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In recent years, the ultra-high performance concrete (UHPC) has been
increasingly used to strengthen orthotropic steel decks (OSD) to solve the
cracking problems at fatigue-prone details and pavement damage. In this
paper, the fatigue life of a cable-stayed orthotropic steel decks bridge under
stochastic traffic loads is calculated before and after the orthotropic steel decks
strengthened with the ultra-high performance concrete layer. The traffic data of
the real bridge for 1 week is first obtained based on the weigh-in-motion system.
Then, a stochastic traffic load on the bridge is simulated for its service life by the
Monte Carlo method. A fatigue life analysis framework, which includes the traffic
load simulation, a refined finite element model, the S-N curve and Miner linear
cumulative damage criterion, is proposed for fatigue life prediction of orthotropic
steel decks. For the bridge before reinforcement, the predicting results for the
fatigue life of three fatigue-prone details, including the scallop cutout, rib-to-
diagram and rib-to-deck joint are basically consistent with that of the actual bridge
inspection results. After strengthening by ultra-high performance concrete, the
fatigue life of the three structural details are increased from 15.87, 13.89, and
32.26 years to more than 100 years, respectively, as compared with the original
orthotropic steel decks structure.
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1 Introduction

The orthotropic steel deck (OSD) has been widely used in bridge engineering due to its
good integrity, light weight, high strength, and good applicability when comparing with the
traditional concrete bridge deck, especially in the long-span cable-stayed bridges (Hu et al.,
2014). Generally, the OSD consists of bridge deck, longitudinal and transverse stiffening ribs
that jointly bear vehicle loads. With the fast-growing in traffic loads, some fatigue problems,
however, are becoming increasingly prominent in the OSD (Walter et al., 2007; Chen et al.,
2015; Fisher and Barsom, 2016). These problems may be attributed to large local
deformation and serious stress concentration under the heavy load. Other factors, such
as welding residual stress, poor construction quality, can also be the reasons to induce fatigue
problems. In addition, the pavement of the bridge may be subjected to an easier cracking,
debonding and other diseases under the wheel load. Consequently, the serviceability and
safety of the bridge may be significantly deteriorated.
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Several measures have been conducted by researchers to
reinforce the OSD, including drilling holes to change the stress
field intensity distribution at the crack tip (Choi and Kim, 2008),
local structural reinforcement (May et al., 2015; Wang et al., 2015),
and SPS combination reinforcement (Jong, 2007). These measures,
however, may have limited positive effect on solving the fatigue
cracking because the reinforcement effect on the local stiffness of
OSD is still low in these cases. The bridges crack may crack again
shortly after strengthening. Therefore, other measures need to be
proposed to effectively increase the stiffness of the OSD. For this
purpose, a kind of ultra-high performance concrete (UHPC)
pavement was put forward by pouring it on the bridge deck
(Jong, 2007; Zhang et al., 2023). It is widely known that, as a
new type of fiber reinforced cement-based composite material,
the UHPC owns outstanding characteristics such as ultra-high
strength, ultra-high toughness and excellent durability, etc. As a
result, a composite structure composed by the original OSD and
UHPC is compactly formed through densely distributed shear nails.
The steel-UHPC composite structure is not only used in new
construction projects (Zhang et al., 2016), but also has been
widely used in reinforcement projects, such as Yangtze River
Bridge in China (Qin et al., 2022), Tianjin Haihe Bridge in China
(Wang et al., 2020). After the strengthening of UHPC, an
improvement of the fatigue resistance of the OSD can be expected.

A number of studies about the fatigue resistance of steel-UHPC
composite structures have been conducted by several researchers.
Deng (Deng et al., 2021) calculated the fatigue reliability of OSD-
UHPC composite bridge based on reliability and fatigue cumulative
damage model, and the results showed that the fatigue life of OSD-
UHPC composite structure is prolonged at least 60%. Yuan (Yuan
et al., 2019) studied the repair process of UHPC to the fatigue crack
of the OSD specimen through full-size model test, the effectiveness
of UHPC to improve the fatigue life of the OSD is also verified
through the linear accumulative damage rule. Dieng et al. (2013)
found that the UHPC pavement, as compared with the traditional
asphalt mixture, can reduce the stress amplitude of the details. The
above studies show that the fatigue life of composite structures is
greater than that of the OSD, and most of these researches are
conducted based on finite element simulation or laboratory
experiments. The stress of these cases, however, may differs from
that of the real bridge. Besides, other experimental researches are
conducted on predicting the fatigue life of real steel-UHPC
composite bridge (Zhu et al., 2019; Qin et al., 2022). Among
them, the stress under random traffic flow is continuously
monitored by arranging strain gauges in typical structural details.
For this case, the number of measuring points monitored in the real
bridge is limited, and errors on stress monitoring may be unable to
avoid due to the influence of the environment, thus affecting the
accuracy of fatigue life calculation. More effective methods are
needed to calculate the fatigue life of the real bridge. This paper
aims to study the fatigue life of a steel bridge strengthened by UHPC
under the stochastic traffic loads, which is simulated based on the
traffic flow data measured by the weigh-in-motion (WIM) system.

The fatigue performance of OSD strengthened with UHPC
under stochastic traffic load is evaluated in this paper. The paper
is organized as follows. First, some basic information of the
bridge, the main diseases and the reinforcement scheme based
on UHPC are introduced. Then, a fatigue life assessment process

of typical fatigue-prone details of the OSD under stochastic traffic
loads is proposed. Following that, the fatigue life of three
structural details is calculated. The strengthening effect is
validated by comparing the fatigue life before and after
strengthening, and some conclusions are summarized.

2 Engineering background

2.1 Bridge description

Haihe Bridge is a bridge closed to the Tianjin port, China. It is a
hybrid beam single tower cable-stayed bridge with a total length of
500 m and a main span of 310 m. The main span is composed of
290 m steel box girder and 20 m steel-concrete joint section, and the
side spans are prestressed concrete box girder. The bridge deck is
supported by 36 pairs of stay cables, and the cable spacing on the
beam is 16 m. The layout of the bridge is shown in Figure 1A. The
total width of the steel girder is 23 m, and the distance between each
pair of stay cables on the bridge deck is 22.3 m. The thickness of the
deck, webs, diaphragm are 14, 14, 10 mm, respectively. In transverse
bridge direction, the steel box girder is formed by a double cell box
and an opening section, each part has 12 U-ribs. The width of the
U-rib is 300 mm, and the spacing between adjacent U-ribs is
300 mm too. The girder is provided with a diaphragm every
3.2 m. The deck pavement of steel box girder is modified asphalt
concrete with 70 mm thick. Figure 1B shows the schematic diagram
of the cross section.

The Haihe Bridge was completed and opened to traffic in 2002.
It was originally designed as a four-lane bidirectional traffic. The
traffic is heavy on this bridge, especially the number of trucks, as it is
located in a busy port area. In order to alleviate the traffic pressure, a
new bridge was built next to the bridge in 2011, and the traffic of the
old bridge was changed to one-way four-lane traffic. The research
object of this paper is the old bridge opened to traffic in 2002.

2.2 Description of fatigue problems

There are two types of typical fatigue diseases in bridge under
long-term heavy loads. The first disease is the pavement damage,
such as longitudinal cracking and steel–concrete interface
debonding. The disease of asphalt pavement may be related to
the compaction and stress state (Chang et al., 2023). For example,
in the transverse direction of the bridge, the web of the U rib can be
regarded as the fulcrum of the steel deck. Therefore, the negative
bending moment is easily generated at the intersection point
between the U rib and the bridge deck under vehicle loads. As
a result, longitudinal cracks are occurred in bridge pavement under
cyclic load. Through detailed inspection, it was found that there
were nearly twenty longitudinal cracks in the asphalt pavement of
Haihe bridge, which was consistent with the width and spacing of
U-ribs, as shown in Figure 2. In addition, the rainwater will reach
the bottom of the pavement along the cracks, which is prone to
cause the bond failure in steel–concrete interface under the vehicle
braking force.

The second type is the cracking of the OSD. The cracking
generally appeared under the coupled effects of low stiffness of
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OSD and numerous heavy trucks, leading to large stress amplitudes
in some typical locations of the bridge. Consequently, some fatigue
cracks, as shown in Figure 3, generated inevitably. By the end of
2014, the total number of cracks in Haihe Bridge had exceeded
1,400 and the total length had exceeded 6,700 cm. Figure 4 shows the
typical cracks in Haihe bridge. In the transverse direction, these
cracks are mainly concentrated between 6 # U ribs and 30 # U ribs,
which are under lane 2 and lane 3.

2.3 Steel-UHPC composite reinforcement

Since 2005, the Haihe Bridge had been strengthened for more
than ten times, including drilling holes, bonding steel plates,
replacing bridge deck pavement, etc., but the disease was still
developing. The above phenomenon showed that the direct
repair method of steel box girder cracks and the replacement
of flexible pavement system cannot change the problem of
inadequate stiffness of OSDs. The stress state of the typical
structural details and bridge pavement had not changed after
strengthening, which was bound to cause the damage continue
propagating under the load of heavy vehicles.

A layer of UHPC was added to the steel deck to improve the
rigidity of the OSD. UHPC is a new type of cement-based composite
material, mainly composed of quartz fine sand, silica fume, cement,
quartz powder, and a certain amount of steel fibers. The most typical
characteristic of UHPC is its ultra-high strength, with a compressive
strength of up to 150–250 MPa and a tensile strength of around
10 MPa.

The main reinforcement scheme of the bridge includes the
following: 1) UHPC pavement was adopted within 17.5 m in the
transverse direction of the traffic lane. After applying 80 thick
epoxy zinc rich paint to the bridge deck, a shear nail with a
diameter of 13 mm and a height of 40 mm is welded to the bridge
deck. The spacing between shear nails in both transverse and
longitudinal directions is 150 mm. The thickness of UHPC layer
was 45 mm, with a waterproof adhesive layer and an asphalt
pavement layer with the thickness of 30 mm on it. 2) Considering

FIGURE 1
Basic information of the Haihe Bridge: (A) layout of the bridge (unit: mm), (B) cross-section (unit: mm).

FIGURE 2
Longitudinal cracking on the asphalt pavement.
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that the weight of UHPC-asphalt pavement on the traffic lane is
greater than that of the original asphalt pavement, the area out of
the traffic lane is paved with a synthetic rubber layer with 13 mm
in thickness. As a result, the dead load of bridge is basically
unchanged after reinforcement. A schematic diagram of the
pavement configuration is shown in Figure 5.

3 Fatigue life prediction of OSD under
stochastic traffic flows

A systematic procedure for fatigue life prediction of the fatigue-prone
details in OSD is proposed, as schematically in Figure 6. First, the axle
load, speed, lane and other information of the vehicle are extracted from

FIGURE 3
Welded details and cracking position.

FIGURE 4
Typical cracks: (A) rib-to-diaphragm cracks, (B) rib-to-deck cracks, (C) U-rib cracks and (D) diaphragm cracks.
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the measured traffic load data, and the long-term traffic load is simulated
using Monte Carlo method. Second, a local refined three-dimensional
finite element model is established, which is loaded by a unit load to
generate the stress influence surface of fatigue-prone details, then the
stress history is obtained by means of influence surface loading. Next,
according to the rain-flow counting method, the stress spectrum of the
fatigue-prone detail under the stochastic traffic loads is obtained. Finally,
according to the Miner linear cumulative damage criterion and the
classifications of detailed categories in S-N curves, the fatigue life of the
fatigue-prone details is calculated.

3.1 Traffic load simulation based on Monte
Carlo method

3.1.1 Principle of Monte Carlo simulation
Monte-Carlo simulation is one way for solving mathematical or

physical problems based on random sampling method (Chang et al.,

2023). It is an uncertain numerical method, and is often used in the
simulation of stochastic traffic loads. The following is the basic idea
of the method.

Let U be a uniform random variable between [0–1], that is U ~ R
(0,1). Then the random variable X generated byX � F−1

X (U) follows
the distribution of probability distribution function FX(x). So
F−1
X (u)> x is equivalent to U > F(x), where F−1

X (u) is the inverse
function of F(x). Then

P X≤x( ) � 1 − P F−1 U( )>x( ) � F x( ) (1)
Therefore, the random variable X generated by X � F−1

X (U)
follows the distribution of probability distribution function FX(x).

When the statistics of the traffic vehicle loads are known, the
corresponding vehicles can be generated by Monte-Carlo

FIGURE 5
Schematic diagram of the pavement configuration.

FIGURE 6
Flow chart of fatigue life assessment.

FIGURE 7
Monte-Carlo simulation for traffic flow.
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simulation. In computer simulation, a group of random numbers is
first generated. When the seed of the sequence is determined, all the
numbers in the sequence are determined. Therefore, such random
numbers are usually called pseudorandom numbers. For normal
distribution, the generation of pseudorandom number can use the
Box Muller method (Giray and Ahmet, 2011). As long as there are
two random variables U1 and U2 that obey uniform distribution, a
random variable X that obey normal distribution can be obtained
through Formula 3:

X � R cos θ � �������−2 lnU1

√
cos 2πU2( ) (2)

3.1.2 Process of traffic load simulation
Two aspects are mainly considered in traffic load simulation: the

loading position and the weight of wheels. The loading position of
the wheel is mainly determined by the vehicle speed, headway,
wheelbase; while the weight of the wheel is mainly determined by the
vehicle loads and axle weight ratio.

Monte Carlo simulation is performed for each lane in every
half an hour, as shown in Figure 7. After counting the traffic flow
of each lane within half an hour, the first vehicle is simulated.
Firstly, the mean μs and variance σs of headway are obtained from
traffic flow data statistics, and the headway of vehicles is sampled
from these two parameters by inverse function method. Then the
vehicle speed is simulated by using the mean μV and variance σV
of the vehicle speed in the lane. Next, according to the proportion
of each type of vehicle in the half hour, select the model of the
simulated vehicle, and get the corresponding axle weight ratio
and wheelbase. Finally, the total vehicle weight is sampled
according to its vehicle weight distribution, and then the axle
weight of each axle is determined from the previous step. Repeat
the above steps, continuously simulate the vehicle information of
each lane at each time, and the traffic flow within half an hour is
simulated. It is assumed that the traffic data in the life cycle is
unchanged, then repeat the simulation steps to get the stochastic
traffic flow for a day, a week or even a life cycle.

3.2 Stress time history

It is necessary to use the finite element software to establish
the structural analysis model to calculate the stresses of the
fatigue-prone details of OSD. Previous studies (Li et al., 2009;
Yan et al., 2016) have shown that the fatigue-prone details have
large stress when the load is applied to a small area near the
details, and are not sensitive to the load outside the area. In the
longitudinal direction, this area is approximately within 2 m
around the fatigue-prone details. Along the transverse
direction, the affected areas are roughly within the adjacent
trapezoidal ribs. Therefore, a local refined finite element
model can be established, which can reduce the calculation
time and have high calculation accuracy. Then, the stress
influence surface of fatigue-prone details can be generated
based on the local refined finite element.

The stress change history of each fatigue-prone detail can be
obtained by simulating the movement process of the vehicle on the
influence surface. According to the simulation of vehicle speed and

headway, record the vehicle position at an interval of 0.02 s. For
those falling within the effective range of the influence surface,
calculate the stress effect of the vehicle according to the
corresponding influence surface value and vehicle axle loads. The
superposition of the load effect of all vehicles falling into the effective
range of the stress influence surface is the traffic load effect of the
concerned fatigue-prone details at that moment. The stress history
of each detail can be obtained by recording the load effect in
chronological order.

3.3 Rain-flow counting method

Before the fatigue analysis, it is necessary to convert the time-
varying random stress history curve into multiple constant
amplitude stress cyclic loads, whose combination is called
stress spectrum. Then count the damage of each constant
amplitude cyclic loading in the stress spectrum to obtain the
total fatigue damage.

The rain-flow counting method is widely used to obtain the
stress spectrum by counting the stress history curve. After
studying the stress-strain process of fatigue loading, scholars
Matsuishi and Endo (Socie, 1982) proposed that each stress
closed-loop formed during the loading process constitutes a
stress cycle, and the shaded part as shown in Figure 8
constitutes a stress cycle. The method of identifying the stress
cycle can be visually seen as the process of rain falling down the
roof, so it is called rain flow method.

In this paper, the four peak-to-valley rain-flow counting method
is adopted. This method is to judge whether there is a complete cycle
in the four adjacent peaks and valleys, and the mathematical model
is as follows:

xn−1 − xn || ≥ xn − xn+1 || ≤ xn+1 − xn+2 || n � 2, 3, 4, . . . , N − 2 (3)
where N is the length of the peak-valley value sequence.
If the points xn and xn+1meet the above criteria, the two points can

be recorded as a complete fatigue cycle and then deleted from the peak-
valley value sequence, so that the adjacent two points xn-1 and xn+2 can
be further re-selected in the remaining sequence to form a new four-
point range. Repeat the above process until all ranges meeting the four
peak-to-valley criteria are recorded and deleted from the sequence.

FIGURE 8
Identification of stress cycles.
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3.4 Fatigue analysis method

The fatigue of steel bridges belongs to the category of variable
amplitude, low stress and high cycle. The analysis method based on
S-N curve and Miner linear cumulative damage criterion is usually
adopted. The current design codes such as AASHTO, BS5400 and
Eurocode 3 have adopted the method of modifying the S-N curve
obtained from the constant amplitude fatigue test data, and
formulated the S-N curve applicable to the fatigue-prone details
of steel bridges.

The Eurocode (Eurocode, 1993) provides a series of S-N curves
for fatigue life assessment, these curves show the relationship
between the stress range and cycle life for different details, as
shown in Figure 9. These curves are divided into 3 segments, and
the formulas are as follows:

ΔσmRNR � 2 × 106ΔσmC m � 3N≤ 5 × 106( ) (4)
ΔσmRNR � 5 × 106ΔσmC m � 5 5 × 106 <N≤ 1 × 108( ) (5)

ΔσL � 5
100
[ ] 1

5 · ΔσD � 0.549ΔσD (6)

where △σR is the structural detail stress amplitude; NR is the
corresponding number of cycles; △σC is the detail category,
i.e., the constant amplitude fatigue strength when N � 2 × 106;
△σD is the constant amplitude fatigue limit fatigue strength
when N � 5 × 106; △σL is the corresponding cut-off stress limit
when N≥ 108. When ΔσR <ΔσL, it is considered that fatigue
cracking will not occur in the structural details.

The Miner linear cumulative damage criterion considers that
fatigue is the linear accumulation of fatigue damage caused by
different stress levels Δσi and their number of actions ni, and its
total damage degree D can be expressed as follows:

D � ∑n
i�1

ni
Ni

� n1
N1

+ n2
N2

+// + nn
Nn

(7)

where ni is the number of actions of stress amplitude Δσi; N is the
fatigue life corresponding to stress amplitude Δσi in S-N curves.
When the linear cumulative damage D reaches 1, the structure
will undergo fatigue failure. Therefore, the fatigue life is as
follows:

L � 1 /

D (8)
where L is the fatigue life.

4 Fatigue life of structural details of
Haihe Bridge

4.1 Traffic load simulation based on WIM

In May 2015, the WIM system was installed for Tianjin Haihe
Bridge. The system was installed on the approach road of Haihe
Bridge. Each lane was grooved and buried with a piezoelectric
sensor, as shown in Figure 10. The traffic loads were monitored
for 7 consecutive days from June 17 to 23, 2015. The monitoring
contents included traffic time, vehicle speed, vehicle length,
vehicle weight, axle number, axle load, etc. The statistical
parameters of vehicle load are shown in Table 1. As the
design load is 55 tons, the actual traffic load far exceeds the
design limit value.

4.1.1 Vehicle type and driving lane
According to the one-week monitoring data of Haihe Bridge

(Deng et al., 2017), traffic vehicles can be divided into two
categories: cars and trucks. Among them, cars accounted for
43.2% and trucks accounted for 56.8%. It can be seen that there is
a large proportion of trucks as the bridge is located in the port
area. There are mainly five types of trucks, including 2-axle, 3-
axle, 4-axle, 5-axle and 6-axle, of which 3-axle and 5-axle trucks
account for the largest proportion. The passenger cars are
recorded as V1, and the 2-axle~6-axle trucks are recorded as
V2~V6 respectively. The ratio of various types of vehicles is
shown in Figure 11. Figure 12 shows the traffic flow data of
different lanes. It can be found that different types of vehicles
have preferences for lanes. Among them, cars tend to use the
inner lane because of their fast speed, while trucks tend to drive in
the middle two lanes. This also led to more cracks in the steel
structure under the middle lanes.

The transverse position of the vehicle has an important
influence on the stress response of the structural details.

FIGURE 9
S-N curves in Eurocode. FIGURE 10

Weigh-in-moton system.
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However, it is difficult to monitor the accurate transverse
position by the WIM system. Therefore, the probability model
of the lateral position of the wheel in China’s Code for Design of
Steel Structures of Highway Bridges (Ding, 2015) is selected in
this paper, as shown in Figure 13.

4.1.2 Vehicle speed characteristics
It is generally believed that the vehicle speed follows the normal

distribution N(μV, σ2V), where μV and σV are also random variables
(Donnell et al., 2001). According to the observed data, the vehicle
speed will change with time. It is proposed to use the curve of the
total average speed of four lanes with time as the empirical curve to
simulate the impact of speed in traffic loads. That is to say, when
simulating the speed, the time period will be determined first, and
the corresponding average speed will be determined according to the
empirical curve.

Figure 14A shows the probability distribution law of the
average speed. It can be seen that the speed on each lane is

TABLE 1 Statistical parameters of vehicle load.

Date Number of samples Average value(t) Median(t) Maximum(t) Coefficient of variation

2015/6/17 30,342 8.50 3.69 148.92 1.53

2015/6/18 27,869 17.19 8.07 149.17 1.26

2015/6/19 27,640 14.98 4.24 149.10 1.38

2015/6/20 27,585 17.12 4.20 149.57 1.38

2015/6/21 31,606 10.52 2.14 147.69 1.79

2015/6/22 28,450 14.74 3.35 147.63 1.49

2015/6/23 28,264 10.90 2.10 148.92 1.79

FIGURE 11
Probability densities of vehicle type.

FIGURE 12
Traffic flow of different vehicle types in each lane.

FIGURE 13
Transversal positions probability of wheel.
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approximately uniformly distributed, so the uniform
distribution can be used to simulate the average speed μV The
standard deviation of vehicle speed is less affected by other
factors, so lanes and time periods are not considered. According
to the statistical results in Figure 14B, the standard deviation of
vehicle speed σV follows the normal distribution N (15.45,
3.672).

4.1.3 Headway
The headway and vehicle speed jointly determine the loading

position of the vehicle, which are important parameters to be
considered in the simulation. The distribution of headway is
relatively complex, which is related to many factors such as traffic
operation status, road type and traffic flow time density. Existing
studies believe that the headway follows exponential distribution
(Panichpapiboon, 2015), and the average μs and standard
deviation σs are also random variables.

Figure 15 shows the relationship between the statistical
parameters of headway and the hourly traffic volume in the
double logarithmic coordinate system. It can be seen that in the
double logarithmic coordinates, the mean value and standard
deviation of headway are approximately linear, in which the data
of the mean value are very regular, while the data of the standard
deviation are relatively discrete.

The fitting formulas for the mean and standard deviation of
headway are as follows:

μS � 1800V−1

σS � 3413.7232V−1.1055 (9)

4.1.4 Vehicle weight
Vehicle weight is an important parameter, which plays a

major role in determining the effect of traffic loads. According to

FIGURE 14
Probability distribution of mean and standard deviation of vehicle speed: (A) Mean and (B) Standard deviation.

FIGURE 15
μS and σS of headway.

TABLE 2 Coefficients in the probability density function of vehicle weight.

Parameter V2 V3 V4 V5 V6

p1 0.662 0.454 0.412 0.313 0.168

μ1 2.301 3.073 15.2 17.844 17.506

σ1 0.398 0.739 3.435 3.852 1.358

P2 0.234 0.094 0.008 0.271 0.206

μ2 3.568 4.63 15.411 32.98 21.321

σ1 0.845 1.172 3.352 9.303 2.571

P3 0.07 0.452 0.395 0.349 0.41

μ3 6.243 6.677 25.194 60.963 61.553

σ3 2.452 4.998 9.872 7.626 9.57

P4 0.034 0.185 0.067 0.216

μ4 15.162 58.482 92.117 32.908

σ4 7.708 8.71 26.655 7.76
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the monitoring data, the vehicle weight of different axle numbers
of the Haihe Bridge presents obvious multi-peak distribution.
Therefore, the Gaussian mixture model (Lu et al., 2018) can be
used to simulate the vehicle weight, its probability distribution
function is as follows:

FX x( ) � ∑piΦ
x − μi
σ i

( )∑pi � 1 (10)

After analyzing the measured data, the statistical parameters of
various types of trucks are shown in Table 2. Taking the five-axle
truck as an example, the histogram and probability density functions
(PDFs) are shown in Figure 16.

The wheelbase and wheel-load ratio of different vehicles types
are also different. In this paper, the wheelbase and axle load of each
vehicle type are regarded as constants, and the data in literature (Yan
et al., 2021) is used.

4.2 Finite element model

The finite element model of Haihe Bridge is established using
ANSYS software. Two calculationmodels are established to compare
and analyze the fatigue life of structural details before and after
reinforcement. One is orthotropic rigid bridge deck, the other is
UHPC-orthotropic rigid deck composite structure. According to the
detection results of the bridge, the cracks in steel box girder mostly
appear near the middle web in the transverse direction. This is due to
the lack of diaphragm restraint and the additional effect caused by
torsion. Therefore, the established local refined finite element model
includes two U ribs near the middle web in the transverse direction
of the bridge. The longitudinal direction includes a diaphragm with
a length of 4 m. The top of the model is the bridge deck, and the right
side is the middle web. The height of the diaphragm and the middle
web is 900 mm, as shown in Figure 17. The horizontal displacement
on the left side of the model is constrained. SHELL63 element is used
to simulate steel structural plates in the model, and
SOLID45 element is used to simulate UHPC bridge deck.

Based on the refined local model above, three types of stress
influence surfaces that may become the origin point of fatigue cracks
are calculated to carry out the fatigue life calculation for the
structural details, including the scallop cutout, the rib-to deck
joint and the rib-to-diaphragm joint. Limited by space, this paper
lists the Z-direction stress influence surface of the scallop cutout at
the U rib opening position on the diaphragm, as shown in Figure 18.
It can be seen from the figure that the effect of load is limited to a
small range near the fatigue details, and the influence line value of

FIGURE 16
Histograms and PDFs of the 5-axle truck.

FIGURE 17
Locally refined finite element model.

FIGURE 18
Z-direction stress influence surface of the scallop cutout at the U rib opening position on the diaphragm: (A) before reinforcement, (B) after
reinforcement.
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each point after reinforcement is significantly smaller than that
before reinforcement, which indicates that the reinforcement effect
is obvious.

4.3 Fatigue life assessment

4.3.1 Fatigue stress spectrum
As we can know from the previous traffic flow data that the

heavy vehicles mainly drive in lane 2 and lane 3 in Haihe Bridge. It
can also be seen from the distribution of fatigue cracks that the

fatigue damage of the structure under the middle two lanes is more
serious than the other. Therefore, lane 2 is selected for fatigue
analysis in this paper.

The stress history is obtained by loading the traffic loads on the
stress influence surface, then the fatigue stress spectrum of structural
details can be obtained by using the rain flow counting method.
Figure 19 shows the fatigue stress spectrum of the fatigue-prone
details in lane 2 before and after strengthened. It can be seen from
the figure that the stress amplitude of each fatigue-prone detail
decreased significantly after steel-UHPC reinforcement. Among
them, the maximum stress amplitude at the scallop cutout, the

FIGURE 19
Stress spectrum of fatigue-prone details in Lane 2: (A) scallop cutout before reinforcement; (B) scallop cutout after reinforcement; (C) rib-to-
diaphragm joints before reinforcement; (D) rib-to-diaphragm joints after reinforcement; (E) rib-to-deck joints before reinforcement and (F) rib-to-deck
joints after reinforcement.
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rib-to-diaphragm joints and the rib-to-deck joints decreased by 60%,
58%, and 86% respectively.

4.3.2 Fatigue life
According to the S-N curve of the Eurocode and theMiner linear

cumulative damage criterion theory, the fatigue life of the fatigue-
prone details of the steel box girder under lane 2 before and after
reinforcement are calculated, as shown in Table 3. The calculation
results show that due to the difference in fatigue strength and stress
amplitude of each fatigue-prone detail, their probability of fatigue
risk is also different. Before reinforcement, the fatigue failure
generally appears at the rib-to-diaphragm joints and the scallop
cutout, while the fatigue resistance of rib-to-deck is relatively higher.
This is also consistent with the bridge detection results. The data in
the table also shows that the fatigue life of fatigue-prone details is
greatly increased after strengthening, which indicates that this
method is indeed effective for improving the fatigue life of bridges.

In addition, the fatigue life calculation results are slightly larger
compared with the inspection results, as the actual bridge started to
appear fatigue cracks after about 6 years of operation. This is
because, on the one hand, during the first 8 years of operation of
the bridge it was two-way four-lane traffic as the bridge next to it had
not been built, so the traffic flow would be greater. On the other
hand, defects cannot be considered in finite element analysis,
especially cannot reflect the impact of additional stress
concentration caused by penetration welding, which resulting in
some errors in the calculation.

5 Conclusion

The fatigue life of OSD strengthened with UHPC under
stochastic traffic load is calculated in this paper. A framework for
fatigue life assessment of steel bridges based on stochastic traffic flow
is proposed. Based on the random traffic data obtained by WIM, the
traffic loads are simulated by Monte Carlo method. A refined finite
element model was established to obtain the stress influence surface
of fatigue-prone details. In summary, the following conclusions are
drawn:

(1) Using the statistical parameters such as vehicle weight, vehicle
speed and headway obtained from the measured random traffic
flow data, the Monte Carlo method can effectively predict the
traffic loads during the bridge life cycle.

(2) The evaluation procedures proposed in this paper can effectively
predict the fatigue life of the fatigue-prone details on OSD. For
the bridge before reinforcement, the fatigue life calculation

results of the scallop cutout, rib-to-diagram and rib-to-deck
joint are basically consistent with the actual bridge inspection
results.

(3) After the steel-UHPC combination reinforcement, the stress
amplitude of the bridge structural details is significantly
reduced, thus the fatigue life is greatly increased. Under the
traffic loads, the original structure appeared fatigue cracks in a
relatively short time. After strengthening, the fatigue life of these
fatigue-prone details has been extended to more than 100 years
(Shao et al., 2022; Li et al., 2023).
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TABLE 3 Fatigue life calculation.

Fatigue-prone details Annual fatigue damage degree Fatigue life (years)

Before reinforcement After reinforcement Before reinforcement After reinforcement

Scallop cutout 0.063 0.0008 15.87 100

Rib-to-diaphragm joints 0.072 0.0007 13.89 100

Rib-to-deck joints 0.031 0.0001 32.26 100
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