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ABSTRACT 

In a careful investigation of the effects of bridge surface roughness on the dynamical response of 
bridge-vehicle systems, three important aspects should be addressed. First, the interactions between bridge 
and vehicles resulting from coupling and irregularities on the bridge surface should be accounted for; second, 
a good representation of bridge surface roughness is necessary; and, finally, the model of the bridge should 
be as realistic as possible. However, in most of the available literature on the subject, one or more of these 
elements is downplayed. In this paper, a Monte Carlo simulation technique is employed to study the related 
random vibration problem. The irregularities in the bridge surface are modeled as a stationary, zero mean 
Gaussian process with a specified power spectral density (PSD), from which sample functions are generated 
by Shinozuka’s method. To model a slab-girder bridge, a finite element formulation is used, in which the 
interaction dynamics between bridge and vehicles can be considered accurately. “Moving mass” and 
“moving oscillator” solutions are obtained. It is found that the “moving mass” simulation does not give 
reasonable results and that the distribution of Dynamic Amplification Factors (DAF) from the moving 
oscillator solution can be described well by a double log-normal probability distribution. 

Keywords: Bridge-vehicle interaction, surface roughness, dynamical response analysis, Monte 
Carlo simulation. 

INTRODUCTION 
The study of the effects of surface roughness on bridge and vehicle responses has been of 

interest to researchers for decades. To investigate the stochastic vibration problem, three important 
aspects should be addressed. First, the interaction between bridge and vehicles needs to be 
carefully taken into account. The effect of the vehicle loading on the bridge, referred to as the 
interaction force, can be affected significantly by the dynamic interaction between the bridge and 
vehicles, which results from coupling and bridge surface roughness. Second, a good representation 
of bridge surface roughness is necessary. Bridge surface irregularities exist because of 
imperfections in construction and wear. In essence, it is a random process. Finally, the model of the 
bridge should be as realistic as possible. For example, for a typical widely-used slab-girder bridge, 
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a single beam or plate model may not be a good idealization. Unfortunately, many papers 
(Al-Khaleefi and Abdel-Rohman, 1999; Chompooming and Yener, 1995; Coussy et al., 1989; 
Hwang and Nowak, 1991; Inbanathan and Wieland, 1987; Michaltsos and Konstantakopoulos, 
2000; Palamas and Coussy, 1985) downplay one or more of these three aspects in their studies of 
bridge surface roughness effects. 

This paper attempts to give a comprehensive analysis of the effects of bridge surface 
irregularities on dynamic responses of vehicle-bridge interaction systems in a more realistic way. 
We apply a Monte Carlo simulation technique for the stochastic vibration problem. To model the 
slab-girder bridge, a finite element formulation is used, in which the interaction between bridge 
and vehicles can be considered accurately. The sample functions of the bridge surface are 
generated from a given power spectral density function for road surface roughness on bridges by 
Shinozuka’s method.  Calculations are carried out for two vehicle models to simulate the so-called 
“moving mass” and “moving oscillator” problems. It is shown that the moving mass model fails to 
adequately predict the interaction effects and that the Dynamic Amplification Factor can be 
effectively described by a double log-normal distribution. 

GENERATION OF SAMPLES OF BRIDGE SURFACE FROM A GIVEN PSD 
Analytical solutions for many problems in stochastic structural dynamics of practical 

importance can’t be obtained. Monte Carlo simulation is often the only feasible approach. An 
important part of Monte Carlo simulation is the generation of sample functions of the underlying 
random processes in the problem; in our case, the generation of samples of irregularities in the 
bridge surface. Viewing the irregularities in the bridge surface as a stationary process with a zero 
mean value, we employed Shinozuka’s method (Shinozuka and Deodatis, 1991; Shinozuka and Jan, 
1972) to generate the sample functions from the given power spectral function for road surface 
roughness (Honda et al., 1982). 

According to Honda et al. (1982), the one-sided spectral density function rG  of the surface 

irregularities versus the spatial frequency rf  (in mcycle ) is approximated by 
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where 0rf  and rNf  are cut-off spatial frequencies and 94.1=β  is a constant. Experimental 

values of a  are given in different ranges to represent four conditions of pavement; i.e., “very 
good”, “good”, “ordinary” and “damaged”. The one-sided power spectral density function 
expressed in terms of circular spatial frequency rr fπω 2=  ( )/ mradian  is 

 )2/()()( πω rrrr fGG =  (2) 

Honda, et al. (1982) assumed that bridge surface roughness is a one variable process of the 
longitudinal coordinate of bridge. Using Shinozuka’s method with the PSD of (2), samples of 
surface irregularities of the bridge )(xr  are generated as 
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in which 1,2,1,0,1,2,1,0 −=−= NnMm LL ; NÄ urr /ωω = , ruω  is the cut-off circular 

spatial frequency; rrn nÄωω = ; and nÖ  are independent random phase angles distributed 

uniformly over the interval ]2,0[ π . To avoid aliasing, we have NM 2≥ . 

FINITE ELEMENT FORMULATION 

 

FIG. 1. The schematic bridge-vehicle interaction system 

Fig. 1 shows a schematic of the bridge-vehicle interaction system. The finite element equations 
of motion of the bridge and vehicle i  ( i  =1,2,…, n ) are 

 ∑=++
i

ii c
T
cbbbbbb FNUKUCUM &&&  (4) 

 0)()( 00 =−−+−−+ iiiviiiiviivi ruukruucum &&&&&  (5) 

in which bM , bC and bK are mass, damping and stiffness matrices for the bridge; bb U,U &&& , bU  

are acceleration, velocity, displacement vectors of elemental nodes of the bridge; 
ivu&& , 

ivu& , 
ivu  are 

acceleration, velocity and displacement of vehicle i , and im , ik , ic  are the mass, stiffness, 

damping of vehicle i , respectively. Also, iu0&  and iu0  are the velocity and displacement of the 

bridge at the contact position with vehicle i ; )( ii xrr =  is the value of the surface irregularity 

function at the contact point; i
T
cN  is the transpose vector of shape functions of bridge elements 

evaluated at the contact positions of vehicle i ; and icF is the contact force vector between the 

bridge and vehicle i . The contact force for vehicle i  can be expressed as 

 )()()( 00 iviiiiviiiiviiic ugmruukruucgmF &&&&& +−=−−+−−+−=  (6) 

From (4), (5), (6) and the constraint equations 

 bc UN iiu =0  (7) 

we can get the global motion equation of the bridge-vehicle interaction system as 
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in which 

 ),,,( 21 vnmmmdiag L=vM , ),,,( 21 vncccdiag L=vC , ),,,( 21 vnkkkdiag L=vK  (9.a) 
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NUMERICAL EXPERIMENTS 

Problem Description 

 

FIG. 2. Discretization of bridge with beam and rectangular plate elements (hearvy 
lines represent beams) 

By Monte Carlo simulation, the effects of irregularities in the bridge surface are investigated 
for a slab-girder concrete bridge (refer to Wang et al. (1992) for the dimensions and material 
properties of the bridge). The slab is discretized with 10× 6 Kirchhoff rectangular plate elements  
( x × y  directions) and, correspondingly, 50 Euler beam elements parallel to the x  direction and 6 
Euler beam elements parallel to the y  direction, as shown in Fig. 2. Rayleigh damping is 

considered, with the first two modal damping ratios 02.021 == ςς . In total, sn =1000 samples of 

bridge surface roughness are involved in the simulation. Two vehicle models are considered to 
address “moving mass” and “moving oscillator” problems, respectively. Both of them traverse the 
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bridge along the x  direction ( vy =3.201 m ) with a velocity of v =10m/s. The parameters of the 

two vehicle models are: Vehicle I, m=1.0×104 Kg, c=4.0×104Kg/s, k=1.0×108N/m; Vehicle II, 
m=1.0×104 Kg, c=3.768×104Kg/s, k=3.944×105N/m. Vehicle model I has a high natural frequency 
(100 )/ srad  to simulate the “moving mass” problem. 

Statistics of Dynamic Responses 

Since the bridge surface roughness is modeled as a stationary zero mean stochastic process, the 
means of bridge displacement are coincident with deterministic results. By Monte Carlo simulation, 
we obtained the response standard deviations for normal and damaged pavements. Figures 3 and 4 
show the time histories of the means of bridge displacement and their standard deviations (SD) at 
nodes 10, 38 and 59 for vehicle models I and II, respectively (refer to Fig. 2 for the locations of the 
nodes). 

We can see from both figures that increased damage increases the RMS displacement responses. 
The responses for damaged pavement are larger than those for normal pavement. In the case of 
vehicle model I, the SD’s are initially oscillatory and become smoother later, while, for vehicle 
model II, the curves are smooth even at the beginning and give lower values than those for vehicle 
model I. 

The Dynamic Amplification Factor (DAF) is defined as the ratio of the maximum absolute 
dynamic displacement response of the bridge considering surface irregularities to the 
corresponding static analysis result, at a certain point ( yx, ). If we compute the DAF for each 
input realization, its histogram can be determined anywhere on the bridge, from which the 
pointwise distributions of the DAF can be estimated. The probability density functions (PDF) of 
the DAF’s at nodes 10, 38 and 59, for vehicle models I and II, are shown in Figures 5 and 6, 
respectively. 

For both cases, it is clear that the DAF’s for damaged pavement have a wider distribution than 
those for normal pavement, and, by using a double log-normal PDF, the distribution of DAF’s can 
be described well. As to the differences, the DAF’s for vehicle model II concentrate in a much 
narrower area with smaller means (less than 1.25) than those for vehicle model I. 

TABLE 1. Means of DAF at Node 10, 38 and 59 

Node 10 Node 38 Node 59 pavement 
Vehicle I Vehicle II Vehicle I Vehicle II Vehicle I Vehicle II 

Normal  4.25 1.12 1.78 1.10 3.58 1.13 
Damaged  6.93 1.19 2.42 1.19 5.72 1.22 
 
The means of DAF’s for “moving mass” (vehicle model I) and “moving oscillator” (vehicle 

model II) simulations are shown in Table 1. We observe that in the “moving mass” simulation, the 
means of DAF’s at locations near the ends of the bridge are much larger than those near the middle 
of the bridge, while in the “moving oscillator” simulation, the means of DAF’s are almost the same 
everywhere on the bridge. Since the irregularities of the bridge surface are assumed to form a 
stationary random process with zero mean value, the mean of DAF’s in our analysis should be the 
same as DAF’s obtained without considering bridge surface roughness. According to Barker and 
Puckett (1997), DAF’s take different values in different countries, and are given in terms of 
fundamental frequency of the bridge. For the bridge studied here (with a fundamental frequency of 
3.45Hz), the DAF ranges from 1.08 to 1.8. Comparing the computed probability distribution of 
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DAF’s for “moving mass” and “moving oscillator” solutions, it seems unlikely that the “moving 
mass” solution can lead to reasonable estimates of the effects of bridge irregularities upon bridge 
dynamics. 

SUMMARY AND CONCLUSIONS 
We noted that the irregularities in the bridge surface can have significant effects on the dynamic 

responses of a bridge and vehicles on it. We also noted that the “moving mass” simulation may not 
lead to reasonable estimates of the effects of bridge surface roughness upon bridge dynamics. 
Finally, we observed that the distribution of Dynamic Amplification Factor can be described well 
by the double log-normal probability function. 
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FIG. 3. Average displacement responses and their SD’s at nodes 10, 38 and 59 for 
vehicle Model I (Dotted lines: no irregularities considered; dashed lines: normal 

pavement; solid lines: damaged pavement) 
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FIG. 4. Average displacement responses and their SD’s at nodes 10, 38 and 59 for 
vehicle Model II (Dotted lines: no irregularities considered; dashed lines: normal 

pavement; solid lines: damaged pavement) 
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FIG. 5. The distributions of DAF’s and the fitted double lognormal distribution 
curves at nodes 10, 38 and 59 for vehicle Model I 
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FIG. 6. The distributions of DAF’s and the fitted double lognormal distribution 
curves at nodes 10, 38 and 59 for vehicle Model II 


