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Abstract 

Reinforced concrete (RC) bridge decks are directly exposed to daily traffic loads 
and often experience surface cracking caused by excessive stress or fatigue accumu-
lation. The bridge deck fatigue performance over traffic loads needs to be assessed 
based on accurate dynamic interaction analysis of the bridge and realistic moving 
vehicles. Most of existing studies on fatigue assessment focus on either the bridge 
global response without sufficient details about the bridge deck, or refined bridge 
deck modeling without considering the full dynamic interaction between moving traf-
fic and the bridge structure realistically. A hybrid fatigue assessment approach is devel-
oped by combining mode-based global bridge-traffic dynamic interaction analysis, 
finite-element (FE)-based refined bridge deck model, and fatigue assessment method 
directly based on the vehicle loads and shear strength of the bridge deck. The pro-
posed approach is demonstrated with a typical 3-span concrete bridge under realistic 
traffic and road surface conditions. Based on the dynamic interaction and stress analy-
sis results, the fatigue damage factor is further investigated with different road surface 
roughness levels and heavy truck proportions. It is found that the proposed analytical 
approach provides a useful tool to predict the bridge deck response and potential 
fatigue damage under realistic traffic flow.

Keywords:  Highway bridge, Bridge deck, Traffic, Bridge vehicle interaction, Dynamic 
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1  Introduction
Highway bridges support increasing daily traffic due to the growth of social, economic, 
and recreational needs of the society. Typical highway bridges, mostly in the form of 
multi-span reinforced concrete (RC) bridges, gradually deteriorate due to the presence 
of traffic during their lifespans. One important vulnerability of a highway bridge is its 
cumulative fatigue damage on the bridge components such as the bridge deck when 
the bridge ages. The traffic load was traditionally considered as design live loads with 
dynamic amplification factors for fatigue assessment of highway bridges. Not until 
recently, studies have indicated that the dynamic effects between a bridge and vehicles 
cannot be completely captured unless the vehicles are modeled as dynamic systems 
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along with the vibrating bridge. On the one hand, vibrating heavy road vehicles may sig-
nificantly change the local and global dynamic behavior and affect the fatigue life of the 
bridge. On the other hand, the vibration of the bridge may in turn affect the dynamic 
performance of the vehicles, which may pose significant influence on the vehicle safety 
and comfort of the passengers. Nowadays, the weigh-in-motion data has revealed that 
with an increasing demand of freight transportation to meet the increasing social needs, 
the number of heavy vehicles increases every year at a constantly growing speed. This 
would make the accurate prediction of the fatigue damage on the bridge more critical 
and challenging.

To meet the challenges highway bridges are currently experiencing, the proper con-
sideration of bridge-vehicle dynamic interactions becomes essential to a rational bridge 
fatigue assessment. The investigation of bridge vibrations under moving vehicles has 
been traditionally conducted by considering only a single vehicle by treating as a mov-
ing load (Olsson 1991), moving mass (Lee 1996), or moving sprung mass (Yang and Wu 
2001). It has long been observed that when a bridge is subjected to moving vehicle loads, 
the induced dynamic deflections and stresses can be significantly higher than those only 
considering the static load effects of vehicles (Yang and Yau 1997). The dynamic interac-
tion between passing vehicles and the bridge may be even more significant when increas-
ing traffic volume is involved. Most of the existing studies dealt with the interactions 
between bridge and a single vehicle or a series of vehicles at certain intervals moving 
through the bridge at constant speeds (Xu and Guo 2003; Cai and Chen 2004). Nev-
ertheless, considering that the traffic on a typical bridge is stochastic following certain 
rules, e.g., accelerating, decelerating, and braking, the interactions between the bridge 
and vehicles may be largely different from those with a series of vehicles driven at equal 
intervals at constant speeds. Chen and Wu (2010) proposed a simulation methodology 
to evaluate the bridge dynamic performance considering the combined effects of wind 
and stochastic traffic from the bridge-single-vehicle interaction analysis (Chen and Cai 
2007). Such an approach (Chen and Wu 2010), however, did not couple all the vehicles 
and the bridge simultaneously therefore the dynamic interaction effects from multiple 
vehicles cannot be considered at the same time. Fully coupled bridge-traffic interaction 
analysis has been proposed by Zhou and Chen (2015) for long-span bridges to consider 
the combined effects from wind and traffic. However, the approach focuses on global 
nonlinear iterative dynamic analysis and is not compatible with most commercial finite 
element software, which may be needed when detailed deck modeling is required.

Most existing studies on fatigue assessment of multi-span highway bridges considered 
vehicle loads based on single-vehicle analyses (MacDougall et al. 2006; Wu et al. 2012; 
Deng et  al. 2020). Therefore, the effect from the presence of multiple vehicles in real-
istic traffic flow on the bridge cannot be incorporated. Luo et al. (2021) used weigh-in-
motion (WIM) data to consider stochastic traffic flow in fatigue reliability evaluation. 
However, the dynamic interaction effects between the bridge and stochastic traffic flow 
with realistic vehicle speed and location cannot be considered. The fatigue assessment 
considering realistic traffic flow effects, such as interaction of bridge and multiple vehi-
cles, vehicle behavior following common traffic rules, is not found in the existing lit-
erature. To bridge this gap, this study presents a hybrid approach to assess the fatigue 
performance of bridge deck on multi-span highway bridges under normal stochastic 
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traffic flow. Such a hybrid approach consists of the refined finite element model of the 
bridge and fully coupled bridge-traffic interaction model using modal coordinates, and 
fatigue assessment method based on the vehicle loads and shear strength of the bridge 
deck. Taking advantage of the strength of commercial software for detailed bridge deck 
modeling and a mode-based bridge-traffic model for coupled interaction effects, the pre-
sented model can directly consider dynamic interactions of the bridge and multiple vehi-
cles in the traffic flow through the equivalent moving traffic load (EMTL) as joint loads. 
In addition, instead of using a codified S-N curve based on stress range on the bridge 
deck like most existing studies did, the present study uses an experimentally determined 
S-N curve based on the vehicle load and shear strength on a typical reinforced concrete 
deck, which enables the direct use of the EMTL from bridge-traffic interaction analysis. 
The approach to conduct the hybrid interaction analysis and further calculate the fatigue 
damage factor is presented and demonstrated on a prototype multi-span highway bridge, 
after which the effects of the road surface roughness and heavy truck proportion on the 
fatigue damage factor are investigated parametrically.

2 � The hybrid fatigue assessment model
The formulation of bridge-vehicle interaction is dependent on the instantaneous 
response of the bridge and each individual vehicle. Therefore, the dynamic analysis 
needs to iteratively proceed, which presents a challenge for common commercial finite 
element (FE) programs since the built-in modules of the FE programs are usually hard 
to incorporate dynamic iterative analysis functions. However, commercial finite element 
programs have advantages in various finite element formulations and advanced mesh-
ing options, which makes them good candidates for the detailed modeling of the bridge 
deck of a multi-span highway bridge. The hybrid bridge dynamic model combines the 
finite element bridge model and the mode-based bridge-traffic interaction model. In the 
mode-based bridge-traffic interaction model, the bridge is modeled using modal coor-
dinates and the vehicles are modeled using physical coordinates. The global dynamic 
responses (e.g., displacement) of the bridge and each individual vehicle can be obtained 
through the mode-based interaction analysis in time domain, from which the equiva-
lent wheel loads from moving vehicles are derived. The equivalent wheel loads are then 
applied on the joints of the bridge deck in the finite element model to consider the effect 
of moving traffic. For the bridge deck performance assessment, the popular plate bend-
ing theory and fatigue assessment methodology are adopted, with which the detailed 
bridge deck response including strain, stress and internal forces can be obtained through 
the finite element shape functions, and the fatigue performance is further assessed. The 
hybrid fatigue assessment model can be illustrated in the following flow chart (Fig. 1) 
and the detailed modeling process is introduced in the following Sections.

2.1 � Refined‑scale bridge finite element model using SAP2000

To accurately represent the 3-D bridge behavior, bridge deck is usually modeled using 
plate model or grillage model. Plate bridge models have been used to investigate the 
bridge dynamic performance under moving vehicles, as demonstrated in several stud-
ies (Olsson 1985; Zhu and Law 2002; González et  al. 2010). Alternatively, grillage 
bridge models are also found in the literature for bridge dynamic analysis considering 
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interactions with moving vehicles, as seen in some references (Huang et al. 1992; Nas-
sif and Liu 2004). In the grillage bridge model, the bridge deck is discretized as skel-
etal structure consisting of a mesh of 1-D beam elements. Despite some advantages in 
terms of simplicity and computational efficiency, the grillage modeling of bridge deck is 
approximate due to failing to capture some details of the bridge deck which are essen-
tial to damage and fatigue assessment. For instance, the internal force is discontinuous 
at the grillage nodes for a normal mesh. In the present study, the plate bridge model is 
adopted for bridge deck modeling of the multi-girder highway bridge. Commercial finite 
element software SAP2000 is a popular finite element modeling and analysis tool which 
is widely used in design, static and dynamic analysis of bridge and building structures, 
and is therefore adopted herein to develop the refined-scale bridge finite element model.

2.2 � Traffic modeling

2.2.1 � Stochastic traffic flow simulation

In this study, the three-lane cellular automaton model is adopted to simulate the 
instantaneous behavior of vehicles both temporally and spatially. As a mathematical 
idealization of physical systems with discrete time and space, cellular automaton con-
sists of a finite set of discrete variables to represent specific vehicle information. The 
discrete variables for individual vehicle include the vehicle occupied lane, vehicle lon-
gitudinal location, vehicle type, vehicle speed, vehicle driving direction. The variables 
in each cellular are updated based on the vehicle information in the adjacent loca-
tions and the probabilistic traffic rules regulating the accelerating, decelerating, lane 
changing and braking maneuvers. Detailed traffic rules involved in the traffic flow 
simulation can be referred to the published paper (Chen and Wu 2010). The cellular 
automaton-based traffic flow simulation is performed on a roadway-bridge-roadway 
system to simulate the stochastic traffic flow through the bridge in a realistic way. The 
randomization of the traffic flow is realized by the stochastic initial variables in the 
cellular of the whole system. Periodic boundary conditions are adopted in the traffic 
flow model, in which the total number of each type of vehicles in the system remains 

Fig. 1  Illustration of the hybrid fatigue assessment model using flowchart
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constant. The vehicles in the stochastic traffic are categorized into three types from a 
variety of vehicle configurations, which are heavy truck with one trailer, light truck, 
and light car. The vehicle classification ratio indicating the percentage for each type of 
vehicle is typically prescribed based on the site-specific traffic data if available.

2.2.2 � Numerical vehicle model

The vehicles are modeled as a combination of several rigid bodies, wheel axles, 
springs, and dampers, of which the main rigid bodies are modeled to represent the 
vehicle bodies. The suspension system of each axle is modeled as the upper springs 
and the elastic tires are modeled as lower springs. Viscous dampers are adopted to 
model the energy dissipation system. The mass of the suspension system is assumed 
to be concentrated on each wheel axle while the mass of the springs and dampers 
are assumed to be zero. Four degrees of freedom are accompanied with the main 
rigid body, including two translational and two rotational degrees of freedom. The 
constraint equations are applied in deriving the vehicle matrices for the heavy truck 
model in which a pivot is used to connect the truck tractor and trailer. The numerical 
dynamic model for the heavy truck consists of two main rigid bodies, three-wheel axle 
sets, 24 sets of springs and dampers in either vertical or lateral direction, as shown in 
Fig. 2. The displacement vector dv for the heavy truck model contains 19 degrees of 
freedom including 8 independent vertical, 8 lateral and 3 rotational degrees of free-
dom, which is demonstrated in Eq. (1).

in which, Zri represents the vertical displacement of the ith rigid body; θri represents the 
rotational displacement of the ith rigid body in the x-z plane; βri represents the rotational 
displacement of the ith rigid body in the y-z plane; ZaiL(R) represents the vertical displace-
ment of the ith wheel axle in the left (right) side; Yri represents the lateral displacement 
of the ith rigid body; YaiL(R) represents the lateral displacement of the ith wheel axle in 
the left (right) side. The springs and dampers are labeled according to the related axle 
number, upper-lower orientation, y-z direction, and left-right location, which are cor-
responding to the superscript and three subscripts in sequence in the notation of each 
stiffness coefficient K or damping coefficient C.

The numerical dynamic model for the light truck consists of one main rigid body, 
two-wheel axle sets, 16 sets of springs and dampers vertically or laterally. The front view 
of the light truck and bus is shown in Fig. 3. The side view of the numerical model for 
the light truck and bus is same as the one shown in Fig. 2 (b) and hereby not repeated. 
The displacement vector dv for the light truck is constituted of 12 degrees of freedom 
including 5 independent vertical, 5 lateral and 2 rotational degrees of freedom, as dem-
onstrated in Eq. (2).

(1)
dv = {Zr1 θr1 βr1 Zr2 βr2 Za1L Za1R Za2L Za2R Za3L Za3R Yr1 Yr2 Ya1L Ya1R Ya2L Ya2R Ya3L Ya3R}

(2)dv = {Zr1 θr1 βr1 Za1L Za1R Za2L Za2R Yr1 Ya1L Ya1R Ya2L Ya2R}
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The numerical model for the light car is similar to the model for the light truck except 
that the vehicle dimensions and mass properties require different parameter inputs. The 
input data for the vehicle models includes the mass and mass moment inertia of each 
rigid body, the mass of each wheel axle set, the stiffness coefficient of each spring, the 
damping coefficient of each damper and the vehicle dimensions.

Fig. 2  The numerical dynamic model for the heavy truck with one trailer
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2.3 � Bridge‑vehicle interaction analysis

2.3.1 � Reduced‑DOF bridge model based on modal coordinates

Like most commercial software, SAP2000 cannot directly couple the bridge and mov-
ing vehicle models to conduct the bridge-traffic dynamic interaction analysis subject to 
various roughness excitations. The most applicable approach is to generate equivalent 
nodal time-history excitation inputs of wheel loadings from passing vehicles. The multi-
mode reduced-order bridge dynamic model has been used widely in the bridge dynamic 
analysis under wind, seismic or other dynamic loads such as vehicles. After the detailed 
FEM model of the bridge is developed, modal analysis is conducted to extract the first 
couple critical modes to the bridge dynamic response. With the selected critical modes, 
a reduced-DOF bridge dynamic model is developed, which can capture the dynamic 
response of the whole bridge with reasonable accuracy by incorporating only limited 
modes (Xu and Guo 2003; Chen and Cai 2007).

2.3.2 � Formulation of bridge‑vehicle interaction analysis

Based on the reduced-order bridge model, the coupled dynamic interaction model of a 
typical bridge and any number of moving vehicles subjected to road roughness profile 
excitations can be developed, the motion equations of which can be expressed in Eq. (3) 
(Zhou and Chen 2015).

in which, Mb, Kb and Cb are the generalized mass, stiffness and damping matrices for 
the bridge structure, respectively; n is the number of vehicles travelling on the roadway-
bridge-roadway system in the traffic flow; Mvi, Kvi and Cvi are the mass, stiffness and 
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Fig. 3  Elevation view for the numerical model of the light truck and light car
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damping matrices of the ith vehicle in the traffic flow, respectively; Kbci and Cbci refer 
to the stiffness and damping contributions to the bridge structure due to the coupling 
effects between the ith vehicle in the traffic flow and the bridge system, respectively; Kb,vi 
and Cb,vi are the coupled stiffness and damping matrices contributing to bridge vibration 
from the ith vehicle in the traffic flow, respectively; Kvi ,b and Cvi ,b are the coupled stiffness 
and damping matrices contributing to the vibration of the ith vehicle in the traffic flow 
from the bridge structure; Ub is a vector of generalized coordinates of the bridge corre-
sponding to each mode involved in the analysis; Uvi is a vector of the physical responses 
corresponding to each degree of freedom of the ith vehicle in the traffic flow; one-dot 
and two-dot superscripts of the displacement vector denote the velocity and accelera-
tion, respectively; Fb and Fvi denote the externally applied loads for the bridge in modal 
coordinates and the ith vehicle in physical coordinates, respectively. The superscripts r 
and G denote the loads due to road roughness and self-weight, respectively.

2.3.3 � Modeling of road surface roughness with progressive deterioration

The road surface roughness on the approaching road and the bridge deck is modeled as 
a stationary Gaussian random process with zero mean value. The road surface roughness 
r can be generated by the spectral representation formulation, which was firstly intro-
duced by Shinozuka and Jan (1972) and expressed in Eq. (4).

in which, n is the number of points in the inverse Fourier Transform; x is the location 
on the road surface; θk is the random phase angle with a uniform distribution between 0 
and 2π; φ is the power spectral density function, which adopts the formation suggested 
by Huang et al. (1992).

in which, n is the spatial frequency (cycle/m); n0 is the discontinuity frequency of 1/2π 
(cycle/m); φ(n0) is the road roughness coefficient (m3/cycle).

The road roughness coefficient is predicted using the international roughness index 
(IRI) (Shiyab 2007).

The IRI values at time t can be calculated using the following equation (Paterson 1986)

in which, IRI0 is the initial roughness value; t is time in years; η is the environmental 
coefficient; SNC is the structural number; (CESAL)t is the estimated number of traffic at 
time t in million.

The road roughness coefficient in a 15-year period can be calculated as follows in Eq. 
(8) (Dodds 1972).

(4)r(x) =

n
∑

i=1

√

2S
(

ϕk

)

�ϕ cos
(

2πϕkx + θk
)

(5)ϕ(n) = ϕ(n0)

(

n

n0

)−2

(6)ϕ(n0) = 6.1972× 10−9 × e(IRI/0.42808) + 2× 10−6

(7)IRI = 1.04eηt IRI0 + 263(1+ SNC)−5(CESAL)t
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2.4 � Equivalent moving traffic load (EMTL)

The equivalent wheel loads (EWL) can be obtained directly for each vehicle in the sto-
chastic traffic flow from the time-history simulation results of the fully coupled bridge-
traffic interaction analysis. Based on the instantaneous location of each vehicle in the 
traffic flow, the vertical equivalent moving traffic loads (EMTL) for the bridge girder 
joints are further accumulated by distributing the EWL for each vehicle linearly to the 
adjacent bridge girder joints both longitudinally and laterally. EMTL will then be applied 
on the bridge as the time-history joint loads to consider the effect from moving traffic.

The vertical equivalent wheel load for the ith vehicle is determined as the summation of 
the vertical equivalent dynamic wheel loads (EDWL) and the gravity loads as expressed 
in Eq. (9).

in which, Gi is the gravity load of the ith vehicle; Fiz
edwl(t) is the vertical dynamic wheel 

loads for the ith vehicle in the traffic flow at time instant t, which are defined as (Chen 
and Cai 2007):

in which, ẐajL(R)(t) and ˙̂ZajL(R)(t) are the relative vertical displacements and the corre-
sponding first derivatives between the lower mass block on the vehicle at the left (right) 
side and the contacting point on the bridge, respectively; na is the total number of 
wheel axles for the ith vehicle; K and C are the stiffness and damping coefficients of the 
springs and dampers in the vehicle model, respectively; the subscripts l, z, L(R) repre-
sent lower position, vertical (z) direction and left (right) side for the springs or dampers, 
respectively.

The corresponding vertical equivalent wheel loads for the ith vehicle in the pth modal 
coordinate of the bridge subsystem can be expressed in the following equation.

in which, Gi
j is the gravity load at the jth axle of the ith vehicle; hpij (t) and αpi

j (t) are pth 
modal coordinates in the vertical and rotational directions for the jth axle of the ith vehi-
cle at time instant t, respectively; dijL(t) and dijR(t) are the transverse distances to the cen-
terline for the jth axle of the ith vehicle at the left and right sides, respectively.
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2.5 � Fatigue evaluation of reinforced concrete (RC) decks

2.5.1 � Punching shear strength and fatigue punching shear strength

The fatigue assessment adopts the theory proposed by Matsui (1984) and Perdikaris and 
Beim (1988), which stresses that the bridge decks may fail under concentrated wheel 
loads through punching shear failure. Punching shear strength of the bridge deck Vps is 
expressed as:

in which, a is the length of the loaded area in the bridge transverse direction; b is the 
length of the loaded area in the bridge longitudinal direction; xm and xd are neutral axis 
depths measured from the top surface of the bridge deck in the bridge transverse and 
longitudinal direction, respectively; dm and dd are effective depths of longitudinal and 
transverse bars, respectively; Cm and Cd are concrete covers of transverse and longi-
tudinal bars, respectively; B is the effective width, B = b + 2dd. τsmax and σsmax are the 
maximum shear and normal stress of concrete, respectively, which are expressed in the 
following equations.

in which, f ’c  is compressive strength of concrete.
Matsui (1984) also proposed that fatigue punching shear strength Pf0 can be calculated as:

2.5.2 � S‑N relations

The S-N relations of reinforced concrete decks are developed by Matsui (1984) through 
repeated load tests. In the study by Matsui (1984), a series of dry and wet reinforced 

(12)Vps = τsmax[2(a+ 2xm)xd + 2(b+ 2xd)xm]+ σtmax[2(4Cd + 2dd + b)Cm + 2(a+ 2dm)Cd ]

(13)τsmax = 0.252f ’c − 0.00251f ’c

(14)σtmax = 0.269
(

f ’c

)2/3

(15)Pf 0 = 2B(τsmaxxm + σtmaxCm)

Fig. 4  Logarithm plots of S-N relations from repeated load tests of reinforced concrete slabs under moving 
wheel loads (Matsui 1984)
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concrete slabs are tested under moving wheel loads to determine the relations between load 
level S and cycles-to-fatigue N. The test results are demonstrated in Fig. 4.

The S-N relation for dry RC slab is expressed as

in which, S = Pa/Pf0; Pa is the applied shear load; Pf0 is the fatigue punching shear 
strength; C1 = 0.0784; C2 = 1.52.

The cycles-to-fatigue can be expressed as

2.5.3 � Equivalent load cycle number Neq and the fatigue life

According to the S-N curves for the bridge concrete deck under vehicle wheel loads, the 
bridge deck fails at different number of load cycles under different applied shear loads. 
Suppose that the bridge deck fails at N1 and N2 load cycles under applied shear load P1 
and P2, respectively, the following relations can be obtained.

which will give,

By dividing Eqs. (19a &b) on both the left and right sides, the fatigue shear strength Pf0 
will be eliminated and the relation between the numbers of load cycles N1 and N2 can be 
obtained:

The fatigue damage is assumed to be accumulated in a linear mechanism and Min-
er’s rule is applied to calculate the equivalent number of load cycles Neq. Supposing the 
bridge deck fails at Nbasic cycles under the applied load Pbasic, the equivalent number 
of load cycles Neq during certain time period t0 seconds corresponding to the example 
applied load Pbasic can be expressed as (Oh et al. 2007),

(16)log S + C1 logN = logC2

(17)N = 101/C1(logC2−log S) or N =

(

C2

S

)1/C1

(18a)log
(

P1/Pf 0
)

+ C1 logN1 = logC2

(8b)log
(

P2/Pf 0
)

+ C1 logN2 = logC2

(19a)P1/Pf 0 · N
C1
1 = C2

(19b)P2/Pf 0 · N
C1
2 = C2

(20)N1 =

(

P2

P1

)1/C1

N2

(21)Neq,t0 =

n
∑

i=1

(Pi/Pbasic)
1/C1Ni
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in which, Pi and Ni are the applied shear load and number of cycles at different load lev-
els during time period t0, respectively; n is the total number of load levels during time 
period t0.

Fatigue damage factor γ0 for 1 hour is obtained using the following equation:

The bridge deck is considered to reach fatigue life if γ0 reaches 1.0.

3 � Numerical analysis on the prototype bridge under a typical traffic condition
3.1 � The prototype highway bridge

3.1.1 � Bridge parameters

The prototype multi-span highway bridge has three continuous spans in the longi-
tudinal direction with span lengths of 22.1 m, 29.5 m and 22.1 m, respectively. The 
bridge deck is supported by 8 reinforced concrete bridge girders with I-shaped cross 
sections. The bridge girders are equally distributed in the transverse direction with an 
interval of 2.419 m.

The bridge superstructure is composed of 8-in concrete slab deck supported by 
eight parallel pre-stressed concrete I-girders. The girders are reinforced longitudi-
nally at the tops of the cross sections and are braced with stirrups at 18-in intervals. 
The junctions between adjacent girders, supported by the pier cap, are embedded in 
a concrete diaphragm creating an integral, fixed connection. Supporting the concrete 
diaphragms are rectangular pier caps, each supported by an interior and exterior 
column with constant average depths. Each column contains standard longitudinal 
reinforcement, and transverse confinement. The abutments and piers are parallel and 
skewed at the same angle to the transverse axis. The plan and elevation views of the 
prototype bridge are shown in Fig. 5 a and b, respectively.

3.1.2 � Development of a detailed bridge finite element model

The plate element on the bridge has a rectangular shape with the length, width and 
depth of 0.884 m, 0.914 m, and 0.205 m, respectively. The bridge deck is connected 
to the bridge girders through rigid link elements. The bridge is supported by gravity 
abutments at two ends and piers in the middle. The bridge piers are fixed in all direc-
tions to the ground. The abutments are restrained in all directions except torsional 
direction while the piles under the abutments are fixed to the ground. The bridge 
finite element model in SAP2000 is shown in Fig. 6.

3.1.3 � Modal properties of the bridge

The mode shapes and frequency properties are shown in Fig.  7 and Table  1. The 
bridge motion is dominant in vertical modes for the first 10 modes, which implies 
that the vertical interaction between bridge and running vehicles could be significant 
for the bridge performance.

(22)γ0 =
Neq,t0

Nbasic
·
60 · 60

t0
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3.2 � Stochastic traffic flow simulation

The stochastic traffic flow is simulated on the three lanes in the same driving direc-
tion. The cell length in the cellular automaton model is 7.5 m. The vehicles in the 

Fig. 5  (a) Plan View (b) Elevation view of prototype bridge (unit: m)

Fig. 6  Bridge finite element model using SAP2000
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traffic flow are categorized as three types, which are light car, light truck, and heavy 
truck. The vehicle percentages of the baseline scenario for light car, light truck and 
heavy truck are 50%, 30% and 20%, respectively. The dynamic parameters of each type 
of vehicles can be found in Zhou and Chen (2015). The stochastic traffic flow is simu-
lated on a roadway-bridge-roadway path to consider the initial dynamic effects of the 
moving vehicles when they enter the bridge. The roadway segments are assumed to 
link both ends of the bridge with a length of 75 m each, which is same as the total 
bridge length. Busy traffic flow is assumed to be present on the bridge with a vehicle 
density of 33 vehicles/km/lane. The maximum vehicle speed is 30 m/s, which is equal 

Fig. 7  Mode shapes of the first 10 modes of the prototype bridge (scale factor: 60)
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to 4 times of the cell length. The distribution of three through lanes and their loca-
tions on the bridge girders are shown in Fig. 8. The wheel locations from each of the 
three types of vehicles in each lane are shown in Fig. 9.

The simulated stochastic traffic flow is shown in Fig. 10a, b and c, respectively for the 
fast lane, middle lane, and slow lane.

Table 1  Modal properties of the first 10 modes of the prototype bridge

Mode Frequency
(Hz)

Period (Sec) Dominant direction Symmetry

1 1.704 0.587 Longitudinal Symmetric

2 5.425 0.184 Vertical Symmetric

3 5.637 0.177 Vertical Asymmetric

4 6.513 0.154 Vertical Symmetric

5 7.584 0.132 Vertical Asymmetric

6 8.175 0.122 Vertical Symmetric

7 8.428 0.119 Vertical Asymmetric

8 8.611 0.116 Vertical Asymmetric

9 9.024 0.111 Vertical Symmetric

10 9.118 0.110 Vertical Symmetric

Fig. 8  Location of traffic lanes on the prototype bridge (unit: m)

Fig. 9  Wheel location of each type of vehicle on each lane (unit: m)
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Fig. 10  Simulated busy traffic flow in the three lanes (· heavy truck; o light truck; + light car)
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3.3 � Simulation of road surface roughness

The road surface is assumed to be in good condition as the baseline scenario, and the 
surface profile is plotted in Fig. 11. Through the spectral representation approach, road 

Fig. 11  Road surface roughness in good condition on the simulation path

Fig. 12  Time histories of vertical EMTL at representative nodes on the bridge deck

Fig. 13  Filled contour plot of the extreme value of vertical EMTL over the bridge deck
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surface roughness is simulated as a single-variate stationary random process with the 
road roughness coefficient to be 20 × 10−6 m3/cycle.

3.4 � Equivalent moving traffic load (EMTL)

The equivalent moving traffic load (EMTL) on the bridge deck can be obtained from 
the coupled bridge-traffic interaction analysis results. The time histories of verti-
cal EMTL are obtained at each deck node and those at the representative nodes are 
shown in Fig. 12. The extreme values of vertical EMTL distributed over the bridge 

Fig. 14  Node numbers in the bridge deck joints of the bridge model

Fig. 15  Locations of representative nodes in each span

Fig. 16  Vertical displacement response at representative nodes on the bridge deck
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deck are shown in Fig. 13 as a contour plot and the negative sign indicates that the 
EMTL is downward on the bridge deck.

3.5 � Displacement response at the bridge deck

The bridge deck has a total of 1824 nodes and 1725 elements in the refined FE model of 
SAP2000. The nodes and elements on the bridge deck are numbered according to the 
grids in the longitudinal direction sequentially. There are 26 nodes on the girder at each 
span and 4 nodes between two adjacent girder nodes. Therefore, there are 76 nodes for 
each girder in all the three spans (Fig. 14).

Fig. 17  Filled contour plot of the extreme vertical displacement all over the deck

Fig. 18  Element numbers in the bridge deck of the bridge model
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According to the wheel location of vehicles on the lanes in Fig. 9, the representative 
deck nodes are selected as node 1077, 1102 and 1127 in the left span, middle span, 
and right span, respectively. The locations of the representative nodes are shown in 
Fig. 15. The vertical displacement time histories are plotted in Fig. 16 for representa-
tive nodes and the contour plot of the extreme vertical displacement all over the deck 
is shown in Fig.  17. The extreme vertical response is found to increase as the span 
length increases, and the extreme vertical displacement is largest at the mid span of 
the longest span (middle span). The fast lane will induce larger vertical response of 

Fig. 19  Locations of representative elements in each span

Fig. 20  Principal normal stress (σxx) of the bottom surface of representative elements on the bridge deck

Fig. 21  Extreme positive normal stress (σxx) of the bottom surface on the bridge deck
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the bridge due to the higher vehicle speeds on average. The randomness of the traf-
fic flow simulation could also play a role in the response difference across the bridge 
deck.

3.6 � Stress response on the bridge deck

The numbers of elements around the representative nodes are shown in Fig. 18 and 
the bridge deck section between two adjacent girders in each span is divided into 
5 × 3 elements.

The representative deck elements are selected as element 1062, 1087 and 1112 in the 
left span, middle span, and right span, respectively and the representative elements are 
marked in Fig. 19.

The time histories of the principle normal stress at the bottom surface of the represent-
ative elements on the bridge deck are shown in Fig. 20. The contour plot of the extreme 
positive value of principle normal stress at the bottom surface all over the bridge deck is 
shown in Fig. 21. From the hybrid bridge assessment model, detailed displacement and 
stress response can be obtained on the entire bridge deck, which will provide valuable 
information in the overall fatigue assessment.

3.7 � Fatigue damage prediction on the bridge deck

The main parameters for fatigue damage assessment are listed in this section. The deck 
depth h is 0.2032 m. The concrete compressive strength f ’c  is 4 × 107 Pa. The #4 rebar 
of ASTM 416 Grade 270 is used with a yield strength of 1.679 × 109 Pa. The diameter 
and area of the rebar are 0.0127 m and 0.000129 m2, respectively. For the transverse bars 
in the main deck direction, on the unit width of bw, there is a total of 6 tensile rebars 
and 3 compressive rebars. The neutral axis distance xm is calculated with the following 
equation.

Fig. 22  Fatigue damage factor in 1 hour over the bridge deck
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By following Eqs. (13–14), the maximum shear and tensile strength of concrete can 
be calculated. After calculating the punching shear strength with Eq. (12), the fatigue 
punching shear strength is obtained from Eq. (15), with which the fatigue damage factor 
in 1 hour can be calculated with Eq. (22). As shown in Fig. 22, the fatigue damage fac-
tor has much variation for bridge deck elements on different traffic lanes and the largest 
fatigue damage factor occurs at the bridge deck elements on the middle lane.

4 � Fatigue damage prediction considering different road surface and traffic 
conditions

The fatigue damage factors are obtained for 12 combinations of road surface condi-
tions and vehicle proportions. Four road surface conditions are involved, which cor-
respond to poor, average, good and very good road conditions with road roughness 
coefficients of 320E-6, 80E-6, 20E-6 and 5E-6 cycle/m3, respectively. Three sets of 
vehicle proportions are considered, in which the proportion of heavy truck is 20%, 

(23)xm =
Asfy − A′

sfy

0.75 · 0.85f ′c bw

Fig. 23  Extreme EMTL over the bridge deck under different road roughness conditions and vehicle 
proportions

Table 2  Extreme EMTL values over the bridge deck (unit: N)

Road roughness

Heavy truck proportion Poor Average Good Very good

None − 34,642 −30,971 −29,145 −27,843

20% − 162,486 −111,478 − 74,592 − 53,130

40% − 160,068 −112,362 − 73,794 −51,178

60% − 163,303 −94,627 −70,710 −54,015
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40% and 60% for set 1, 2 and 3, respectively. In all cases, the proportions of light truck 
and light car are assigned proportionally in a constant ratio of 3 to 5. Heavy traffic 
flow is considered with a traffic density of 33 vehicles per kilometer per lane and the 
speed limit of 30 m/s. The extreme EMTL on the bridge deck for these scenarios are 
plotted in Fig. 23, where the values are listed in Table 2.

The maximum fatigue damage factor in 1 hour is plotted in Fig. 24 in each scenario 
corresponding to different road surface conditions and vehicle proportions, with the 
values listed in Table 3.

The EMTL on the bridge deck increases significantly when heavy trucks are present 
in the traffic flow. Since limited number of vehicles can be present on the same bridge 
span at the same time, the extreme EMTL value doesn’t have much increase when 
the proportion of heavy truck is low, e.g., around, or below 20%. Fatigue damage fac-
tors increases significantly with deteriorating road surface condition in a logarithmic 
manner once more heavy trucks are involved in the traffic flow. When heavy truck 
proportion is below 20%, the differences of fatigue damage factor with different road 
surface conditions are small. When heavy truck proportion increases beyond 20%, 
the fatigue damage factor increases significantly when the road surface condition 
deteriorates. Such increasing trend becomes more significant when the heavy truck 

Fig. 24  The maximum fatigue damage factor in 1 hour over the bridge deck under different road roughness 
conditions and vehicle proportions

Table 3  Maximum fatigue damage factors in 1 hour over the bridge deck (unit: -)

Road roughness

Heavy truck 
proportion

Poor Average Good Very good

None 3.0308E-12 1.2259E-12 6.4236E-13 5.2996E-13

20% 4.6915E-04 3.7638E-06 2.2570E-08 5.7887E-10

40% 5.4563E-04 4.0905E-06 2.2393E-08 4.0580E-10

60% 7.5356E-04 8.9490E-07 2.1399E-08 8.8256E-10
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proportion is even higher. It is concluded that the presence of heavy trucks may sig-
nificantly influence the fatigue life of the bridge RC deck. This is especially true when 
the road surface condition is not good. Comparatively, the presence of light trucks 
and light cars pose small risk on the fatigue damage on the bridge deck regardless of 
the road surface conditions.

5 � Conclusions
The study presents a hybrid approach for fatigue assessment of bridge deck considering 
realistic bridge-traffic interaction. It incorporates the global fully coupled bridge-traffic 
interaction analysis model, detailed bridge finite element model, and fatigue assessment 
method directly based on the vehicle loads and shear strength of the bridge deck. It 
takes advantage of the strength of detailed modeling in commercial finite element soft-
ware, which provides modal properties of the bridge in plate element scale. Then, the 
modal properties including the frequencies and modal displacements are used in the 
fully coupled bridge-traffic interaction analysis to obtain the EMTL acting on different 
nodes of the bridge deck. The EMTL can be further applied as nodal loads on the finite 
element model to obtain the local displacement and stress response across the bridge 
deck. Finally, fatigue assessment is conducted using the EMTL and parameters from the 
bridge deck to obtain the fatigue damage factors.

The proposed hybrid approach for fatigue assessment on bridge deck is demonstrated 
on a prototype highway bridge with three spans. First, the EMTL, bridge displacement 
and stress response and fatigue damage factor are demonstrated for a typical traffic and 
road surface condition to show the process of the entire simulation platform. Then, the 
fatigue damage factor is investigated with different road surface roughness and heavy 
truck proportions. It is found that the presence of heavy trucks may dominantly influ-
ence the fatigue life of the bridge RC deck, especially when the road surface condition is 
not good. It is shown that the presented approach is a powerful tool to obtain detailed 
bridge deck response and predict fatigue damage considering bridge-traffic interactions.
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