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A novel composite orthotropic steel deck (OSD) using ultra-high performance concrete (UHPC) is comprised of
an OSD and a thin UHPC layer that are connected through shear connectors. The innovative composite OSD
system has been increasingly applied to long-span bridges in China to overcome the defect of conventional OSD
that frequently suffers from fatigue cracking. However, the fatigue performance of the composite OSD system is
usually evaluated with the deterministic analysis in previous studies, which may lead to inaccurate evaluation as
many uncertainties, including the statistical properties of dynamic vehicle loadings and fatigue-prone details,
have not been considered rationally. In this paper, the fatigue performance of the composite OSD using UHPC
was investigated using the reliability-based fatigue analysis and compared with the fatigue performance of
conventional OSD system. A three-dimensional vehicle-bridge coupled system was adopted to obtain the stress
time histories of fatigue-prone details in the bridge decks under the action of dynamic vehicle loading. The
vehicle model was determined based on the fatigue load pattern adopted in the AASHTO standard specifications
and finite element models (FEMs) of both the conventional OSD and the composite OSD using UHPC were built
based on a girder segment adopted from the HuMen Bridge in China. Four key influence factors, namely, the road
surface condition (RSC), length of bridge deck FEM, vehicle speed, and overloading, were taken into consider-
ation. The fatigue life of six typical fatigue-prone details in these two deck systems was evaluated and compared.
The results show that the composite OSD using UHPC can effectively extend the fatigue life of OSD by at least
60% and even eliminate the risk of fatigue cracking for most fatigue-prone details. Compared to the reliability
method, the fatigue life of OSD determined based on the deterministic method would be overestimated by
65-110% if the very poor RSC is considered. Besides, the composite OSD using UHPC exhibits a better fatigue
performance than the conventional OSD system under the action of overloaded trucks. The results from the study
can provide a reference for the design and maintenance of the composite OSD using UHPC.

1. Introduction satisfying. Based on the core concept of evenly distributing the local tire

force and reducing the local stress of steel bridge deck, an innovative

The conventional orthotropic steel deck (OSD), which is generally
constituted by an OSD overlaid with an asphalt concrete pavement and
is supported by longitudinal stiffeners and transverse beams, has been
widely used in the long-span bridge around the world due to its ad-
vantages of life-cycle economy, high weight-to-strength ratio, and easy
construction [1,2]. However, many studies have indicated that the
conventional OSD system has frequently suffered from premature fa-
tigue cracking under the action of cyclic traffic loadings [3-5]. Although
many attempts have been made to improve the fatigue performance of
OSD [6,7], the long-term effect of those improvements is still not

composite OSD using ultra-high performance concrete (UHPC) was
proposed and has been increasingly applied to the rehabilitation of old
bridges as well as the newly-built long-span bridge in China [8]. In such
a system, a thin UHPC layer is cast on the OSD and short-headed studs
are adopted as shear connectors.

Plenty of researches on the basic performance of the composite OSD
using UHPC have been conducted. Abdelbaset et al. [9] found that the
countermeasure employing UHPC layer on the OSD can significantly
improve the stiffness of bridge deck, thus effectively reducing the hot
stress of welded connections. Yuan et al. [10] verified the efficiency of
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UHPC overlay in improving the fatigue performance of OSD by
comparing the fatigue behavior of OSD without pavement and casting
UHPC as overlay under the same load condition. Ding and Shao [11]
indicated that the stresses induced by vehicles are significantly reduced
in the composite OSD using UHPC. Shao and Cao [12] further found that
the risk of the innovative composite OSD suffering from fatigue cracking
can be greatly reduced or even be effectively eliminated, which was also
confirmed by Zhang et al. [13] based on the finite element analysis and
fatigue tests. Liu et al. [14] revealed the influence of mechanical
degradation of studs and the UHPC on the transverse fatigue perfor-
mance of the composite OSD using UHPC. Besides, Zhu et al. [15]
analyzed and predicted the fatigue lives of several fatigue-prone details
in the composite OSD using UHPC based on the field monitoring data
and the finite element analysis. However, in these previous studies,
parameters used for the fatigue performance evaluation of the composite
OSD using UHPC, including the dynamic vehicle loading and related
parameters of fatigue-prone details, were regarded as deterministic
variables, which may result in overestimation of the fatigue perfor-
mance [16]. Therefore, there is a pressing need to reevaluate the fatigue
performance of the composite OSD using UHPC from a reliability
perspective. In addition, overloaded trucks can induce larger stress
ranges which will accelerate the accumulation of fatigue damage.
Therefore, the impact of overloading on fatigue performance of the
composite OSD system also needs to be investigated. Besides, it should
be noted that drawbacks of S-N curve and Miner’s rules were not
considered in this paper, such as the overload cycles may increase the
fatigue life of components in certain cases [17,18].

In this paper, a three-dimensional vehicle-bridge coupled system was
established and used for obtaining the stress time histories of six typical
fatigue-prone details. The analytical model of vehicle was determined
based on the fatigue load pattern adopted in the AASHTO standard
specifications [19] and the finite element models (FEMs) of both the
composite OSD using UHPC and the conventional OSD were built based
on a local girder segment adopted from the HuMen Bridge in China. The
influences of four key factors, namely, the road surface condition (RSC),
length of bridge deck FEM, vehicle speed and vehicle overloading, on
the stress range of the fatigue-prone detail and thus on the fatigue per-
formances of the composite OSD using UHPC and the conventional OSD
were investigated. Fatigue lives of those two OSD systems were evalu-
ated and compared based on the fatigue reliability analysis. Besides, the
rationality of the deterministic method for the fatigue limit state analysis
adopted in the AASHTO standard specifications [19] was also discussed.
The paper aims to evaluate the fatigue performance of the composite
OSD using UHPC from a perspective of reliability and provide references
for the design and maintenance of the composite OSD using UHPC.
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2. Model of bridge deck

In this paper, FEMs of bridge decks were established based on a local
girder segment of the HuMen Bridge, which is a suspension bridge with
bidirectional six lanes and a main span of 888 m in China. Its original
bridge deck was designed as a conventional OSD system, in which a 70-
mm-thick asphalt pavement was overlaid on the OSD. The bridge deck
was later modified into a novel composite OSD system to improve the
fatigue performance, in which a thin UHPC layer with a thick of 45 mm
was first cast on the OSD and an asphalt wearing course with a thick of
20 mm was then concreted on the UHPC layer. The short-headed studs
with a height of 35 mm were used as shear connectors to strength the
connection between the OSD and the UHPC layer. Structural details of
the composite OSD using UHPC and the conventional OSD are shown in
Fig. 1, and six typical fatigue-prone details (i.e., Detail 1-6) in the OSD
[5] to be investigated are illustrated in Fig. 2.

The stress response of structural members in the OSD is mainly
affected by the local load applied to the bridge and the affected area of
the local load is fairly limited [20]. Therefore, there is no need to build
the global FEM for a large-scale bridge when only the local area of in-
terest is considered [21]. In the present study, a local girder segment of
the middle lane in the HuMen Bridge was selected for analysis. The local
FEM of bridge decks was established with the ANSYS 18.0 program
based on the design scheme. As an example, the local FEM of the com-
posite OSD using UHPC is illustrated in Fig. 3, which is supported by
eight ribs and four diaphragms.

In these FEMs, the steel plates were modeled using the shell element
SHELL91 with eight nodes, and the UHPC layer as well as the asphalt
overlay were modeled using the solid element SOLID95 with twenty

Detail 1: Rib-to-deck weld (in deck plate)
Detail 2: Rib-to-deck weld (in rib)
Detail 3: Rib-to-diaphragm weld (in diaphragm) Detail 6: Splice butt weld (in rib)

Detail 4: Rib-to-diaphragm weld (in rib)
Detail 5: Free edge of cutout

Fig. 2. Location of typical fatigue-prone details and corresponding fa-
tigue cracks.
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Fig. 1. Structural details of the bridge decks (mm): (a) the conventional OSD; (b) the composite OSD using UHPC.
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Fig. 3. Local FEM of the composite OSD using UHPC.

nodes. The studs were simulated using the beam element BEAM189
[11]. The mechanical properties of these materials were listed in
Table 1. It should be noted that the nonlinearity of these materials were
not considered in the study as previous studies have confirmed that the
maximum stresses and strains in the steel plate and UHPC are far below
the ultimate strength and can meet the design requirement [8,15]. Be-
sides, the International Institute of Welding [22] requires that the mesh
size of elements near hot spots shall be refined enough to obtain accurate
hot spot stresses. In fact, for the FEM employing higher-order elements
(e.g. eight-node shell elements), it is reasonable to use the mesh size of t
x t near the hot spot, where t is the deck thickness at weld toe [23].
Considering that the thickness of steel plates connected by the weld joint
is different, the minimum mesh size of elements was selected as 0.5 t at
the area near fatigue-prone details. The mesh size gradually increased
with the increase of distance far away from the considered area and was
set as consistent with the extrapolation method, as listed in Table 4.

According to the Saint Venant principle, stress responses of the target
areas far away from boundaries in the OSD are hardly affected by the
boundary conditions, which has been confirmed by other researchers
[24]. To simulate the actual boundary conditions as accurately as
possible, the Z-axis translational degree of freedom (DOF) as well as the
X- and Y-axis rotational DOF of nodes at both ends of the bridge deck
were constrained, except for that of the end-diaphragms. The X-axis
translational DOF as well as the Y- and Z-axis rotational DOF of nodes at
either side of the deck and diaphragms were constrained to simulate the
action applied by the adjacent steel box girders. The Y-axis translational
DOF of nodes at the bottom of diaphragms were constrained to model
the vertical support of diaphragms. In these FEMs, the following stra-
tegies are used to model the interaction between adjacent components.
The nodes at the bottom of the asphalt layer were coupled to the nodes
with the same coordinates at the top of the UHPC layer. Assuming that
the short-headed studs will not separate from the UHPC layer under the
action of vehicle loading and considering that the bottoms of short-
headed studs are welded to the steel deck plate, the upper nodes of
short-headed studs were coupled with the nodes of the UHPC layer with
the same coordinates, and the nodes at the bottom of the short-headed
studs were coupled to the corresponding nodes of the steel deck plate.
For the nodes at the bottom of the UHPC layer, only the vertical trans-
lation was coupled to the corresponding nodes of the steel deck plate so
that the UHPC layer will not separate from the steel deck plate while the
shear and friction action of the interface between them were ignored
[25].

Table 1
Mechanical properties of the model material.

Material Young’s modulus (GPa) Poisson’s ratio Density (kg/m?)
Steel 210 0.3 7850
UHPC 42.6 0.2 2700

Asphalt 2 0.2 2400

3. Model of fatigue truck

The model of fatigue truck, as shown in Fig. 4, was modified from a
typical 5-axis truck model (Type 9) that was presented by Wang and Liu
[26] based on the survey data of trucks in the United States. Using the
force and the moment equilibrium equations, the geometry, mass dis-
tribution, and inertia moment of the fatigue truck were determined
based on the load pattern for the fatigue design of OSDs adopted in the
AASHTO standard specifications [19]. Table 2 summarizes the detailed
parameters of the fatigue truck.

4. Vehicle-Bridge coupled system

A three-dimensional vehicle-bridge coupled system proposed by
Deng and Cai [27] was used to obtain vehicle-induced responses of the
composite OSD using UHPC and the conventional OSD in this paper. The
coupled equation can be expressed as follows:

dy Ci+Caa Cay|) dy Ki+Koa Kioy | [ dy
[Ma M0 G0t [ Cy G } i (" k. K4

_ Fq
T\ F, +Fg

where the subscripts (i.e., d and v) mean the bridge deck and the vehicle,
respectively; My, M,, Cq4, Cy, K4, and K, represent the matrixes of mass,
damping and stiffness, respectively; C4.4, C4y, and C,.q4 represent the
damping relevant terms, and K44, K4, and K4 represent the stiffness
relevant terms, all of which are induced by the interaction between the
pavement and wheels; dj and d, represent the vectors of displacement; F4
and F, represent the vectors of wheel-pavement interaction force; and Fg
represents the vector of vehicle weight acting on the bridge.

Since it is very time-consuming to solve Eq. (1) directly, the mode
superposition technology can be used to reduce the matrix size, as
indicated in the other work of the first author [28]. Once Eq. (1) is
solved, the stress time histories of fatigue-prone details can be obtained
according to the strain—displacement relationship and the stress-strain
relationship. It should be noted that the accuracy and reliability of the
adopted bridge-vehicle model has been verified in other works of the
first author through field tests on a field bridge in Louisiana [29,30], in
which the bridge responses, including deflections and strains at the mid-
span of the girders, were measured and compared with the bridge re-
sponses obtained from the numerical simulations. The field measured
results and the numerical results agree with each other very well, in
terms of both maximum dynamic responses and the vibration
frequencies.

@

5. Deterioration model of RSC

The RSC is one of the main factors affecting the interaction between
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Fig. 4. Analytical model of the fatigue truck.
Table 2 Table 3
Detailed parameters of the fatigue truck. Deterioration pattern of RSC during a 15-year service period [16].
Items Parameters Values Units RSC A (Very B(Good) C D E (Very
Mass M, 5045 kg classification good) (Average) (Poor) poor)
M, 23,070 kg Time(t)/years 1<t<8 9<t< 11<t< t=13 14<t<
m; (i =1-2) 297 kg 10 12 15
m; (j = 3-6) 466 kg Percentage 53.3% 13.3% 13.3% 6.7% 13.3%
my (k = 7-10) 527 kg
Moment of inertia Ixn 17,595 Kg-m2
Ixzz 270,157 kg-m?
Iyn 4399 kg.mz Table 4
Iyzo 26,935 kg-m? Stress analysis method for each fatigue-prone detail.
i iffne i ([(i=1-2 101 N
Spring stiffness ?' 8 B 1_2; ‘1‘84562(:1 6 N;E Detail ~ Analysis Type of hot  Extrapolation Stress Source
Kﬂ G B 3.6) 6:97 8;30 N/m method spot formula* type
5 (= f
K (j = 3-6) 2,804,656 N/m 1 Hot spot c Ohot = SX [22]
Ky (k = 7-10) 679,667 N/m stress 1.5605: —01.5:
' N Ky (k = 7-10) 2,804,656 N/m 9 Hot spot c - sy [22]
Damping coefficient gﬂ' El = i’;)) fg?)z ES; m stress 1.500.5: —01.5¢ sYy”
(=1~ -s/m
D“_ G=36) 3606 Nes/m 3 Hot spot b Ohot = 1.1205 S1 [51]
& B stress
Dy (j = 3-6) 1600 N-s/m
Dl]k(gk —7.10) 3786 N-s/m 4 Hot spot a Ohot = SZ [22]
o (k =
Dy (k = 7-10) 1600 N-s/m stress 15005t ~015¢
Length Ly 3.658 m S Nominal — S1 —
Ly 1.219 m stress
Ly 7.925 m 6 Nominal —_ —_— SZ —_
Ly 1.219 m stress
Ls 1.698 m . _ : . _
. 2569 Note: (a) t = the deck thickness at weld toe; 6¢ 5, 01.5, and o5 = the stresses at
L6 4' 922 $ reference points 0.5 t, 1.5 t, and 5 mm away from the weld toe, respectively; (b)
LZ 3613 m the coordinate direction was shown in Fig. 5.
B 0.914 m

the bridge and vehicle, which can significantly affect the vehicle-
induced stress range [31]. A stationary Gaussian random process with
zero mean was adopted to model the road surface roughness [32], which
can be generally expressed as an inverse Fourier transformation:

N

Z V2¢(n;) Ancos(2an;Z + 6;)

i=1

"2) = 2

where Z is the longitudinal position of interest points; ¢() is a function
describing the road surface profile, which is adopted as the power
spectral density function presented by Huang et al. [33,34]; 6; is the
phase angle which is randomly generated and uniformly distributed in
the range from 0 to 27; and n; is the number of waves.

Based on the road roughness classification index defined by the ISO
[35] and the road roughness classification of pavement calculated at
time t during its service period, Zhang and Cai [16] presented a dete-
rioration pattern of RSC during a 15-year service period, as described in
Table 3.

6. Numerical analysis

The important factors affecting the interaction between the bridge
and vehicle have been widely investigated [16,33]. Based on those re-
searches, the influences of three key parameters, namely, the RSC,
length of bridge deck FEM and vehicle speed, on the stress time histories
experienced by the fatigue-prone details under consideration were
investigated using the vehicle-bridge coupled system in this section. Five
different RSCs listed in Table 3, three different lengths of the bridge deck
FEM (i.e., 12 m, 16 m, and 20 m) as well as six vehicle speeds (i.e., 20
km/h, 40 km/h, 60 km/h, 80 km/h, 100 km/h, and 120 km/h) were
considered. Based on previous studies [15,36], the most unfavorable
stress range of fatigue details may occur when the vehicle travels across
the bridge along these three critical travelling paths shown in Fig. 5.
Therefore, these three critical travelling paths were adopted in the
study.

Compared to the nominal stress method, the another commonly-used
approach to obtaining the local stress of interest, namely the hot-spot
stress method, achieves a higher accuracy and requires less efforts to
deal with the FEM of welded connections in the complex structures [37].
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Fig. 5. Illustration of typical transverse loading cases.

In fact, hot spots are the crack initiation points of weld toes where weld
defects may exist [22], as shown in Fig. 6(a). Since the steel plate around
the fatigue-prone details was meshed to be consistent with the corre-
sponding extrapolation path, the hot-spot stresses of concerned details
can be determined based on the stress-extrapolation method (as
described in Fig. 6(b)) once the stresses of reference points are obtained
by the previously described vehicle-bridge coupled system. Considering
that Details 1-4 are welded details, Detail 5 is a cutout detail with a
smooth cut and Detail 6 is a continuous detail [13], the extrapolation
method was chosen to obtain the stress of each fatigue-prone detail in
this study, as listed in Table 4. It should be noted that the effect of re-
sidual tensile stress on the fatigue performance of fatigue details is not
analyzed specifically in this paper since it is usually considered in the
experiments to obtain S-N curves [38].

In addition, the road surface profile was generated based on a
random process, which will result in bias for the simulation results.
Therefore, the vehicle-bridge coupled system was repeatedly carried out
20 times for each case with a given RSC, and the average value of 20
simulated results was obtained for analysis, which has been confirmed to
be acceptable [39].

6.1. Revised equivalent stress range

As the bridge deck system would be subjected to complex stress cy-
cles when trucks travel across the bridge, the fatigue damage of bridge
members accumulates with the increase of service time. In this paper,
accumulated fatigue damage at time t was calculated as [40]:

D=35 ®)

i

where n; is the number of stress cycle corresponding to the ith constant-
amplitude stress range (S;) induced by the vehicle; N; is the total number
of S; as fatigue failure occurs, and can be expressed as [41]:

K

Ni=o
St

C)

where K is the fatigue strength coefficient related to the detail category;
m is the slope of S—N curve, taken as 3 for all fatigue-prone details in the
study [19].

It can be observed from Egs. (3) and (4) that the accumulated fatigue
damage (Dy) is affected by the number and the magnitude of stress range.
Therefore, a revised equivalent stress range (RESR) was defined in this
study to facilitate the calculation and analysis of fatigue damage accu-
mulation induced by per truck, as expressed in Eq. (5):

1/m
RESR = (Zn,-s;"> 5)

It should be noted that n; and S; in Eq. (5) were calculated by rain-
flow counting method, and any S; less than the cutoff value, namely
3.45 MPa [42], was ignored. Coalescing Egs. (3)-(5), the accumulated
fatigue damage can be expressed as:

_ RESR”

D, X

(6)

6.2. Effects of bridge model length and RSC on RESR

The study on simple-supported steel girder bridges shows that the
span length has significantly effects on the number of stress cycles under
traffic loads when the bridge span is shorter than 22.86 m [43]. In
addition, the length of the adopted fatigue truck is about 14 m that is
close to the length of the bridge deck FEM in Fig. 3. Therefore, it is
necessary to determine a reasonable length for the bridge model such
that a good balance can be achieved between the computing efficiency
and accuracy. In the study, FEMs of the bridge deck with different
lengths (i.e., 12 m, 16 m, and 20 m), were established. Assuming the
speed of fatigue truck is 60 km/h, the RESRs of the considered details
under different RSCs were obtained. The most unfavorable RESRs of
each fatigue-prone detail against different lengths of bridge models are
illustrated in Fig. 7. Smooth, namely the case without considering the
effect of RSC, is also included in Fig. 7 for comparison.

As shown in Fig. 7, the most unfavorable RESR of each fatigue-prone
detail in both the composite OSD using UHPC and the conventional OSD

Computed
total stress M
Structure Refe.ren(:e
stress | pomnts Stress on
I surface
| H
L ! e

Hot spot | | i

. | s

in FEM | |1 / in theory

Fig. 6. Hot-spot stress method: (a) types of hot-spot; (b) stress-extrapolation method.
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Fig. 7. Change of the RESR with length of the bridge deck FEM and RSC: (a) Detail 1; (b) Detail 2; (c) Detail 3; (d) Detail 4; (e) Detail 5; (f) Detail 6 (Note: Comp. =

composite OSD using UHPC; Conv. = conventional OSD.)

is slightly influenced by the length of the bridge deck under different
RSCs. As a matter of fact, it has been found that the vehicle-induced
stress response of structural components in OSD can be observed only
when the wheel load approaches the component [44], and the distance
affected by wheel loads along the longitudinal direction is less than 3 m
[36]. In other words, the boundary conditions of these fatigue-prone
details in these FEMs with different lengths are remarkably similar.
Therefore, it can be believed that the FEM adopting a length of 12 m is
sufficient to balance the computing efficiency and accuracy effectively.
Fig. 7 also shows that the RSC can significantly affect the RESRs of all
fatigue-prone details in those two OSD systems. The RESR of Detail 3 in
the conventional OSD under the very poor RSC is even more than 1.86
times of those under the very good RSC and the case of Smooth. Besides,
it can be seen from Fig. 7 that the composite OSD using UHPC is effective
to reduce the RESR of all fatigue-prone details in the OSD, especially for
Detail 1 and Detail 2 whose RESR are decreased by more than 70% and
50%, respectively, compared to those in the conventional OSD.

6.3. Effects of vehicle speed and RSC on RESR

Many researches have indicated that there is no consistent conclu-
sion about how the vehicle speed affects the vehicle-bridge interaction
[39,45]. In order to investigate the influence of vehicle speed on the

RESR and thus the accumulated fatigue damage of the composite OSD
using UHPC, RESRs of the fatigue-prone details under different vehicle
speeds and RSCs were obtained and plotted in Fig. 8.

As shown in Fig. 8, the variation pattern of RESR with the increase of
vehicle speed under each RSC is not consistent. For all fatigue-prone
details, the influences of vehicle speed on the RESR are not significant
when the RSC ranges from class A to class D, while the RESR changes
significantly and irregularly as the vehicle speed increases if the RSC
becomes very poor (class E). This phenomenon was also observed from
the studies about the conventional OSD [24] and beam bridges [46].
However, there has not been a convincing and consistent explanation for
this phenomenon due to the complication of vehicle-bridge interaction
caused by various factors simultaneously [47]. Besides, the vehicle
speed corresponding to the maximum RESR is different under different
RSCs due to the fact that increasing the vehicle speed does not neces-
sarily intensify the bridge-vehicle interaction. Considering that the
traffic speed of trucks on the Humen Bridge is restricted to 60 km/h, and
that the RESR under this speed is relatively larger, the speed of fatigue
truck was set as 60 km/h in the following fatigue reliability analysis.

In this section, the fatigue performance of the composite OSD using
UHPC and the conventional OSD was evaluated and compared based on
the fatigue reliability method and the deterministic method. Besides, the
effects of RSC and overloading on the fatigue reliability of those two
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OSD systems were also investigated. In the analysis of fatigue reliability,
the limit state function was expressed as:

8X)=D.—D, 7
where D, is the critical damage, and fatigue failure occurs when the
failure function g < 0 [48].

Generally, the deterioration of pavement is a repetitive process and
the proportion of time for each class of RSC staying in the lifecycle of
bridge is approximately equal to that staying in a 15-year service period
[46]. Therefore, the accumulated fatigue damages at time t can be
calculated as a summation of the fatigue damages induced by all truck
passages and can be expressed as follows:
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_ — ®)

Dt
where RESR; is the RESR induced by a truck travelling across the bridge
under the RSC of classj (j = 1, 2, 3, 4, and 5 corresponding to each class
of RSC, namely A, B, C, D, and E, respectively); g; is the proportion of
time for RSC staying in the class j during the service time of bridge, as
listed in Table 3; and N; is the number of trucks travelling across the
bridge for t years and can be calculated as:

N, = 365-p-ADTT-t ©

where p is the proportion of traffic in the lane considered and is taken as
0.85 in the study; ADTT is the average daily truck traffic in one
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direction, which is assumed to be 2000 in this study [19].
Coalescing Egs. (7)-(9), the limit state function for reliability anal-
ysis of all fatigue-prone details can be re-expressed as:

5
g(X) = D, —365p-ADTT-+-K ' > a;(RESR;)" 10)
=1

Before calculating the fatigue reliability index of each fatigue-prone
detail based on Eq. (10), it is essential to determine the statistical
properties of each variable in Eq. (10). In order to obtain the distribution
type of RESR using Chi-square test, the vehicle-bridge coupled system
was performed 50 times under each case with a given RSC in this section.
According to the Sturges’ rule, the class number of a database with 50
samples was calculated as 7, and the degree of freedom should be set as 4
in the Chi-square test. Besides, the significance level was taken as 0.05
and the threshold value was determined to be 9.488. Two commonly-
used distribution types, namely the normal distribution and the
lognormal distribution, were considered in this study. The values of Chi-
square test for the RESR of each fatigue-prone detail are listed in Table 5.
Comparing the results of Chi-square test with the threshold value, it can
be found that it is more acceptable to assume that the RESR follows the
lognormal distribution in this study.

The statistical properties of RESRs under different RSCs are obtained
and listed in Table 6, including the mean and the coefficient of variation
(COV). Table 7 summarizes the statistical properties of other random
variables for reliability analysis in Eq. (10) [42].

Using the iterative Rackwitz-Fiessler algorithm, the fatigue reli-
ability indexes of fatigue-prone details in the bridge deck against the
service time were calculated based on Eq. (10). Two conditions were
considered in this study, as shown in Fig. 9, where Condition “a” took all
five RSCs into account, and Condition “b” did not include the RSC of
class E (very poor). In addition, the target reliability index (Brarger) for
bridge evaluation, which is taken as 2.5 in the AASHTO MBE code [49],
is included in Fig. 9 for comparison.

As Fig. 9 shows, the fatigue reliabilities of all fatigue-prone details

Table 6
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Statistical properties of RESRs under different RSCs.

Detail RSC Conventional OSD Composite OSD
Mean Ccov Mean cov
1 A 50.65 0.0229 14.45 0.025
B 52.28 0.0398 14.78 0.0408
C 54.77 0.0799 15.51 0.0797
D 60.78 0.1285 17.29 0.1283
E 81.48 0.1977 22.92 0.2015
2 A 81.5 0.0287 38.63 0.022
B 81.76 0.0607 39.83 0.0381
C 82.86 0.0933 41.7 0.0788
D 89.77 0.1721 45.87 0.124
E 118.6 0.211 61.43 0.1932
3 A 75.67 0.0272 64.03 0.0242
B 76.27 0.0586 64.84 0.0575
C 79.61 0.0919 68.15 0.106
D 85.61 0.1496 76.21 0.1143
E 113.2 0.1944 111.5 0.1704
4 A 44.79 0.0189 33.75 0.0174
B 45.92 0.0286 34.7 0.0284
C 48.68 0.0528 36.8 0.051
D 56.57 0.1007 42.73 0.1036
E 79.54 0.1659 61.01 0.1634
5 A 56.74 0.0299 47.73 0.0301
B 56.87 0.0592 47.86 0.0598
C 58.76 0.084 49.21 0.0865
D 65.12 0.1441 54.19 0.1532
E 80.7 0.2381 65.61 0.2573
6 A 34.7 0.018 26.24 0.0156
B 35.73 0.0399 27.13 0.0348
C 37.71 0.0593 28.74 0.0598
D 42.66 0.1209 32.48 0.1367
E 59.72 0.1648 43.71 0.1701
Table 7
Statistical properties of random variables in the limit state function.
Parameter Specification Distribution Mean COV  Source
type
D, Critical Lognormal 1.0 0.3 [52]
damage
K (Category  Detail 5 Lognormal 82.0 x 102 0.45  [42]
A) (MPa®)
K (Category  Detail 1-4 Lognormal 14.4 x 1012 0.45  [42]
Q) (MPa®)
K (Category  Detail 6 Lognormal 7.21 x 10?2 0.45  [42]
D) (MPa®)

Table 5
Values of Chi-square test for the RESR of each fatigue-prone detail.
Detail RSC Conventional OSD Composite OSD
Normal Lognormal Normal Lognormal
1 A 1.324 1.504 4.574 7.221
B 5.635 6.310 2.413 0.573
C 3.415 1.115 10.777 7.715
D 10.104 4.552 2.443 3.136
E 6.137 6.312 3.315 0.802
2 A 0.583 2.557 4.439 4.628
B 3.432 2.376 2.692 0.704
C 6.284 5.267 9.031 6.906
D 2.551 5.515 0.690 2913
E 5.237 4.450 7.514 7.340
3 A 1.804 1.993 5.986 4.496
B 11.806 5.929 4.005 4.628
C 2.536 1.327 5.317 4.442
D 6.545 6.281 1.712 6.517
E 4.270 1.944 9.152 4.531
4 A 1.082 1.926 3.727 3.992
B 2.627 2.073 2.926 2.915
C 1.599 4.265 3.507 5.072
D 2.064 1.642 5.311 0.851
E 7.490 3.897 9.232 5.943
5 A 12.860 8.907 3.886 1.961
B 6.569 4.097 7.322 2.453
C 10.612 1.869 3.245 2.764
D 12.934 5.391 1.270 3.681
E 5.143 8.283 7.609 4.004
6 A 2.626 4.976 0.583 0.703
B 4.582 7.809 1.358 3.202
C 6.485 3.702 9.848 2.538
D 10.733 4.888 1.632 2.141
E 2.498 0.854 3.837 5.272

decline as the service time increases and the fatigue reliability index of
each fatigue-prone detail in the composite OSD using UHPC is much
greater than that in the conventional OSD under the same condition.
Fig. 9 also shows that all fatigue-prone details in the composite OSD
using UHPC can meet the requirement of the target reliability index over
the design lifetime if the pavement maintenance could be carried out
before the RSC deteriorates into the class of very poor, except for Detail
3 that may be caused by the defect in the initial design of the bridge deck
[11]. By contrast, the fatigue reliability indexes of all fatigue-prone
details except for Detail 5 in the conventional OSD will reduce to
below the target reliability index after different service time. Specif-
ically, it takes less than 15 years for the fatigue reliability indexes of
Detail 2 and Detail 3 in the conventional OSD decreasing to the target
reliability index. In addition, compared with that under Condition “b”,
the fatigue reliability index of all fatigue-prone details under Condition
“a” is decreased by more than 1, which indicates that the vehicle dy-
namic effect can significantly affect the fatigue reliabilities of both the
composite OSD using UHPC and the conventional OSD if the RSC de-
teriorates into the class of E (very poor).

The fatigue lives of fatigue-prone details in those two OSD systems
evaluated with the reliability method and the deterministic method
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Fig. 9. Fatigue reliability indexes of fatigue-prone details against the service time:

were summarized in Table 8. The fatigue life of structural member
evaluated with the reliability method was defined as the service time for
its fatigue reliability index decreasing to the target reliability index
(Brarget) [50]. According to the AASHTO standard specifications [19], the

Table 8
Fatigue lives of fatigue-prone details using different methods (year).

Detail ~ Conventional OSD Composite OSD

Method Method Method Method Method Method
12 1b 2 12 1° 2

1 24 38 49 1039 1636 2133

2 7 10 12 55 86 104

3 8 12 14 11 19 23

4 31 54 62 70 125 146

5 113 159 189 190 269 317

6 35 58 72 85 133 161

Note: Method 1% and Method 1P represent the reliability method considering
Condition “a” and Condition “b”, respectively; Method 2 represents the deter-
ministic method.
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fatigue life evaluated with the deterministic method was calculated as
follows:

K

= 11
365-p-ADTT-C,-[(1 + IM)-AS]" (11)

t

where C; is the number of stress cycles excited by each truck, taken as
5.0 for structural connections in the OSD; IM is the dynamic load
allowance, taken as 0.15 for fatigue analysis [19]; and AS is the
maximum static stress range.

Table 8 shows that the fatigue lives of fatigue-prone details in the
composite OSD using UHPC are much larger than that in the conven-
tional OSD. Particularly, the fatigue life of Detail 1 is expected to be
more than 1000 years, which can be assumed to have an infinite fatigue
life. Besides, the fatigue lives of all fatigue-prone details in those two
OSD systems calculated based on Method 2 (deterministic method) are
about 15-30% and 65-110% larger than that calculated based on the
Method 1P and the Method 12, respectively, which indicates that the
fatigue life obtained based on the deterministic method is overestimated
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significantly. The results in Table 8 also show that fatigue lives of
fatigue-prone details in those two OSD systems under Condition “b” are
1.4-1.75 times longer under Condition “a”, which indicates the signifi-
cance of preventing the RSC from deteriorating to the class of very poor
for prolonging the fatigue life of bridge decks.

Vehicle overloading is a progressively worse problem and the over-
loading ratio of trucks has been gradually growing. The weigh-in-motion
data from a bridge nearby the HuMen Bridge shows the measured
heaviest truck is even more than 160 t [15], which is several times
heavier than the standard fatigue truck. Two typical overloading ratios
(i.e., g = 20% and 50%) were considered to study the influence of
vehicle overloading on the fatigue performance of the composite OSD
using UHPC. The results are summarized in Table 9, including the fa-
tigue lives of fatigue-prone details in the conventional OSD for com-
parison, where the values of fatigue life were evaluated using the
reliability method under Condition “b”, namely, Method 1b,

It can be observed from Table 9 that the fatigue lives of both the
composite OSD using UHPC and the conventional OSD are significantly
affected by overloaded trucks. Specifically, fatigue lives of all fatigue-
prone details are reduced by more than 35% when the truck weight
increases by 20%, and the fatigue lives could be shortened by more than
60% if the overloading ratio reaches 50%. Compared to the conventional
OSD, the composite OSD using UHPC can prolong the fatigue life of the
bridge deck by at least 60% under the action of standard traffic load, and
can prolong the fatigue life of the bridge deck by at least 80% when the
overloading ratio reaches 50%. This indicates that the composite OSD
system shows better fatigue performance than the conventional OSD
system as the overloading ratio increases.

7. Conclusions

Based on the research results obtained from this study, the following
conclusions and recommendations are drawn:

The fatigue life of bridge decks calculated based on the deterministic
method is overestimated significantly. Specifically, fatigue lives of
both the composite OSD using UHPC and the conventional OSD
calculated based on the deterministic method are 65-110% longer
than that calculated based on the reliability method if very poor RSC
is considered.

The fatigue life of OSD is significantly affected by overloading. To be
more specific, a 50% increment of the truck weight can reduce the
fatigue life of the OSD by more than 60%. Nonetheless, the com-
posite OSD using UHPC shows a better fatigue performance than the
conventional OSD when subjected to overloaded trucks as the former
contributes to the even distribution of tire load.

Compared to the conventional OSD, the composite OSD using UHPC
can extend the fatigue life of OSD by at least 60% and the risk of
suffering from fatigue cracking for most fatigue-prone details in the
composite OSD using UHPC can be basically eliminated.

The RSC can significantly affect the fatigue reliabilities of both the
composite OSD using UHPC and the conventional OSD. Particularly,
their fatigue lives can be extended by 40-75% if pavement mainte-
nance could be undertaken before the RSC deteriorates into the very
poor condition.

It should be noted that the effect of corrosion on the fatigue evalu-
ation was not considered in the study and that both the maintenance
period of pavement and the deterioration pattern of RSC were hypo-
thetically adopted from available literatures. It should also be noted that
the effect of wind-induced bridge vibration on fatigue performance of
the OSD system was not considered in the study.
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