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Abstract 

 

Impact coefficients of reinforced concrete slabs on a steel girder bridge are simulated using 

a three-dimensional traffic-induced dynamic response analysis of bridges combined with the 

Monte Carlo simulation technique. This paper presents examination of the effect of the impact 

coefficient on fatigue performance of RC slabs. Results show that surface roughness is the most 

influential factor of the RC slab’s impact coefficient. The bump height is another important fac-

tor for the slab located near the bump along with the surface roughness. It is also observed that 

the slab near the expansion joint of the approaching side of the bridge shows the greatest impact 

coefficient. However, even though the slab near the expansion joint experiences the most severe 

dynamic loading effect, the slab located near the expansion joint, which is rendered stronger by 

its deeper cross section, has a lower probability of fatigue failure than other panels. The para-

metric study shows that the probability of the fatigue failure tends to increase with decreasing 

concrete quality. It can be concluded that a code-specified impact coefficient leads to a conser-

vative fatigue design for RC slabs of well maintained highway bridges. In contrast, the higher 

impact coefficient resulting from the worse roadway surface condition and higher traffic speed 

can hasten wear and cause premature fatigue failure of RC slabs. 

 

Keywords: Impact coefficient; RC slab; Fatigue; Traffic-induced vibration; Monte Carlo Simu-

lation; Probability of failure 

1. Introduction 

A reinforced concrete (RC) slab that is directly subjected to wheel loads is the most impor-

tant structural element in distributing wheel loads of vehicles. Deterioration in the RC slab may 

cause distress in the girders and secondary load path elements such as diaphragms. A rational 

criterion for performance of the slab thus provides a useful assessment tool for decision-making 

in relation to bridge management because the maintenance, rehabilitation and replacement of 

the slab comprise a large fraction of the bridge’s life-cycle cost [1]. Japan’s Ministry of Land, 
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Infrastructure and Transportation has determined that about 67% of the need for steel bridge re-

construction in Japan is attributable to damage to RC slabs [2]. 

The average life of an RC slab is determined by many factors including initial design, mate-

rial properties, traffic, environment, salt application, presence and effectiveness of protective 

systems, and maintenance practices [3]. All of those factors influence crack development in RC 

slabs during their service [4]. Cracking in RC slabs reduces the load capacity and hastens fa-

tigue failure [5, 6, 7]. Fatigue of the RC slab is caused by the total moving wheel load of static 

truck loads and dynamic load effects from roadway roughness, dynamic properties of vehicles, 

vehicle speeds, and others. The bump near expansion joints is another important factor for the 

slab because of the impulsive loading effect by vehicles passing over the bump [8, 9]. Generally 

in bridge design, dynamic load effects exerted by moving vehicles on bridges and RC slabs are 

considered using the impact coefficient. 

Vehicle motion induced by surface roughness of bridges with bumps will stimulate the slab 

as well as the entire bridge system. It is not deterministic, but rather stochastic or purely ran-

dom. The vehicle speed, the axle weight of vehicles and the traveling position of vehicles also 

affect dynamic responses of bridges as random variables in addition to the roadway roughness. 

A fatigue test for RC slabs by Matsui [10] shows that the equivalent loading cycles is pro-

portional to the load ratio raised to the twelfth power (see Eq. (11) in section 5.1). The test indi-

cates that the axle load, including the impact coefficient raised to the twelfth power, affects the 

RC slab fatigue performance. However, only the probability distribution of axle loads is consid-

ered in fatigue assessment and design of the RC slab. In contrast, the worst case scenario is con-

sidered in the code-specified impact coefficient because of deficient data. This conservative ap-

proach is acceptable for the design of new structures. For existing structures, however, it may 

lead to unnecessary and costly strengthening. Another important point to be examined is 

whether the code-specified impact coefficient for slabs provides a conservative design for RC 

slabs or not. 

Better understanding of the RC slab’s impact coefficient is crucially important to elucidate 

the deterioration process of RC slabs, including fatigue. However most of the previous works to 

date have focused on dynamic responses of bridge girders [e.g. 11-14]. Even though Broquet et 

al. [15] report the dynamic amplification factor of deck slabs of concrete road bridges through a 

numerical investigation, information regarding the impact coefficient of RC slabs and effects of 

dynamic interaction between the slab and the axle load remains insufficient despite the impor-

tance of that information for determining the fatigue strength of the RC slab. 

This study is intended to outline the features of the impact coefficient of RC slabs based on 

a probabilistic approach. We clarify the effect of the impact coefficient on the fatigue perform-

ance of RC slabs. A three-dimensional (3D) traffic-induced dynamic response analysis of 
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bridges [14] is used to simulate the impact coefficient for RC slabs along with the Monte Carlo 

simulation (MCS) technique. The simulation incorporates randomness of the surface roughness 

of bridges, the bump height, the vehicles’ traveling positions, the vehicles’ axle weights, and 

vehicle speed. 

2. Analytical procedure 

Finite element (FE) method is used for modal analysis as a tool for idealizing bridges for 

dynamic response analysis. A consistent mass system and Rayleigh damping are respectively 

adopted to form mass and damping matrices of a bridge model. The authors’ previous works [14, 

16-17] present details of the analytical procedure. 

Two types of finite elements are adopted to idealize members of the bridge superstructure. A 

beam element, with six degrees-of-freedom (DOFs) at each node, is used to idealize girders, 

crossbeams and guardrails. A flat shell element with four nodes [18] is adopted for the slab. Un-

cracked sections are assumed for RC deck slabs. Static reduction introduced by Guyan [19] is 

performed to improve the calculation efficiency: the vertical deflection is taken as the master 

DOF, which is retained because no external force  acts on the bridge except in the vertical direc-

tion. 

Matrix formation of the forced vibration of a bridge system under moving vehicles can be 

defined as shown in Eq. (1) [14], 
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where M, C and K respectively indicate the mass, damping and stiffness matrices of a system, a 

and Z respectively represent the displacement vectors of the bridge and vehicle; and f is the in-

teraction force vector. Subscripts bb, vv and bv denote the bridge, vehicle and bridge-vehicle in-

teraction, respectively, and (·) represents the derivative with respect to time. 

An alternative step-by-step solution using Newmark’s β method [20] is applied to solve the 

derived system of governing equations of motion. The value of 0.25 is used for β. Solutions are 

obtainable within a less than 0.001 relative margin of error. 

A simplified algorithm for a traffic-induced vibration analysis of a bridge is shown in Figs. 

1 and 2. It includes the process of considering the randomness of influencing factors to dynamic 

responses of a bridge. For estimating the impact coefficient, in this paper the dynamic increment 

has been determined in accordance with EMPA’s procedure [21] as shown in Fig. 3 and Eq. (2). 
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where, Mdy,max is the maximum bending moment at the observation position under dynamic 

vehicular loadings and Mst,max is the bending  maximum moment at the observation position 

under static vehicular loadings. 

The simplified algorithm is as follows [14, 16]; 

1. Form the mass and stiffness matrices of the bridge: Mbb and Kbb. 

2. Eigen value analysis: natural frequencies and natural modes 

3. Build the damping matrix of the bridge by Rayleigh damping: Cbb. 

4. Normalize the equations of motion of the bridge. 

5. Determine the longitudinal position of each tire of the vehicle on the bridge; Set initial 

conditions of the displacement, velocity and acceleration for each degree-of-freedom of 

the vehicle and bridge. 

6. Start the iterative process (see Fig. 2); 

Step1: Assume accelerations of the vehicle and bridge at the time t+Δt; Calculate new 

wheel positions of the vehicle at the time t+Δt under the traveling speed of v; At 

each wheel position, the roadway profile and bridge deflection are computed; 

The displacement and velocity at each mass of the vehicle model are calculated; 

Modal displacements and velocities of the bridge are computed 

Step2: Calculate the displacements and velocities of the bridge by back transforming 

the modal responses in terms of a linear combination of the eigen functions; 

Compute the modal force of the bridge; Equations of motion of the bridge are 

solved to obtain the modal accelerations; Calculate the dynamic wheel load at 

each wheel; The equations of motion for the vehicle are solved to obtain accel-

eration. 

Step 3: Check tolerances. 

The above process from Step1 to Step3 is repeated until the tolerance is satisfied. 

7. The impact coefficients (see Eq. (2)) [21] of decks are estimated and saved, if a vehicle 

passes the bridge completely. 

8. Repeat the above process from 5 to 7 until the repeated number reaches a certain num-

ber of samples. 



 5

3. Model description 

3.1. Bridge model 

The bridge considered in this study is a simple-span composite steel-plate girder bridge. Fig-

ure 4 shows that it comprises three girders with a span length of 40.4 m. As for RC slabs, the 

slab thickness at the approaching side is 23 cm thick. That at the middle section is 17 cm thick 

and the span length is 2.65 m. The slab is assumed to act compositely with main girders. Table 1 

presents a summary of the bridge characteristics. Figure 4(c) shows observation points denoted 

as P1, P2, P3, P4 and P5. The panel where point P1 is located has 23 cm thickness. The other 

panels have 17 cm thickness. Figure 5 shows cross sections of RC slabs of the bridge. The FE 

model consists of 570 nodes. The bridge’s dynamic response is estimated by superposing the 

modes up to the 246th mode (494 Hz) because the slab’s dynamic response is sufficiently con-

verged within the mode from a preliminary investigation. The 246th mode is the fifth bending 

mode of the RC slab. 

Fundamental frequencies of bending and torsion modes taken from eigenvalue analysis are 

calibrated to coincide with those obtained from a field test. The validity of the analytical re-

sponses of RC slabs was verified through comparison with field-test data [9, 22]. A part of time 

histories of decks taken from the experiment and analysis is shown in Fig. 6, in which measured 

roadway profiles of the bridge are used in analysis. Observations from the dynamic responses of 

decks in Fig. 6 demonstrate that the quality of agreement between the experimental and analyti-

cal results is quite acceptable in light of the potential sources of error.  

3.2. Vehicle model 

Traffic including a high proportion of heavy trucks on highway bridges usually occurs at 

night. The maximum traffic constitution among heavy trucks has been reported as three-axle 

vehicles in Japan [23]. Therefore, a dump truck with a tandem axle idealized as an eight-degree-

of-freedom model (see Fig. 7) is adopted as a vehicle model. Table 2 presents a summary of ve-

hicle model properties. Validity of the vehicle model for the traffic-induced dynamic response 

analysis of bridges was verified through comparison to experimental data. A detailed summary 

of the validation and experiment is available in another work [14]. Vehicles are assumed to 

move from the left to the right end of the bridge. 
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3.3. Random variables 

3.3.1  Roadway profile  

Fluctuation of the roadway surface can be treated as a homogeneous Gaussian random proc-

ess with zero mean [24]. The probability can be defined as a power spectral density (PSD) func-

tion. The following analytical description has been proposed to fit the measured PSD [25]. 

)/()( nnS βα +Ω=Ω , (3) 

where Ω (=ω/2π) is the space frequency (cycle/m) and α, β and n are the roughness coefficient, 

shape parameter and parameter to express the distribution of power of the PSD curve, respec-

tively; ω represents the circular frequency of the road surface. 

Regarding parameters in Eq. (3), α =0.001, β =0.05 and n=2.0 are used in this study based 

on measured data of Meishin Expressway, which links Nagoya with Kobe in Japan, before ser-

vice. The PSD curve, with α =0.003, β =0.05 and n=2.0, is also considered in order to investi-

gate the effect of roadway surface conditions on the impact coefficient of RC slabs. The PSD 

curves are shown in Fig. 8 with ISO estimates [26], in which paved roads are considered to be 

among road classes A–D, whereas the road classes E and F correspond to unpaved roads on 

which a truck can hardly travel at 40 km/h. 

Roadway profile samples are obtainable using MCS method based on the sampling function 

expressed as Eq. (4) if a PSD function for a roadway profile is defined. 
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=

+⋅=
M

k
kkkr xaxz
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sin)( ϕω , (4) 

where the ak is a Gaussian random variable with zero mean and variance σk
2=4S(ωk)Δω, 

the ϕk is a random variable having uniform distribution between 0 and 2π. In addition, ωk is the 

circular frequency of roadway surface roughness written as ωk=ωL+(k-1/2)Δω, Δω=(ωU−ωL)/M. 

The upper and lower limits of the frequency are respectively designated as ωU and ωL, and M is 

a sufficiently large integer number; S(ωk) is the PSD of a roadway profile. 

3.3.2  Bump height near expansion joints 

The lognormal distribution is selected to describe the probability distribution of bump 

heights at expansion joints of bridges based on survey results of national roadway bridges in Ja-

pan [27]. Among the measured bump profiles, the sine-shaped bump profile that gives the most 

severe effect on the impact coefficient of decks from a preliminary study is adopted in the simu-

lation. The respective mean value and standard deviation of the measured bump heights were 

20.4 mm and 7.0 mm [27]; the sine wave length of the bump profile in the driving direction is 

assumed as 100 cm. The highway bridges’ pavement is generally better maintained than that of 
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national roadway bridges. Consequently, half of the measured height is also considered in the 

simulation. The measured bump height on national roadway bridges is also used in the simula-

tion to investigate the effect of bump height on the impact coefficient of the RC slab. The bump 

location considered in this study is on the bridge expansion joint. 

3.3.3  Traffic data 

The vehicles’ impulsive loading effect that is generated during vehicles’ passage over a 

bump near an expansion joint can travel further from the expansion joint with increasing speed. 

Thus, the vehicle speed is considered as a random variable. The travelling position of vehicles is 

also considered as a random variable. A normal distribution is assumed for the travelling speed 

and position of vehicles on highway bridges based on the Hanshin Expressway database. Even 

though today’s traffic environment shows a tendency toward increase in the travelling speed, the 

mean value and standard deviation of vehicle speeds are assumed respectively as 70 km/h and 

10 km/h according to the previous research [23]. To simulate the impact coefficient of RC slabs 

on national roadway bridges, a vehicle speed model with respective mean and standard devia-

tion values of 50 km/h and 10 km/h is used in the analysis. The mean value and standard devia-

tion for the travelling positions of vehicles are 0.0 m and 0.2 m from a target passage [28]. 

A lognormal distribution is assumed for the axle load of the three-axle vehicles according to 

the Hanshin Expressway measured data. The mean value and standard deviation of the axle load 

are 49.805 kN and 12.056 kN respectively for the front axle, 90.507 kN and 34.276 kN for the 

front wheel of the tandem axle, and 67.571 kN and 31.637 kN for the rear wheel of the tandem 

axle [28]. 

4. Simulation of the impact coefficient 

A number of sample roadway profiles, bump heights, vehicle speeds, travelling positions of 

vehicles, and axle loads are generated using the MCS technique. A 3D dynamic response analy-

sis of the steel plate girder bridge with moving vehicles is conducted to estimate the impact co-

efficient of the panels according to each sample of random variables. 

This study creates four scenarios that illustrate how the impact coefficient changes based on 

different roadway surface condition and traffic speed. The scenarios are as follows: 

 

Scenario 1 (SCN-1): the roadway profile with α =0.001, β =0.05 and n=2.0 as parameters of the 

PSD function defined in Eq. (3); bump heights’ mean and standard deviation values are 10.2 

mm and 3.5 mm, respectively; mean and standard deviation values of the vehicle speed are 70 

km/h and 10 km/h, respectively. 
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Scenario 2 (SCN-2): the roadway profile with α =0.001, β =0.05 and n=2.0 as parameters of the 

PSD function defined in Eq. (3); bump heights’ mean and standard deviation values are 20.4 

mm and 7.0 mm, respectively; mean and standard deviation values of the vehicle speed are 70 

km/h and 10 km/h, respectively. 

Scenario 3 (SCN-3): the roadway profile with α =0.003, β =0.05 and n=2.0 as parameters of the 

PSD function defined in Eq. (3); bump heights’ mean and standard deviation values are 20.4 

mm and 7.0 mm, respectively; mean and standard deviation values of the vehicle speed are 50 

km/h and 10 km/h, respectively. 

Scenario 4 (SCN-4): the roadway profile with α =0.003, β =0.05 and n=2.0 as parameters of the 

PSD function defined in Eq. (3); bump heights’ mean and standard deviation values are 20.4 

mm and 7.0 mm, respectively; mean and standard deviation values of the vehicle speed are 70 

km/h and 10 km/h, respectively. 

 

The scenario SCN-1 assumes a situation of highway bridges, whereas the SCN-3 is for na-

tional roadway bridges. Scenario SCN-2 is adopted to investigate the effect of the bump height 

on the impact coefficient of RC slabs of highway bridges. Scenario SCN-4 is adopted to inves-

tigate the effect of the vehicle speed on the impact coefficient of RC slabs on national roadway 

bridges. The four scenarios consider the same data of the travelling position and axle load de-

scribed in section 3.3.3. 

Three hundred samples of each random variable are taken into account to simulate the im-

pact coefficient considering all the random variables to save computation time because a pre-

liminary investigation demonstrates that the mean and standard deviation values of the simu-

lated impact coefficient tend to converge within the 300 samples (see Fig. 9). No correlation is 

assumed among the random variables described in section 3.3. 

The approximately straight lines on the lognormal probability paper of Fig. 10 suggest that 

the simulated impact coefficient of the RC slab can be characterized as the lognormal distribu-

tion. The impact coefficients obtained by simulation are shown in Table 3, which also provides 

the simulated impact coefficient of an external girder (specified as G1 in Table 3) at the span 

center. 

4.1. Effect of random variables to the impact coefficient of RC slabs 

The effect of each random variable on the impact coefficient of the RC slab is shown in Fig. 

11 using the reliability index, which is calculated from Eq (5). 

)ln(

)ln()ln(

i

icodei
σ

μ
β

−
= , (5) 
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where β is the reliability index; icode is the impact factor specified in the code of Japan Road As-

sociation (JRA) (see Eq. 6); i is the simulated impact factor; μln(i) is the mean value of ln(i); and 

σln(i) is the standard deviation of ln(i). 

)50/(20 += Licode , (6) 

where L is the span length of the RC slab in meter; for the bridge model, L = 2.65 m and icode 

becomes 0.380. 

The most influential factor on the impact coefficient of the RC slab is found to be the sur-

face roughness from Fig. 11, which shows the effect of each random variable on the impact co-

efficient of each panel of the RC slab. An interesting point that is apparent from Fig. 11 is that, 

in addition to the surface roughness, the bump height is an important factor for the impact coef-

ficient of the P1 panel located near the bump. Moreover, the combination of all random vari-

ables, as in SCN-1 in the simulation of the impact coefficient, also shifts the reliability index of 

the P1 panel to the lowest value because of the effect of the bump on the dynamic response of 

the P1 panel. It indicates that the P1 panel experiences more severe dynamic loading effects 

than the other panels do. 

4.2. Impact coefficients according to each scenario 

The reliability of the impact coefficients specified in the JRA code according to each sce-

nario (SCN-1 to SCN-4) is investigated to show how the impact coefficient changes based on 

the different roadway surface condition and traffic speed. 

The reliability index is shown in Fig. 12 with the limit states defined in the Eurocode One. 

The target reliability indices (βt) proposed in the Eurocode are 1.5 for the serviceability limit 

state (SLS), 3.8 for the ultimate limit state (ULS), and 1.5–3.8 for the fatigue limit state (FLS). 

The kind of limit state into which the impact coefficient is classified has not been defined yet. 

Comparing SCN-3 for national roadway bridges with SCN-1 for highway bridges shows 

that the slab on national roadway bridges experiences more severe dynamic load effect than 

highway bridges as expected. Interesting points in Fig. 12 include the effects of bump and traf-

fic speed on the RC slab impact coefficient: comparison of SCN-2 with SCN-1 again suggests 

that the bump is an influential factor on dynamic responses of the RC slab near the bump, such 

as the P1 panel; regarding the effect of the traffic speed, comparison of the reliability index of 

SCN-3 with SCN-4 with a faster traffic speed than that of SCN-3 shows that the traffic speed 

strongly affects the slab’s dynamic responses. The impulsive wheel load generated as the vehi-

cle passes over the bump can travel further with increasing speed. Consequently, the panel lo-

cated distant from the bump can be affected by the impulsive loading. Observations reveal that 
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traffic speed is another important factor that should be used to assess the impact coefficient of 

RC slabs. 

5. Application of the simulated impact coefficient for RC slab fatigue 

Simulation of the impact coefficient of RC slabs demonstrates that the traffic-induced dy-

namic response of the P1 panel located at the approaching side of the bridge is greater than that 

of other panels because of the bumps at expansion joints. Generally, design codes specify that 

the panel near expansion joints should be stronger than other panels. A question here is whether 

or not the severe wheel load affects fatigue performance of the RC slab located near an expan-

sion joint. A simple reliability analysis for fatigue performance of the RC slab shown in Fig. 5 is 

conducted to answer that question. Investigations specifically address the effect of the impact 

coefficient on fatigue performance of the RC slab as a numerical example. The fatigue perform-

ance of the RC slab is estimated using the probability of fatigue failure for a given lifetime. In 

this study, the RC slab lifetime is assumed as 100 years. The fatigue failure probability is esti-

mated by comparing the punching shear strength of the RC slab and traffic load effects over the 

100-year lifetime. 

Traffic data are the same as those described in section 3.3.3. For the impact coefficient with 

lognormal distribution, the mean and standard deviation values summarized in Table 3 are used. 

The average daily truck traffic (ADTT) is assumed as 10,000 vehicles. Table 4 lists properties 

of concrete and reinforcing bars of RC slabs used in reliability analysis to assess the fatigue per-

formance of the RC slab. The MCS is conducted to estimate the RC slab’s probability of fatigue 

failure. 

5.1. Performance function for fatigue of RC slabs 

Previous researches in relation to the fatigue of the RC deck slabs using a moving pulsating 

load [29] and simulated moving wheel load [28, 30, 31] on deck models suggest following fa-

tigue failure process. By the actions of compression and twisting at the faces of the crack of RC 

deck slabs due to moving loads the crack faces wear away. In addition to opening and closing of 

cracks, there is sliding up and down of the crack interfaces. Cracks then grow because of load 

cycles and cause further deterioration. After that instant, existing cracks propagate through the 

thickness, instead of forming new cracks. Before yielding of reinforcement, the debonding 

along the bottom reinforcement, so called shear punching failure, occurs.  

In this study, thereby, spalling of concrete with holes punched through the deck before yield-

ing of reinforcement is assumed as the fatigue failure mode of the RC deck, because, at this 
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stage of deterioration, the serviceability of the deck is so impaired that a decision on rehabilita-

tion, or repair should be taken [29]. 

The performance function for fatigue of RC slabs is 

SRSRg −=),( ,                        (7) 

where R and S  respectively represent the load-carrying capacity of an RC slab and the load ef-

fect. The failure probability is obtainable by counting the total events of g<0 during a given life-

time. 

The punching shear strength (Psx) of an RC slab, which can be estimated using Eq. (8) [30, 

32], is adopted as the load-carrying capacity of the RC slab: 

( )mtmssx CfxfBPR maxmax2 +== ,                  (8) 

where B is the effective width of fatigue failure of RC decks (B=b+2Dd), b is the contact width 

of the loading plate or tire in the direction of distribution bars, Dd is the effective depth of distri-

bution bars, fsmax is the maximum shear stress of concrete (fsmax=0.252fck - 0.000246fck
2), f ck is the 

compressive strength of concrete, f tmax is the maximum tensile stress of concrete 

(ftmax=0.583fck
2/3), xm is the distance between the neutral axis and the edge of compression part of 

the main section, and Cm is the depth of concrete covering the main section. 

A relationship between the load effect and the number of loading cycles can be expressed as 

the following equation [10, 28, 30] of the Miner’s rule based on the S-N curve for RC slabs 

taken from a moving wheel load test, and Perdikaris et.al. [31] suggest a similar formulation. 

52.1LogLog07835.0LogLog)/Log( +−=+−= NCNkPP sx ,        (9) 

where P is the wheel load and N is the total number of loading cycles (N=Neq ×  fatigue life in 

year) caused by P, and the Neq is the equivalent loading cycle defined in Eq. (13). 

If an RC slab undergoes fatigue failure under N0 loading cycles of a load P0 and N1 cycles of 

a load P1, then the relation between the load and loading cycles is as shown below. 

CNkPP sx LogLog)/Log( 00 +−=                    (10-1) 

CNkPP sx LogLog)/Log( 11 +−=                    (10-2) 

Equations (10-1) and (10-2) provide the relation as  

1011
/1

010 )/()/( NPPNPPN mk ×=×= ,                 (11) 

where m = k-1 = 1/0.07835 = 12.76. 

Equation 10 shows that the relation in Eq. (11) can be expanded to consider an actual traffic 

condition such as load P1 of N1 cycles, P2 of N2 cycles, … and Pn of Nn cycles. 
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i

P m NdPPfPPN ×⋅⋅= ∫
max

0 00 )()/(                   (12) 

The equivalent loading cycle for a standard load P0 considering randomness of the axle load and 

impact coefficient can be defined as Eq. (13) [28]. 

{ } i

i P m
eq NdidPPfifPPiN ×⋅⋅⋅⋅+⋅= ∫ ∫

max max

0 0 0 )()()/()1(κ         (13) 

In that equation, Neq is the equivalent loading cycle corresponding to a standard wheel load 

P0; κ is a deviation factor to consider the difference between the wheel load effect under a real 

traffic condition and the load effect during the fatigue test of RC slabs; i represents the impact 

coefficient; Ni indicates total loading cycles of an axle load per year; P is the random axle load; 

f(i) denotes the probability density function of impact coefficients; and f(P) is the probability 

density function of axle loads. 

To simplify the numerical example, κ in Eq. (13) is estimated by assuming that the probabil-

ity of fatigue failure of the RC slab at the middle section of the bridge is 100% within a hundred 

years (the given life time) under consideration of the deterministic impact coefficient of 0.38 

specified in the JRA code, even though the deviation factor should be determined precisely us-

ing FE method. In other words, using the estimated κ indicates that the slab is designed to have 

a fatigue life of 100 years by considering the code-specified impact coefficient. Next, the 

equivalent loading cycle Neq for a standard load P0 is calculated considering randomness of the 

impact coefficient according to Eq. (13). The Psx taken from Eq. (9) by substituting the Neq esti-

mated from Eq. (13) illustrates the load effect on the RC slab. The load-carrying capacity of the 

RC slab is calculated by considering the normal distribution of the compressive strength of con-

crete fck in Eq. (8). Equation (7) gives the final probability of fatigue failure of each slab in a 

given fatigue life span. The standard wheel load P0 is set as 9.81 kN. 

5.2. Effect of the impact coefficient on fatigue performance of RC slabs 

The fatigue performance of each panel according to the simulated impact coefficient is in-

vestigated next. As described in section 5.1, the RC slab is assumed to have a design fatigue life 

of a hundred years under the impact coefficient of 0.38 according to the JRA code. The prob-

ability of fatigue failure of each panel within the design fatigue life considering the simulated 

impact coefficients according to respective scenarios is summarized in Figs. 13–16. 

The P1 panel located near the expansion joint usually adopts a deeper cross-section and 

more reinforcing bars to resist the expected severe wheel load effects. However, congested areas 

containing much reinforcing steel may engender poor concrete quality because of rock pockets 

and sand streaks that result from the difficulty of placing concrete. Therefore, to consider the 
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situation of poor concrete quality for the P1 panel, the ninetieth and eightieth percentiles of the 

compressive strength of concrete are also considered in this investigation. The R(fck), R(0.9fck) 

and R(0.8fck) in Figs. 13, 14, 15 and 16 respectively demonstrate the load carrying capacity of 

the RC slab taken from considering full, ninetieth and eightieth percentiles of the concrete 

strength. 

Regarding SCN-1 (see Fig. 13), which denotes the scenario for general highway bridges, the 

probability of fatigue failure of the P1 panel distributed between 11.7% and 51.1% with respect 

to the concrete strength of the P1 panel, whereas those probabilities of other panels, especially 

P2 and P3 panels, are 96.3% and 95.4%, respectively. It indicates that the code-specified impact 

coefficient can provide a conservative design for fatigue of RC slabs because the failure prob-

ability is set as 100% under the code-specified impact coefficient. 

The change in fatigue performance attributable to the increasing bump height of the high-

way bridge is determined by considering SCN-2. Comparison of Fig. 14(a) with Fig. 13(a) illus-

trates that the increase of bump height markedly affects the fatigue performance of the P1 panel. 

Moreover, comparison of the fatigue performance shown in Fig. 14(b) of SCN-2 with that of 

SCN-1 in Fig. 13(b) shows that the fatigue performance of the P2 panel is affected by the in-

crease of the bump height, whereas the probability of fatigue failure of the P3 panel does not 

show great change. It demonstrates that the increase of a bump can affect even distant parts of 

the slab. 

The situation for national roadway bridges of Japan, as illustrated in SCN-3, is also exam-

ined and summarized in Fig. 15. It has worse roadway surface conditions and lower traffic 

speeds than highway bridges resembling SCN-1. The fatigue performance of the RC slab ac-

cording to SCN-4, which adopts a higher speed than SCN-3, is shown in Fig. 16. The fatigue 

life of a panel located distant from the bump dramatically decreases according to increased 

speed. One reason may be that the impulsive energy of vehicles resulting from impact with the 

bump travels further according to the traffic speed despite the large damping of the vehicle. 

Observations from Fig. 13 to Fig. 16 show that the failure probability of the P1 panel is 

lower in comparison with other panels because of the deeper cross-section, even though the P1 

panel experiences greater dynamic effects than other panels, as shown in Fig. 12. On the other 

hand, the probability of fatigue failure tends to increase with decreasing concrete quality. In par-

ticular, Figs. 14 and 15 show that the eightieth percentile of the concrete strength raises the fail-

ure probability of the P1 panel to a level that is equal to or higher than that of other panels. 

Based on these observations, it can be concluded that the code-specified impact coefficient may 

lead to a conservative fatigue design for RC decks for well-maintained highway bridges. How-

ever, the increase of the impact coefficient as a result of the worse roadway surface conditions 

and traffic speed may cause fatigue failure of RC slabs earlier than the design life. 
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6. Concluding remarks 

Impact coefficients of the RC slab on a steel girder bridge were simulated in this study using 

3D traffic-induced dynamic response analysis of bridges combined with the Monte Carlo simu-

lation technique. The respective effects of each random variable on the impact coefficient of the 

RC slab were investigated. Reliability analysis using the fatigue limit state based on the existing 

experimental result was also conducted to assess the influence of the impact coefficient on the 

probability of failure resulting from fatigue. 

The mean and standard deviation values of the simulated impact coefficient tend to con-

verge within the 300 samples of random variables. The approximately straight lines shown on 

lognormal paper suggest that the simulated impact coefficient of the RC slab can be character-

ized by a lognormal distribution. The most influential factor on the impact coefficient of the RC 

slab is the surface roughness. Bump height, in addition to surface roughness, is another impor-

tant factor for the impact coefficient of the P1 panel located near the bump. The combination of 

all the random variables in simulation of the impact coefficient also shifts the reliability index of 

the P1 panel to the lowest value, indicating that the P1 panel experiences more severe dynamic 

loading effect than that of other panels. The major point to be clarified is that, if the impact co-

efficient of the RC slab near the expansion joint of the approaching side of bridges satisfies a 

given reliability because of vehicles running on bumps, those reliabilities of other decks are sat-

isfied automatically. 

This study also demonstrates that the probability of the P1 panel’s fatigue failure is lower 

than that of the other panels located at the bridge’s middle section, even though the P1 panel 

experiences more severe dynamic loading effect than that of other panels. The probability is 

lower because of the higher strength of the P1 panel resulting from the deeper cross section. 

However, this study suggests that the probability of the fatigue failure of the P1 panel tends to 

increase with decreasing concrete quality. 

Based on those observations, it can be concluded that the code-specified impact coefficient 

may lead to a conservative fatigue design for RC slabs for well maintained highway bridges. 

However the increased impact coefficient resulting from the worse roadway surface conditions 

and traffic speeds may cause fatigue failure of RC slabs earlier than the design life. 

Results of this study demonstrate the importance of the impact coefficient of RC slabs 

through analytical approaches. A collection of impact coefficients of RC slabs is necessary to 

create a rational criterion for the slab performance level and decision-making in relation to 

bridge management. 
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Fig. 1. Analytical procedure. 
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Fig. 2. Iterative process by Newmark’s β method. 
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Fig. 3. Definition of impact coefficient. 
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Fig. 5. Cross-section of RC slabs. (a) Middle-section, (b) End-section. 
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Fig. 7. Three-axle dump truck model with 8 DOFs. 
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Fig. 8. PSD curves of roadway roughness model. 
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Fig. 9. Convergence of the simulated impact coefficients according to the number of samples (SCN-1). 
(a) Mean value, (b) Standard deviation value. 
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Fig. 10. Cumulative distribution of simulated impact coefficients of RC decks, considering all the random 
variables in MCS (SCN-1). 
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Fig. 11. Effect of random variable on reliability index of the impact coefficients specified in JRA code. 
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Fig. 12. Effect of each scenario on reliability index of the impact coefficients specified in JRA code. 
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Fig. 13. Fatigue life of RC decks (SCN-1). (a) P1 panel, (b) P2 and P3 panels. 
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Fig. 14. Fatigue life of RC decks (SCN-2). (a) P1 panel, (b) P2 and P3 panels. 
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Fig. 15. Fatigue life of RC decks (SCN-3). (a) P1 panel, (b) P2 and P3 panels. 
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Fig. 16. Fatigue life of RC decks (SCN-4). (a) P1 panel, (b) P2 and P3 panels. 
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Table 1 
Steel bridge properties 
Mass per unit length (ton/m) 7.550 

Section area of girders (m2) 0.142 

Moment of inertia (m4) 0.212 

Torsional constant (m4) 0.0548 

Damping constant (1st and 2nd modes) 0.0254 

1st (Bending) 2.34 Fundamental natural 
frequency (Hz) 2nd (Torsion) 3.81 

 
 
 
 
Table 2 
Vehicle properties 
Parameters Three-axle dump truck 

Tread 1.80 
Distance between front and rear axle 3.99 
Distance of tandem axle 1.32 

Geometry (m) 

Distance between front axle and CG 2.99 

Gross 191.00 
Sprung mass including payload 171.40 
Steer axle unsprung mass 4.90 

Weight (kN) 

Drive axle unsprung mass 14.70 

Sprung mass (suspension) 0.03 Damping constant 
Unsprung mass (tire) 0.17 

Bounce 3.30 Fundamental frequency (Hz) 
Axle hop 17.90 

※ CG: Center of Gravity 
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Table 3 
Impact coefficients taken from simulation 

Panel 
 

Scenario 
 

P1 
Mean 
(SD)* 

P2 
Mean 
(SD) 

P3 
Mean 
(SD) 

P4 
Mean 
(SD) 

P5 
Mean 
(SD) 

G1 
Mean 
(SD) 

SCN-1  0.168 
(0.1083) 

0.114 
(0.0895) 

0.126 
(0.0894) 

0.108 
(0.0895) 

0.110 
(0.0897) 

0.049 
(0.0352) 

SCN-2  0.309 
(0.1860) 

0.163 
(0.1309) 

0.133 
(0.0920) 

0.111 
(0.0914) 

0.112 
(0.0907) 

0.049 
(0.0357) 

SCN-3  0.227 
(0.2033) 

0.150 
(0.1193) 

0.147 
(0.1157) 

0.156 
(0.1236) 

0.152 
(0.1218) 

0.084 
(0.0550) 

SCN-4  0.361 
(0.2122) 

0.216 
(0.1615) 

0.191 
(0.1369) 

0.184 
(0.1321) 

0.195 
(0.1525) 

0.087 
(0.0546) 

SCN-1: )05.0/(001.0)( 0.20.2 +Ω=ΩS ; v(mean, SD) =(70, 10) km/h; bump(mean, SD)=(10.2, 3.5) mm 
SCN-2: )05.0/(001.0)( 0.20.2 +Ω=ΩS ; v(mean, SD) =(70, 10) km/h; bump(mean, SD)=(20.4, 7.0) mm 
SCN-3: )05.0/(003.0)( 0.20.2 +Ω=ΩS ; v(mean, SD) =(50, 10) km/h; bump(mean, SD)=(20.4, 7.0) mm 
SCN-4: )05.0/(003.0)( 0.20.2 +Ω=ΩS ; v(mean, SD) =(70, 10) km/h; bump(mean, SD)=(20.4, 7.0) mm 
* SD means the Standard Deviation value. 

 
 

 
Table 4 
Properties of the RC deck 
 Panel Value 

Concrete   
Compressive strength (fck; MPa) 

Normal (μ: 20.58, V: 0.165) 
μ: mean, V: coefficient of variation 

 20.58 

Young’s modulus (MPa)  230300.0 

Slab thickness (cm) P1  
P2-P5  

23.0 
17.0 

Reinforcing steel   
Yield strength (fy; MPa)  295.0 

Young’s modulus (MPa)  2058000.0
 
 

 
 


