I-multigirder steel bridges with variable cross sections,
the results of the numerical models are compared to a simply supported I-multigirder
bridge with a constant cross section. However, the fact that girders in this example are
characterized by a constant cross section does not undermine the validity of the numerical
procedure. Accordingly, the experimental load testing results reported by [77] on a simply
supported straight I-multigirder steel bridge in Ontario, Canada, were utilized. The bridge
in question, the Stoney Creek bridge, was constructed in 1950, and it remained in relatively
good condition until it was scheduled for replacement in 1978 by a wider bridge. Given its
impending replacement, the Stoney Creek bridge was made available to be tested to failure,
offering a valuable opportunity to assess its structural performance. The bridge had a clear
span of 13.72 m and a width of 6.33 m and comprised six rolled-steel girders, where each
girder had a W610 x 110 hot-rolled cross section. The girders were spaced at intervals of
1.22 m, and the concrete slab had a uniform thickness of 180 mm. The steel yielding stress
of the girders was 228 MPa, and the concrete strength was 20 MPa. The flange thickness of
the girders was 10.2 mm, and the web thickness was 12.1 mm.

The bridge was tested using concrete blocks, each weighing approximately 9.26 kN
and having a footprint of about 0.61 x 1.22 m and a height of 0.61 m. The loading occupied
an area 4.88 x 3.67 square meters and centred longitudinally with the girders. The load
was transversely eccentric and aligned with the southern curb of the bridge. Each layer of
blocks consisted of 24 units for a total load of approximately 222 kN per layer.

Although the bridge was tested to ultimate failure, for the objective of this study, only
the elastic response of two layers of concrete blocks was utilized, and field measurements
were compared to a shell finite element analysis (FEM) using Code Aster and the Open-
BRAIN results [78]. Longitudinal strains on each girder were measured at midspan using
three unidirectional strain gauges. The gauges were located underneath the bottom flange,
one on the middle of the web, and a third one on the web in the proximity of the top flange.
Further details about the bridge’s instrumentation and the testing procedure can be found
in [77].

The maximum midspan deflection from field measurements was approximately
13.0 mm, while the one obtained from the FEM model was 12.1 mm. This difference is
about 7%, and this is due to the partial composite effect of the constructed bridge cross
sections, which made the bridge more flexible than the fully composite finite element model.
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Midspan strains were also computed for this bridge model, as shown in Figure 12. The
maximum longitudinal tensile strain at the bottom flange was 315 e [1 ye = 107622 ]
form the FEM model and 320 pe from OpenBRAIN. The corresponding field measurement
indicated a maximum tensile strain of approximately 342 ue at the same location. The
error between the field measurement and the model’s is about 7.8% for FEM and 6.5%
for OpenBRAIN. A similar comparison was performed for the top flange compressive
strain. The results are summarized in Table 7. These differences are deemed reasonable
considering the various sources of discrepancies, such as the presence of rust reported
in certain girder sections, the loss of bonding between steel and concrete, environmental
effects, and the position of the applied load in the field that does not exactly match that of
the numerical models.

Pincipal Strain in compression [10 " -6 mm/mm]

Pincipal Strain in tension [10”-6 mm/mm]

(b)

Figure 12. FEM model of the Stoney Creek bridge. (a) Strain in compression. (b) Strain in tension.

Table 7. Comparison of maximum strains from FEM analysis, OpenBRAIN, and field testing [€].

Position Field Measurement FEM OpenBRAIN

Top Flange 180 200 175
Bottom Flange 342 315 320
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3.2. Stress Analysis

The structural analysis of the 224 bridge configurations was conducted for an Nt
sample of 5000 random trucks, selected based on the truck proportions listed in Table 2.
The distribution of the gross weight and the axle characteristics were selected based on
the parameters listed in Table 2, Table 3, and Table 4, respectively. Each span of the
bridge was divided into 50 elements, and the bending and shear stresses resulting from
each truck crossing were computed at each cross section of the discretized girders, as
shown in the examples depicted in Figure 8. The principal stresses obtained by applying
Equations (2) and (3) were analyzed as a function of different profile shapes and profile
ratios. A statistical analysis of the principal stresses was conducted separately in the
region of maximum positive and minimum negative bending. Figure 13 shows the average
stress variation as the profile ratio of the bridges increases from 25% to 100% of the half-
span length.
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Figure 13. Stress vs. profile ratio. (a) Positive bending. (b) Negative bending.

This reduction is on the order of 4% in both cases. The overall coefficient of variation
for the stresses was found equal to be equal to 9.0%. A regression model was calibrated to
describe the stress variation as a function of the profile ratio and profile shap, as shown in
Equation (11), with p expressed as a percentage. The values for the coefficients are listed in
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Table 8. This equation was employed to adjust the stress ratio S, as a function of the profile
shape and p for the reliability analysis described in the following section.

Tavg = exp(ag + a1p) (11)

Table 8. Stress variation regression’s parameters.

Profile Shape = Bending Type ap ai Adjusted R?
> Positive 2.64 —5.70 x 10~* 0.92
Negative 2.16 —3.89 x 1074 0.80
L Positive 2.62 —5.62 x 1074 0.76
Negative 2.15 —2.45 x 1074 0.79

3.3. Reliability Analysis

The reliability analysis for fatigue was conducted using the construction detail types
from A to E and by adjusting the stress ratio S, to account for the effect of the profile
shape and ratio. According to a reliability-based design approach, the calibration of the
safety indexes must be valid for all bridges designed within the scope of the calibrated
specifications. This means that the same reliability target is chosen for all bridges. As
a consequence, bridges that exhibit higher stresses are still required to meet the same
reliability target. Therefore, it follows that the results presented by [40] must be valid for
all p. From a constructability point of view, the fabrication of a variable girder cross section
with p smaller than 20% would be unpractical, and in that case, a girder with a constant
cross section would be preferable. Hence, p = 20% was assumed as the initial value for
which the S, parameters listed in Table 5 used by [40] are applicable to match the same
safety target of the fatigue design model. Then, the random variable S, was modified by a
factor to account for the profile shape and ratio:

Sg,p — eXp(”O + alp) S(T (12)
Uavg,ZO

where 0,y 20 is the average stress for a profile ratio of 20% computed with the coefficients
listed in Table 8 for different profile shapes and bending type.

The reliability index for fatigue was computed with the FORM algorithm implemented
into the R language for a bridge service life T equal to 75 years [79]. This is in agreement
with the requirements of current bridge design specifications in the United States and
Canada [73,80]. The results of the reliability analysis showed that the reliability index
increases linearly with the profile ratio p. As an example, Figure 14 depicts the variation in
the reliability index  with p for a type C construction detail, C’, which is one of the most
common construction details used for I-multigirder steel bridges. This detail type includes
welded joints in the transverse direction of the stress, members with sharp corners or cuts,
and members with welded stiffener connections.

Figure 14 also shows that the reliability index in the region of positive bending in-
creases from about 1.91 (Pf = 2.8%) when p =20% to 2.01 (Pf = 2.2%) when p = 100%
independently of the tapering type. In terms of the probability of failure, this change in
the profile ratio corresponds to a 26.3% reduction in the probability of failure. Note that
this comparison is performed relatively to each individual profile shape. However, for the
same safety gain, a parabolic girder results in a lighter girder and is consequently cheaper
than a girder with a variable linear profile, as shown in Figure 15. A similar scenario is
depicted in Figure 14 for the negative bending region. In this case, the effect of the profile
shape on f is slightly more emphasized as the profile ratio increases. In fact, for a linear
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variation, the reliability index changes from 1.98 (Pf = 2.4%) to 2.02 (Pf = 2.2%) asp

increases, while for a parabolic girder profile, the reliability increases to 2.06 (Pf = 1.9%)
when p = 100%. The analysis of results for other construction details are summarized in
Table 9 to contain the number of figures in the manuscript. The values in the last column
of Table 9 show that by increasing the profile ratio from 20% to 100%, the probability of
failure in the positive bending region of continuous I-multigirder steel bridges at 75 years
would reduce on the order of 25% for all construction details. In the negative region, the
same probability of failure would reduce by between 10% and 14% for steel girders with a
linear profile or between 17 and 23% for girders with a parabolic profile.
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Figure 14. Reliability index vs. profile ratio for construction detail C, C’. (a) Positive bending.
(b) Negative bending.
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Table 9. Reliability indexes.
. . . B Reduction Py
Profile Shape Bending Type Detail p = 20% o =100% (%]
A 2.11 2.20 254
B 1.80 1.90 25.1
Positive C 1.91 2.01 26.3
D 1.74 1.84 24.5
. E 1.76 1.86 247
Parabolic (P) A 2.18 2.26 228
B 1.87 1.94 17.4
Negative cc 1.98 2.06 21.1
D 1.81 1.89 19.6
E 1.82 1.90 19.7
A 2.11 2.20 254
B 1.80 1.90 25.1
Positive C 191 2.00 234
D 1.74 1.84 24.5
. E 1.76 1.86 247
Linear (L) A 2.18 2.23 13.6
B 1.87 191 9.5
Negative Ccc 1.98 2.03 12.6
D 1.81 1.86 11.8
E 1.82 1.87 11.8

3.4. Economic Impact of Different Shape Profiles

Although for a parabolic profile, it was found to be beneficial to the reliability of
bridge girders in fatigue when the profile ratio p = 100%, it may be argued that using a
curvilinear profile may add additional construction costs; this is interesting considering the
costs of building different girder profiles. A relationship between the bridge weight and
the stresses generated on the girders by the moving trucks was investigated as a function
of the profile shape and the profile ratio p. The weight of the steel was computed for all 224
bridge configurations, and their variation with respect to the profile shape and profile ratio
p was analyzed, as depicted in Figure 15. This figure shows that the average total weight of
steel of the bridge girders changes linearly with the profile ratio for both tapering types.
The weights were normalized to the minimum average weight at p = 25%. As shown in
Figure 15, by imposing the same minimum and maximum cross section on the girders, the
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choice of linear tapering results in a slightly heavier bridge compared to a parabolic profile.
In relative terms, a linear grider profile is, on average, 0.5% heavier than a parabolic profile
when the profile ratio p is equal to 25% and about 1.6% heavier when p = 100%. In terms
of the overall steel girder weight, the average total weight of the 224 bridge configurations
analyzed was found to be approximately 211,000 kg considering the parabolic profile and p
equal to 25%. At the time of writing this paper, the average cost of fabricated steel plate
girders, adjusted for inflation in 2024, was about 5.0 USD/kg [81]. This means that the
average cost of steel for a bridge weighing 211,000 kg would be about USD 1.06M. By
changing the profile ratio from 25% to 100%, the average material cost would increase by
USD 26.5K and USD 43.5K for parabolic and linear profiles, respectively. This means that
to build parabolic cross sections capable of reducing the fatigue probability of the failure of
continuous I-girder bridges on the order of 25%, girders would have an additional material
cost between 2.5% and 4.1%. This seems reasonable, given that with the advancement of
manufacturing technology and the automated cutting and welding of steel, it is possible
to reduce construction labour by approximately 70% [82,83]. These advanced processes
will soon allow engineers to choose more optimal structural geometric shapes without
incurring additional construction costs.

4. Discussion

The results presented in this paper show that different bridge configurations affect the
probability of failure due to fatigue damage. A reliability analysis for fatigue was based on
realistic truck traffic scenarios. In particular, in this study, data collected in Canada and the
United States were analyzed. The database for the analysis was composed of data from
more than 66M trucks. A statistical analysis was performed to characterize the distribution
of the gross weight and axle configurations used for the numerical simulations.

A Monte Carlo simulation with 5000 realizations was performed on 224 bridge config-
urations, which is representative of the continuous I-multigirder steel bridge population
in the United States and Canada. The structural analysis model was also validated with
field measurements collected from a bridge tested to its ultimate capacity. The results of
the structural analysis showed that continuous girders with a variable longitudinal profile
experienced less stress as the profile ratio increases.

The results of the reliability analysis applied to the limit state function used to calibrate
the AAHSTO LRFD fatigue truck showed that the probability of failure at 75 years of service
in the positive bending region of continuous I-multigirder steel bridges would reduce on
the order of 25% for all construction details considered in the AASHTO LRFD specifications
by increasing the profile ratio from 20% to 100%, while, in the negative region, the same
probability of failure would reduce by between 10% and 14% for steel girders with a linear
profile and by between 17% and 23% for girders with a parabolic profile. This improvement
would come with an additional material cost increase of between 2.5% and 4.1%. This
increase in material cost is deemed minimum compared to the overall benefits obtained
with the increased safety. It is noted that material cost is not the only cost associated with
the construction of bridge girders. Complex geometries generally generate more labour
time and costs. However, with the advancement of manufacturing technology and the
automated cutting and welding of steel, it is possible to reduce construction labour by
approximately 70%. This will soon allow engineers to choose more optimal structural
geometric shapes without incurring additional construction costs. Accordingly, the results
indicate that parabolic girders may become more economical than variable linear girder
profiles and provide slightly increased safety given the same profile ratio.

By assessing how the longitudinal shape of these girders affects the probability of
fatigue damage, government agencies and designers can better set beam geometries to
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minimize fatigue issues. As a consequence, the performance of steel bridges against fatigue
would improve with a reduction in management costs and an increased bridge service life.

However, it should be noted that the reliability model presented in this study had
some limitations. In particular, the results presented herein do not account for scenarios
where random traffic patterns develop on bridge decks, which may affect the overall stress
history on the girders. This is particularly important for bridges with a number of lanes
greater than two and with longer span lengths, or, in numerical terms, for bridges longer
than forty meters. For these cases, a microsimulation approach should be adopted.
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