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The effect of stress reversals, generated by vehicles passing the bridge deck in sequence from different transverse
locations, has been underestimated or even ignored in the fatigue life evaluation of orthotropic steel decks
(OSDs), which may result in an overestimated fatigue life of the whole bridge. In this paper, four distribution
patterns of vehicle transverse locations were considered and the effect of stress reversals on the fatigue evalu-
ation of a conventional OSD (COSD) and a lightweight composite deck (LWCD) was investigated from infinite-life
and finite-life perspectives based on finite element analysis. The results show that the maximum stress range
could be underestimated by over 40% if the most unfavorable stress reversal is underestimated. A convenient and
efficient vehicle loading scheme was proposed to determine the accurate maximum stress range for the infinite
fatigue life evaluation of OSDs. Besides, the stress reversals are found to have a significant effect on the finite
fatigue life evaluation of both the COSD and the LWCD, and the fatigue life of COSDs could be overestimated by
95% if the stress reversals are ignored. Nevertheless, the effect of stress reversals on the finite fatigue life
evaluation of the LWCD is much less than that of the COSD, which indicates a better anti-fatigue performance of
the LWCD over the COSD. In addition, the stress reversals induced by overloaded trucks have a significant effect
on the fatigue performance of OSDs. The results from the study can provide some references for the fatigue

design and evaluation of OSD systems.

1. Introduction

Orthotropic steel decks (OSDs) have been widely employed in me-
dium and long-span bridges around the world due to their outstanding
advantages, such as suitability for standardization and prefabrication,
longer-term durability, and lower life-cycle cost [1-3]. Typically, the
thickness of steel plates in an OSD is strictly limited to reduce its self-
weight, and thus the local stiffness of the OSD is usually insufficient,
resulting in fatigue cracking when subjected to ever-increasing traffic
loads [4-6]. Over the past few decades, fatigue cracking has become an
increasingly prevalent phenomenon in OSDs [7-9]. In order to address
the fatigue problem of the conventional OSD (COSD), a novel OSD
system, i.e., the lightweight composite deck (LWCD) using ultra-high
performance concrete (UHPC), was proposed by Shao et al. [10] and
has been applied to many bridges in recent years [11]. However, it is still
difficult to accurately predict the fatigue life of OSDs because of their
complicated geometries and mechanisms of load transfer [12-14].

In general, the design of OSDs is controlled by the fatigue limit state
rather than the ultimate limit state, and the fatigue life evaluation of the
local components in OSDs is typically dominated by stress ranges
induced by traffic loads [15]. In practice, the fatigue design and evalu-
ation of OSDs are conducted from the perspectives of infinite and finite
fatigue life [16].

For a steel component with an infinite fatigue life, it is crucial to
check whether the maximum stress range experienced by the fatigue-
prone details in the steel component is less than the corresponding
constant amplitude fatigue limit (CAFL) [16]. Since the stresses expe-
rienced by fatigue-prone details in OSDs are highly sensitive to the
location of vehicle wheels [17], the fatigue-prone details may be alter-
nately subjected to tensile and compressive stresses when trucks travel
across the bridge deck in sequence from different transverse locations,
resulting in the fatigue-prone details suffering stress reversals [18].
Therefore, the most unfavorable stress reversal experienced by fatigue-
prone details should be considered when determining the maximum
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stress range used to evaluate the infinite fatigue life of OSDs [19]. In
other words, the maximum and minimum stresses should be determined
separately by a fatigue design truck traveling along the unfavorable
paths [20]. In general, the influence surface method can be used to
determine the accurate maximum stress range [21], but it is poor in
computational efficiency. To minimize computing costs, a simplified
loading method has been commonly used to calculate the maximum
stress range of critical fatigue-prone details in OSDs, in which the fatigue
design load is applied along three typical wheel paths (TTWP), i.e., over-
rib, riding-rib, and between-rib [12,22]. However, it was found that the
maximum stress range of some fatigue-prone details measured by the
field test is significantly greater than the result calculated by TTWP [23],
which was also confirmed by Li et al. [24] based on the finite element
(FE) analysis. Hence, the most unfavorable stress reversal experienced
by these fatigue-prone details cannot be obtained using TTWP, which
may result in an underestimated maximum stress range and an inaccu-
rate estimation of the infinite fatigue life of OSDs. Therefore, a conve-
nient and efficient vehicle loading scheme is required to determine the
accurate maximum stress range of fatigue-prone details in OSDs under
the action of vehicle loads for the infinite fatigue life evaluation.

On the other hand, the finite fatigue life of a steel component is
generally evaluated based on the corresponding S-N curve and Miner’s
rule [25-26]. It was found that the stress responses of weld joints in
OSDs and their fatigue lives can be affected by the transverse location of
vehicles [15,27]. The fatigue damage would be estimated incorrectly
when the transverse location of vehicles is ignored, resulting in an
inappropriate implementation of bridge design and management [28].
Multi-path models are recommended in many bridge codes, including
the BS 5400 [29] and Eurocode 1 [21], to account for the effect of
vehicle transverse positions on the fatigue evaluation of OSDs. Besides,
previous studies have shown that the distribution of vehicle transverse
locations recommended by the bridge code may be unsuitable for the
local truck traffic [12,30]. However, the stress ranges of fatigue-prone
details in OSDs used to evaluate the finite fatigue life are obtained
separately when the fatigue design truck travels across the bridge from
each recommended transverse location. As a result, the effect of stress
reversals generated by vehicles passing the bridge deck in sequence from
different transverse locations is ignored in the process of fatigue damage
calculation, which may result in an underestimated equivalent stress
range of fatigue-prone details and thus an overestimated finite fatigue
life of OSDs. Besides, the fatigue damage induced by increasing over-
loaded vehicles may also be underestimated if stress reversals are not
considered.

This paper aims to investigate the effect of stress reversals on the
fatigue life evaluation of OSDs, including the COSD and the LWCD,
considering the transverse distribution of vehicle loads. Based on a
super-span cable-stayed bridge, FE models of the COSD and the LWCD
were established. Six fatigue-prone details in these two OSD systems
were considered. The maximum stress ranges of these critical details
under the action of fatigue design loads were calculated with the in-
fluence surface method, and the results were compared with those ob-
tained from TTWP. More importantly, a convenient and efficient vehicle
loading scheme was proposed to determine the accurate maximum stress
range of fatigue-prone details in OSDs. Based on the proposed loading
scheme, the effects of stress reversals on the finite fatigue life of fatigue-
prone details in these two OSD systems were investigated, considering
four distribution patterns of vehicle transverse locations and four
overloading rates. The results from the study can provide important
insights for the fatigue design and evaluation of OSD systems.

2. Bridge deck systems
2.1. Information of bridge decks

In this paper, two different OSD systems, including the COSD and the
LWCD, were selected to investigate the effect of stress reversals on the
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fatigue life evaluation of steel components in OSDs, considering various
transverse distributions of vehicle loads. Based on a super-long span
cable-stayed bridge design [31], the cross-sections of these two
considered OSD systems are shown in Fig. 1. In the COSD system, the
bridge deck is covered by a 55-mm-thick double-layer epoxy asphalt
overlay and supported by 8-mm-thick U-ribs with a transverse spacing of
0.6 m and 12-mm-thick crossbeams with a longitudinal spacing of 4.0 m.
The LWCD system was first proposed by Shao et al. [10] to improve the
fatigue performance of COSDs, in which a 50-mm-thick UHPC layer is
poured on the deck plate and then the UHPC layer is covered by a
wearing course with a thickness of 10-15 mm. The short studs with a
spacing of 0.2 m are welded on the deck plate to strengthen the
connection between the deck plate and the UHPC layer [32]. It should be
noted that the thickness of deck plates in COSDs is generally designed to
be no less than 14 mm, while in LWCDs it can be reduced to 12 mm due
to the UHPC layer contributing to significantly improving the local
stiffness of the bridge deck and evenly distributing local wheel loads
[31]. To better quantify the comparison results between these two sys-
tems in terms of the fatigue performance, the thickness of deck plates in
both the COSD and the LWCD was set as 12 mm in this paper. Besides,
the effect of the wearing layer in the LWCD was ignored and the
thickness of asphalt layers in the COSD was set to be the same as the
UHPC layer.

2.2. FE models of bridge decks

According to previous studies, the influence area of wheel loads on
fatigue-prone details in OSDs is quite local [19], and the accurate stress
ranges of fatigue-prone details of interest can be obtained through nu-
merical simulations using a local FE model [33]. In this paper, the local
girder segmental FE models of the COSD and the LWCD were built using
the commercial software ANSYS, as shown in Fig. 2. Considering that the
steel component generally remains linear-elastic in the fatigue limit
state [34] and the peak stresses experienced by components in the OSD
system under the action of vehicle loads have been confirmed to be far
below the corresponding ultimate strengths [10], the FE models in the
present study were assumed to be kept in the linear-elastic stage. All
steel plates, including the deck plate, U-ribs, and crossbeams, were
modeled with the higher-order element SHELL181 (Young’s modulus =
210.0 GPa, Poisson’s ratio = 0.3). The UHPC layer in the LWCD was
simulated with the solid element SOLID185 (Young’s modulus = 42.6
GPa, Poisson’s ratio = 0.2), and the short studs were simulated with the
beam element BEAM189 with the same mechanical properties as the
steel plates. It should be pointed out that the role of asphalt overlay in
the COSD was considered through the dispersion effect on wheel loads.
Besides, the weld in welding joints was omitted in the present FE model
to improve computing efficiency, which has been confirmed to be
acceptable by the International Institute of Welding (IIW) [16]. It has
been found by Li et al. [24] that the error in stresses obtained from such
a simplified FE model is about 1% if the mesh size of elements is less than
5 mm. Additionally, it is reasonable to mesh the higher-order element
near the hot spot with a size of t x t (t = the thickness of the steel plate at
the weld toe) [35]. In this paper, the mesh size near the fatigue-prone
details under consideration was set as 0.5 t and the mesh density of el-
ements far away from these fatigue-prone details decreased gradually.
Overall, the FE model of the LWCD consists of 400,596 elements and
449,784 nodes with a minimum mesh size of 4 mm.

In the present FE model, the X-axis, Y-axis, and Z-axis were defined
as the transversal, vertical, and longitudinal directions along the bridge
deck, respectively, as shown in Fig. 2(a). The degrees of freedom (DOFs)
of the longitudinal translation, as well as the transversal and vertical
rotations of nodes at both ends of the FE model, were constrained,
except for those of the nodes at the end-crossbeams. The DOFs of the
transversal translation, as well as the vertical and longitudinal rotations
of nodes at both sides of the present model, were constrained, and the
DOFs of the vertical translation of nodes at the bottom of the crossbeams
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Fig. 1. Cross-sectional details of OSD systems: (a) COSD; (b) LWCD.
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Fig. 2. Local FE models of OSDs.

were also constrained. Besides, the coupling effect between the upper of
the short studs and the UHPC layer was considered, and the coincident
nodes between the short studs and the deck plate were coupled. In
addition, as the bond-slip effect on the interface between the deck plate
and the UHPC layer rarely affects the stress of fatigue-prone details in
the LWCD [24], the horizontal shear-bond between them was ignored in
the FE model, and only DOFs of the vertical translation of nodes at the
contact surface between them were coupled [36]. Based on the Saint
Venant principle, the calculated results in this paper would be little
affected by the boundary condition of the FE model as the fatigue-prone
details under consideration are far away from the boundaries [23]. The
accuracy of the local FE model of the girder segment of the LWCD has

also been validated based on the design documents and experimental
tests by Shao et al. [31].

3. Fatigue-prone details

Zhang et al. [6] summarized over seventeen types of fatigue cracks
observed in the OSD system due to different crisscrossed steel plates and
dense welds. Based on their study, six typical fatigue-prone details were
considered in this paper and were illustrated in Fig. 3, including the
transverse splice weld in deck plate (D1), the rib-to-deck weld in deck
plate (D2), the rib-to-deck weld in rib (D3), the rib-to-crossbeam weld in
the web of rib (D4), the rib-to-crossbeam weld in rib wall at cutout (D5),
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Fig. 3. Fatigue-prone details under consideration.

and the rib-to-crossbeam weld in crossbeam (D6).

Due to the high cost of fatigue tests, numerical methods for fatigue
evaluation have been developed based on fatigue test data. The nominal
and hot spot stress methods are two commonly-used methods based on
the S-N curve and Miner’s rule [15]. The hot spot stress method is
generally employed to obtain the local stress of complex structures,
especially the welded joint, and the hot spot stress at welded details of
interest can be determined through the surface stress extrapolation
technique based on the stresses at reference points obtained from FE
models [37]. According to the IIW [16], the types of hot spots are shown
in Fig. 4, including Type a (weld toe on the plate surface) and Type b
(weld toe at the plate edge), and the corresponding stress evaluation
paths for welded details in the shell element model are illustrated in
Fig. 5.

In this paper, hot spot stresses of fatigue-prone details under
consideration were determined as below. For the fatigue-prone detail of
type “a” hot spot modeled with higher-order elements, the hot stress was
obtained through linear extrapolation based on the node stresses of two
reference points, as calculated in Eq. (1) [16]:

Ohot = 1.5:605, —0.5:615, (@]

where oy is the hot stress; oo s5; and o7 5; are the node stresses of
reference points with a distance of 0.5 t and 1.5 t away from the hot spot,
respectively; and t is the thickness of steel plate.

For the fatigue-prone detail of type “b” hot spot meshed with a mesh
size of not more than 4 mm, the hot stress was obtained through
quadratic extrapolation based on the node stresses of three reference
points, as calculated in Eq. (2) [16]:

Ohot = 3-Camm — 3"78mm + G12mm (2)

where 64mm, 68mm, and o12mm are the node stresses of reference
points with a distance of 4, 8, and 12 mm away from the hot spot,

Fig. 4. Types of hot spots.

Fig. 5. Stress evaluation paths for welded details.

respectively.

The information of fatigue-prone details under consideration in this
paper is listed in Table 1, where the stress of detail D1 was obtained
using the nominal stress method, while the stresses of other fatigue-
prone details were obtained through the hot spot method. In addition,
the fatigue-prone details under consideration were classified according
to Eurocode 3 [20].

4. Fatigue design loads
4.1. Load model
The Fatigue Load Model 3 specified in the Chinese design specifi-

cation for steel bridges [38] was adopted as the fatigue design loads in
this paper, as shown in Fig. 6, in which the contact area between tires

Table 1

Classifications and parameters of details under consideration.
Detail Stress Type of Stress Ao Acp Aoy,

type hot spot direction (MPa) (MPa) (MPa)

D1 Nominal — Sx 90 66.3 36.4
D2 Hot spot a Sx 71 52.3 28.7
D3 Hot spot a Sy/Sy» 71 52.3 28.7
D4 Hot spot a Sz 80 59.0 32.4
D5 Hot spot a Sy/Sy 80 59.0 32.4
D6 Hot spot b S1 80 59.0 324

Note: (a) the stress direction was shown in Fig. 7 and S1 is the principal stress;
(b) Ao is the detail category of fatigue-prone details (2 x 10° cycles); Aop is the
constant amplitude fatigue limit (CAFL) (5 x 10° cycles), andAop = 0.737Aog;
Aoy, is the cut-off limit (1 x 108 cycles), andAo;, = 0.549A0p. More details can
be found in Eurocode 3 [25].
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Fig. 6. Fatigue load model.

and the pavement was defined as 200 x 600 mm (longitudinal direction
x transverse direction). A dynamic factor of 0.15 specified in the bridge
code for fatigue design loads was adopted to consider the dynamic effect
of vehicle loads on the results. Since the stresses of fatigue-prone details
in the COSD and the LWCD are mainly affected by local wheel loads
applied close to these fatigue-prone details [12,23], only two rear axles
(120 kN + 120 kN) with a spacing of 1.2 m were used to obtain the stress
influence surfaces of fatigue-prone details. Based on previous studies
[15], the critical stresses of fatigue-prone details were found to be
controlled by a single truck event. Hence, cases of simultaneous multi-
vehicle crossings on the bridge deck were not considered in this paper.

4.2. Loading scenarios

As previously stated, a simplified loading method using TTWP has
been widely used to calculate the maximum stress range of fatigue-prone
details of interest in OSDs to enhance computational efficiency. Fig. 7
illustrates its loading scenarios, where the fatigue design loads are
applied along three typical loading paths, i.e., over-rib, riding-rib, and
between-rib. To determine the most unfavorable stress reversal experi-
enced by fatigue-prone details of interest, the stress responses of these
details were captured using the influence surface method [21], and the
loading scheme is shown in Fig. 8. In particular, taking the center of the
lateral wheels as the reference point, the wheel loads were applied from
Crossbeam 2% to Crossbeam 4% with a step length of 0.10 m in the Z-
direction and from U-rib 17 to U-rib 7% with a step length of 0.05 m in
the X-direction. Eventually, a total of 96 (in Z-direction) x 73 (in X-di-
rection) load steps were performed, which can be interpreted as 73
longitudinal wheel loading paths with different transverse locations. It
can be found from Fig. 8 that the TTWP are three specific loading
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schemes included in the loading scenarios of the influence surface
method.

5. Calculation results and discussion
5.1. Infinite fatigue life evaluation

Theoretically, the steel component is expected to have an infinite
fatigue life if the experienced maximum stress range is less than the
corresponding CAFL [34]. The requirement for an infinite fatigue life of
steel components can be described as [20]:

Vi A DO, SAGC /7y ©)

where ypy is the partial factor for fatigue stress ranges, adopting a
value of 1.0 [20]; yuyis the partial factor for fatigue strength, which was
taken as 1.0 considering that the fatigue cracking in OSDs can be
regularly inspected [18,25]; Ao is the maximum stress range induced
by fatigue design loads considering the dynamic impact factor; Ao is
the CAFL at the number of cycles N¢ = 2 x 106, as listed in Table 1; and 1
is the damage equivalence factor, calculated as A = 1;elzel3els and
should not exceed Apmax, in which Ap.x was taken as 2.5 and 1.8 for
fatigue-prone details at the midspan and the support, respectively, and 4;
(i=1, 2, 3, and 4) is the factor accounting for the effect of the length of
the bridge span, traffic volume, design life, and traffic on other lanes,
respectively. It should be emphasized that the modified factors in Eq. (3)
do not take into account the effect of stress reversals on the fatigue life of
fatigue-prone details.

According to Eq. (3), obtaining the accurate maximum stress range
induced by traffic loads is the key to evaluating the infinite fatigue life of
steel components in OSDs. In this section, the stress influence surfaces of
fatigue-prone details under consideration in the COSD and the LWCD
were obtained through numerical simulations according to the influence
surface method introduced in Fig. 8, and the results are shown in Fig. 9.
It is worth noting that these fatigue-prone details are located near U-rib
4% shown in Fig. 8. Specifically, details D1, D2, and D3 were selected
from the welds located at the most unfavorable section of the interior
span between Crossbeam 3# and 4#. While details D4, D5, and D6 were
chosen from Crossbeam 3%,

It can be seen from Fig. 9 that the stress of each fatigue-prone detail
in both the COSD and LWCD occurs in a local area and that the stress
fluctuates greatly with the variation of the location of wheel loads when
wheel loads are around the fatigue-prone details. Taking detail D3 in the
COSD for example, the stress greater than 10 MPa is only generated by
the wheel loads applied on the area of 0.60 m < X less than 1.10 m or
1.55 m < X less than 3.15 m and —3.50 m < Z < -0.40 m, and the
maximum and minimum stresses occur when the wheel loads are
applied at X = 2.05 m and 2.35 m, respectively. Besides, for fatigue-

5 2000 mm L
Between-rib llll+llll lllllllll
Riding-rib y [ 31311 ARRARRAN y
Over-rib ¢l¢llllll Center line of lllullll Yy
#--i--i ____________ wheel loads /‘ XYX
777 ‘} Z /# //y /y//y// Z \X"
At WY
Detalls of N\
interest

Fig. 7. Loading scenarios of TTWP.
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prone details in the COSD, the transverse distance between the wheel
loads generating the maximum and minimum stresses ranges from 0.30
m to 0.70 m, while it ranges from 0.45 m to 0.85 m for fatigue-prone
details in the LWCD. These findings suggest that the fatigue-prone de-
tails in both the COSD and the LWCD may experience stress reversals
when the wheel loads are applied along with different transverse loca-
tions in succession and that the most unfavorable stress reversal can be
generated by vehicles passing the bridge deck in sequence from two
critical transverse locations in the same traffic lane. In addition, the
stress variation trend of the fatigue-prone details near the deck plate in
the LWCD (i.e., details D1, D2, and D3) is relatively smoother than that
in the COSD, indicating that the local tire force in the LWCD is more
evenly-distributed due to the UHPC layer.

The maximum and minimum stresses (i.e., Shax and Skin) of fatigue-
prone details in the COSD and the LWCD under the action of fatigue
design loads were extracted from the stress influence surfaces, and then
the maximum stress ranges (SRY) were determined, as illustrated in
Fig. 10. The maximum and minimum stresses (i.e., S,zIlax and Sﬁﬂn), as
well as the corresponding maximum stress ranges (SR?), obtained
through the TTWP method (as illustrated in Fig. 7), were also plotted in
Fig. 10 for comparison. It can be found from Fig. 10 that although the
most unfavorable stress experienced by the fatigue-prone details of in-
terest can be accurately calculated by TTWP, the accurate maximum and
minimum stresses of these fatigue-prone details (except detail D2)
cannot be captured concurrently, resulting in a significantly under-
estimated maximum stress range. Taking detail D4 in the LWCD for
example, the maximum stress calculated by TTWP is 71.3 MPa, which is
close to the exact value (72.7 MPa) obtained using the influence surface
method. However, the minimum stress (-2.0 MPa) obtained from the
former method is significantly lower than the value (-36.5 MPa) ob-
tained from the latter method. For detail D5 in the COSD, the deviation
of the minimum stress obtained using the TTWP method even reaches
74.0 MPa, and thus the maximum stress range would be underestimated
by about 42%, potentially leading to a misjudgment of infinite fatigue
life evaluation of fatigue-prone details. In addition, the stress response of
each fatigue-prone detail in the LWCD is much less than that of the
COSD. In particular, the maximum stress range of detail D2 in the LWCD
is reduced by more than 90.0 MPa when compared to that of the COSD,
and the reduction ratio reaches 73%, which indicates that the LWCD can
significantly enhance the fatigue performance of OSDs.

In practice, a general reduction factor of 0.75 is adopted in the
AASHTO bridge design specifications [34] to account for the low
probability event that two trucks travel across the bridge one after
another from two critical transverse locations. However, there is no

provision in this code that the maximum cycle of stress range generated
by two trucks must be taken into account. In general, the most unfa-
vorable stress range caused by a single fatigue design truck is used. The
calculation results under these two conditions are illustrated in Fig. 11
for comparison, including the maximum stress range obtained from the
stress influence surface considering a reduction factor of 0.75 (i.e.,
Condition (1)’) and that induced by a single fatigue design truck trav-
eling from the most unfavorable transverse path (i.e., Condition (2)’). It
can be seen from Fig. 11 that the maximum stress range of several
fatigue-prone details obtained under Condition (1) is still much larger
than that obtained under Condition (2)’, which indicates that the effect
of the most unfavorable stress reversal cannot be ignored.

It should be noted that it is acceptable for the verification of infinite
fatigue life that the frequency of stress ranges exceeding the CAFL is less
than 0.01 percent [15]. However, the results in Fig. 9 have confirmed
that the transverse distance between the wheel loads generating the
maximum tensile and compressive stresses of the fatigue-prone details in
OSDs ranges from 0.30 m to 0.85 m. Besides, the measured distribution
of vehicle transverse locations indicated that the frequency of vehicles
transversely offsetting the lane centerline by 0.6 m can reach 5% [39],
and the frequency for heavy trucks may also be over 3% [40]. As aresult,
the probability of trucks traveling across the bridge deck sequentially
from different transverse locations and thus inducing the stress ranges of
fatigue-prone details in OSDs that exceed the CAFL is likely to be much
higher than 0.01 percent. Therefore, the most unfavorable stress
reversal generated by vehicles passing the bridge from two specific
transverse locations should be considered in the infinite fatigue life
evaluation of fatigue-prone details in OSDs.

Although the accurate maximum stress range of fatigue-prone details
can be determined using the influence surface method, the process is
time-consuming as thousands of load steps are required to be calculated.
It was found that the wheel loads are mainly shared by three stiffeners in
the transverse direction, including the stiffener below the tire and two
adjacent stiffeners [15]. Besides, it can be found from Fig. 9 that the
transverse locations of wheel loads inducing the maximum and mini-
mum stresses of each fatigue-prone detail are typically distributed
within two U-ribs near the fatigue-prone detail. Therefore, a convenient
and efficient loading method was proposed to accurately capture both
the maximum and minimum stresses of fatigue-prone details under the
action of vehicle loads in this paper, as illustrated in Fig. 12. The pro-
posed loading scheme consists of nine typical wheel loading paths
located within 1.2 m (namely, the spacing of two U-ribs) around the
fatigue-prone detail of interest, which can still be classified into three
categories, i.e., over-rib, riding-rib, and between-rib.
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Fig. 9. Stress influence surfaces of fatigue-prone details under consideration.

D6 in LWCD

Although the proposed loading scheme requires three times the
computation cost of the TTWP method, it is still more efficient than the
influence surface method. As shown in Fig. 13, the results obtained using
the influence surface method (denoted with the superscript of “1”) were
compared with those obtained through the proposed loading scheme
(denoted with the superscript of “3”). The comparison results in Fig. 13
reveal that the maximum and minimum stresses of each fatigue-prone
detail obtained from these two methods are almost identical and that
the maximum error between the maximum stress ranges obtained from
these two methods is less than 3%. This indicates that it is efficient to
determine the maximum stress range of fatigue-prone details in the
COSD and the LWCD based on the proposed loading scheme.

5.2. Finite fatigue life evaluation

In comparison to the infinite-life fatigue design, the finite-life fatigue
design may be a more economical choice for bridges with limited design
service life [34]. According to the previously calculated results, both the
COSD and the LWCD contain fatigue-prone details that do not meet the
requirement of infinite fatigue life. Therefore, it is necessary to further
evaluate the finite fatigue life of these fatigue-prone details. Based on
the S-N curve and the Miner’s rule [25-26], the accumulated fatigue
damage can be calculated as follows:
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and Aop, respectively; n; and n; are the numbers of stress ranges of S; and
S, respectively; Aop and Aoy, are the CAFL and the cut-off limit of stress
ranges, respectively, as listed in Table 1; f is the slope of the S-N curve,
adopting a value of 3 for the high-stress range; and K¢ and Kp are the
fatigue strength coefficients corresponding to high-stress ranges and
low-stress ranges, respectively, which can be determined based on the S-
N curve specified in the Chinese code [38] and the Eurocode 3 [25].
Specifically, the accumulated fatigue damage of the fatigue-prone detail
reaches the critical value of 1 after experiencing 2 x 10° stress cycles
with a stress range of Acc. Based on Eq. (4), the value of K¢ can be
calculated as follows:
S-St -
o=

Ke = 2 x 10%(Aoc) 5

Similarly, the value of Kp can also be determined. It should be noted
that the limitations of using the S-N curve and Miner’s methods for fa-
tigue analysis were not considered in this study [41].

As the transverse location of vehicles can significantly affect the fa-
tigue evaluation of OSDs [12,28], multi-path models are adopted in
many bridge codes, including the British Standard [29] and Eurocode 1
[21], to modify the stress range to consider the effect of the transverse
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Fig. 12. Illustration of the proposed loading scheme.
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position of vehicles on the fatigue evaluation of OSDs. The conventional
procedures can be described as follows: (1) the stress influence surface of
the concerned fatigue-prone detail is obtained through FE analysis; (2)
the transverse location of fatigue design loads inducing the most unfa-
vorable stress of the fatigue-prone detail is determined; (3) the most
unfavorable location of fatigue design loads is taken as the center of the
distribution of wheel loads, and then the modified stress range can be
calculated according to the probability of vehicles passing the bridge
deck from each transverse location under consideration, as illustrated in
Fig. 14.

Considering that the number of stress cycles may also be affected by
the transverse location of vehicles [28], an equivalent stress range (ESR)
considering both the number and magnitude of stress ranges was defined
in this paper for the convenience of calculation and analysis, which is
expressed in Eq. (6).

1/p

ESR = [ 3 (n:8)) + (80p) 3 (-5) | 6)
Then, the modified ESR (denoted as MESR) induced by a single truck,

considering the effect of the transverse location of vehicles, can be
calculated as follows:

MESR = {/> " (P,-ESR}) %)

where Py is the frequency of trucks passing from the transverse
location k; and ESRy is the ESR induced by a single fatigue design truck
applied along the transverse location k.

Substituting Eq. (6) and Eq. (7) into Eq. (4), the modified fatigue
damage induced by a single truck can be calculated as follows:

_ MESR’

D,
s Kc

(8)

Multi-path
models

Center line of |

wheel loads 4---:--:--:--1_
P |
P |

Fig. 14. Illustration of considering the distribution of transverse locations
of vehicles.

Then, the fatigue life can be evaluated as follows:

1

) P — 9
365-N;-Ds ©)

where Ny is the average daily truck traffic in a lane.

As the stress ranges of critical fatigue-prone details induced by the
fatigue design load applied along different transverse locations in Eq. (7)
are generally determined separately, stress reversals generated by ve-
hicles passing the bridge in sequence from different transverse locations
have been ignored. As a result, the MESR of fatigue-prone details may be
underestimated, resulting in an overestimated fatigue life. To consider
the effect of stress reversals on the result of MESR, the calculation pro-
cedures were developed as follows: (1) based on FE analysis, the most
unfavorable transverse location was determined using the proposed
wheel loading paths (Fig. 12) and was taken as the center of the distri-
bution of wheel loads; (2) a single fatigue design truck was applied
separately along each concerned transverse location to extract the cor-
responding stress histories of fatigue-prone details under consideration;
(3) a vector of transverse locations for N fatigue design trucks was
randomly generated based on the frequency distribution under consid-
eration; (4) by sequentially splicing the extracted stress history induced
by each truck passing from the corresponding transverse location in the
vector, a completed stress history of the considered fatigue-prone detail
induced by N fatigue design trucks can be obtained; (5) the stress range
spectrum was obtained through the rainflow counting method [42], and
then the MESR considering the effect of stress reversals was calculated as
Eq. (10); (6) Steps (3) - (5) was repeatedly carried out for 20 times, and
the average value of MESRs was obtained for analysis after adjusting the
value of N to make the discreteness of MESRs meet the requirements.
The flowchart for the calculation procedure is shown in Fig. 15.

S (mn-Siy) + (Aop) - 3 (ma-Sy)
N

1/p
MESR =

10

where N is the number of fatigue design trucks used in the calcula-
tion procedures; and n; y and nj v are the numbers of stress ranges of S; y
(Sin > Aop)and S; y (Acp > Sj§ > Aoy), respectively, which are induced
by the N fatigue design trucks.

It should be noted that the maximum tensile and compressive
stresses of each fatigue-prone detail are induced by wheel loads applied
in different transverse locations. Besides, the frequency distribution of
vehicle transverse locations varies in different regions, which may also
affect the fatigue life evaluation [28]. Therefore, four distribution pat-
terns of vehicle transverse locations (i.e., Distribution A, B, C, and D, as
illustrated in Fig. 16) were considered to investigate the effect of stress
reversals on the MESR and thus on the finite fatigue life evaluation. In
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the analysis, Distribution A is recommended by Eurocode 1 [21], Dis-
tribution B is recommended by the British code (BS 5400) [29], Distri-
bution C was measured at the Humen Bridge in China by Cui et al. [39],
and Distribution D was proposed by Getachew A [40] based on the data
of the measured transverse location of heavy trucks.

Fig. 17 illustrates a segment of the stress history of detail D3 in the
COSD obtained through the calculation procedures considering the ef-
fect of stress reversals under Distribution C. The influence of the
randomness of vehicle transverse locations on the calculation result of
MESR of the concerned fatigue-prone details is shown in Fig. 18, from
which it can be seen that 1 x 10* trucks are sufficient to achieve a
satisfying result with a variation coefficient of less than 0.005. There-
fore, N was set as 1 x 10* in this paper.

The MESRs of fatigue-prone details under consideration in the COSD
and the LWCD were obtained under two conditions, i.e., Condition a and
Condition b, in which four distribution patterns of vehicle transverse
locations were considered. Condition a does not consider the effect of
stress reversals on the MESR (denoted as MESR?), while Condition b
considers the effect of stress reversals on the MESR (denoted as MESRb).
The obtained MESRs of the fatigue-prone details under the two condi-
tions are shown in Fig. 19. It should be pointed out that details D1, D2,
and D3 in the LWCD were not included in the discussion in this section
because details D1 and D2 meet the requirement for infinite fatigue life,
while most of the stress ranges of detail D3 are lower than the cut-off

10

limit and may result in unrepresentative results. It can be observed
from Fig. 19 that the MESR® of each fatigue-prone detail in both the
COSD and the LWCD is much greater than the MESR? obtained under the
same distribution of vehicle transverse locations, which demonstrates
the significant effect of stress reversals on the calculation of MESR of
fatigue-prone details and thus on the evaluation of fatigue life of OSDs.
Besides, it can be observed from Fig. 19 that the MESRs of these fatigue-
prone details calculated under different distributions are quite different,
and the difference between the MESRs calculated under Distribution A
and Distribution D can even be more than 25.0 MPa, which indicates
that the MESR can also be greatly affected by the distribution pattern of
transverse location of vehicles. Specifically, the MESR® of most fatigue-
prone details calculated under different distributions is larger than the
MESR? calculated under Distribution B, indicating that the distribution
of vehicle transverse locations recommended by BS 5400 [29] could be
unsafe for the fatigue design or evaluation of OSDs when the effect of
stress reversals is ignored. On the contrary, the MESRPs of details D1, D2,
and D3 in the COSD calculated under Distribution A are considerably
greater than those obtained under other distributions. These results
indicate that using an inappropriate distribution of vehicle transverse
locations may result in unsafe or over-conservative fatigue life evalua-
tion results, while ignoring the effect of stress reversals may lead to an
underestimation of vehicle load effect and then an overestimated fatigue
life. Therefore, it is better to obtain the transverse distribution pattern of
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Fig. 17. Simulative stress history of detail D3 in the COSD.

vehicles according to the local traffic data and Distribution B is recom-
mended for fatigue design when the local traffic data is not available. In
addition, comparing the results in Fig. 19(a) and Fig. 19(b), it can be
found that the MESR of fatigue-prone details in the LWCD is much less
than that in the COSD under the same condition. For example, the
MESRP of detail D6 in the LWCD under Distribution B is 82.8 MPa, which
is 22.7% lower than that of the COSD (107.2 MPa). It indicates that the
LWCD can significantly reduce the stress response of fatigue-prone

—&— COSD-D1—v— COSD-D4------ LWCD-D4
—e— COSD-D2—e— COSD-D5---¢--- LWCD-D5
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Fig. 18. Coefficient of variations of MESR.

details and thus effectively prolong the fatigue life of OSDs.

To quantify the effect of stress reversals on the finite fatigue life
evaluation of OSDs, ratios of fatigue lives (Y?) of the fatigue-prone de-
tails in the COSD and the LWCD obtained under Condition a to those (Yb)
obtained under Condition b, namely Y“/Yb, were calculated under four
distribution patterns of vehicle transverse locations based on Eq. (9), as
shown in Fig. 20. It can be observed from Fig. 20 that the effect of the
distribution pattern of vehicle transverse locations on the ratios of Y? to
Y® is significant. When Distribution A is taken into account, the ratios of
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most fatigue-prone details in the COSD and the LWCD are slightly larger
than 1.0, which means that the stress reversals under Distribution A
have little effect on the MESR and thus on the fatigue life of fatigue-
prone details. This may be due to the fact that the maximum trans-
verse offset of the vehicle under Distribution A is only 0.2 m, resulting in
the fatigue-prone details experiencing few stress reversals. However, the
ratio can be much greater than 1.0 under other distributions. In
particular, the ratio of detail D5 in the COSD under Distribution D even
reaches 1.95, indicating that the fatigue life of the COSD evaluated
under Distribution D may be overestimated by 95% if the stress reversals
are ignored. Besides, as shown in Fig. 20, the ratio of each fatigue-prone
detail in the LWCD is much less than that in the COSD, which means that
the effect of stress reversals on the finite fatigue life evaluation of the
LWCD is much less than that of the COSD. This may be due to the fact
that the UHPC layer can improve the local stiffness of the bridge deck
system and thus the wheel loads can be more evenly-distributed before
being transferred to the bridge deck.

Considering overloading has become an increasingly prevalent
phenomenon in bridge engineering [43], the influence of stress reversals
on the fatigue life evaluation under the condition of overloading was
also investigated using the above analysis procedure. Four overloading
rates were considered, including 10%, 20%, 30%, and 40%, and the
corresponding gross weights of overloaded vehicles are 528 kN, 576 kN,
624 kN, and 672 kN, respectively. It should be noted that the load was
evenly distributed to each axis of the vehicle model and the violation

rate of overloaded vehicles was not considered. Ratios of fatigue lives
(Yp) of fatigue-prone details in the COSD and the LWCD evaluated based
on the measured truck traffic (Distribution D) with different overloading
ratios to those (Yp) evaluated based on the fatigue design load (Distri-
bution A) were calculated under Condition a and Condition b, namely
Y%/Y4 andY?/ Y3, as illustrated in Fig. 21. When the ratio is greater than
1.0, it means that the fatigue-prone detail designed based on the fatigue
design load is unsafe. It can be seen from Fig. 21 that as the overloading
ratio increases, both the ratios of Y%/Y% and Y3/Y} increase, but the
increase rate of the former is much smaller than the latter. In particular,
the required overloading ratio for the ratios of Yp/Y, of most fatigue-
prone details to reach around 1.0 decreases from 30% under Condi-
tion a to 10% under Condition b. This indicates that the stress reversals
induced by overloaded trucks tend to have a more significant effect on
the finite fatigue life evaluation of OSD systems. Hence, the fatigue life
of OSDs could be overestimated if the stress reversals induced by over-
loaded trucks are ignored, which would lead to inappropriate fatigue
designs or maintenance of OSDs.

6. Conclusions

In this paper, numerical simulations were conducted to study the
fatigue life evaluation of OSDs considering the effect of stress reversals
induced by vehicles passing the bridge deck in sequence from different
transverse locations. FE models of two typical OSD systems, i.e., the
COSD and the LWCD, were developed, and the stress responses of six
typical fatigue-prone details under the action of vehicles were obtained.
To study the effect of stress reversals on the infinite fatigue life evalu-
ation of OSDs, the maximum stress range of fatigue-prone details under
consideration was analyzed based on the stress influence surface method
and the commonly-used simplified loading method using three typical
wheel paths. To investigate the effect of stress reversals on the finite
fatigue life evaluation of OSDs, the modified equivalent stress ranges
and fatigue lives of fatigue-prone details under consideration were
calculated and compared, in which a variety of distribution patterns of
vehicle transverse locations and overloading rates were considered.
Based on the above investigation, the conclusions can be summarized as
follows:

(1) The most unfavorable stress reversal can be generated by vehicles
traveling from two critical transverse locations in the same traffic
lane. Three typical wheel paths can only be used to determine the
most unfavorable stress of fatigue-prone details in OSDs induced
by vehicle loads, but cannot be used to determine the maximum
stress range, which may result in an underestimation of the
maximum stress range by 40% or more and thus leads to

12
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inaccurate results of the infinite fatigue life evaluation of both the
COSD and the LWCD.

A convenient and efficient vehicle loading scheme was proposed
to accurately capture both the maximum and minimum stresses
of critical fatigue-prone details in OSDs under the action of
vehicle loads, based on which the error of the obtained maximum
stress range can be less than 3%.

The stress reversals induced by vehicles traveling with different
distributions of transverse locations can significantly affect the
finite fatigue life evaluation of OSD systems. Specifically, the
fatigue life of OSDs could be overestimated by 95% if stress re-
versals are ignored. Besides, the stress reversals induced by
overloaded trucks have a significant effect on the fatigue per-
formance of OSDs.

The effect of stress reversals on the finite fatigue life evaluation of
the LWCD, as well as the stress responses of fatigue-prone details
in the LWCD, are much less than those of the COSD, which in-
dicates a better anti-fatigue performance of the LWCD over the
COSD.
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