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Abstract 
Modern bridge codes allow for a reduction of safety 
factors based on a better knowledge of the loads. This 
rational approach can lead to great savings in the design 
and assessment stages. Traffic loading is a clear example 
of a variable that can be modelled probabilistically using 
Weigh-In-Motion data. Then, a Monte-Carlo simulation 
using this traffic model can provide a more accurate 
estimation of the static characteristic bridge load effect. 
However, while this worst static case is carefully 
determined from simulations based on statistical traffic 
data, the worst dynamic effect is merely calculated 
multiplying the worst static effect by a dynamic 
amplification factor. This factor is necessarily a very 
conservative value since it must cover for many types of 
bridge structures and it ignores the structural dynamics 
and traffic characteristics of the site. The discrepancy 
between the methods to obtain worst static and dynamic 
load effects is clear. This paper analyses how to reduce 
the uncertainty associated to the dynamic load and how to 
benefit from the use of site-specific traffic loading to 
obtain a more realistic upper bound of not only the 
maximum static load effect but also the dynamic one. 
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 1.  Introduction 
 
Current bridge design codes use a combination of the 
structural capabilities of a bridge and simulations of 
expected traffic flows based on Weigh-In-Motion (WIM) 

data from a typical route in order to determine the 
maximum permissible static loading which a structure 
will be able to withstand during its lifetime [1,2]. 
However, it is widely accepted that there exist some 
major shortfalls in these design codes due to the lack of 
adequate consideration of the dynamic interaction 
between the bridge structure and the moving heavy 
vehicles [3,4].  
 
The Eurocode normal traffic load model for bridges is 
derived by applying a Dynamic Amplification Factor 
(DAF) to the worst static case obtained from extrapolating 
load effects using free flowing traffic simulations and 
weigh-in-motion data. In the Eurocode, the theoretical 
value of DAF for a particular bridge depends on the shape 
of its influence line and one single variable, i.e., bridge 
length [5]. Since this approach does not take into account 
the dynamic characteristics of the bridge, truck, road 
profile or their interaction, DAF values are highly 
conservative and they produce maximum dynamic effects 
that might not necessarily correspond to the maximum 
static effects. Thus, results may lead to overly 
conservative designs/assessments and needless expense in 
bridge rehabilitation.  
 
This paper proposes to use parameters such as traffic 
statistics, bridge damping and mass ratio, which are 
relatively easy to obtain through bridge measurements. 
These parameters are used to provide an upper bound of 
the dynamic bridge load model. These site-specific data 
values could be used as input for simulations on a 
dynamic bridge model to obtain a site-specific DAF. In a 
preliminary analysis, DAF has been studied for a two-axle 
truck population of constant weight and a bridge 25-m 



long. First, the truck has been modeled as a moving 2-
Point (2-P) load on a simply supported beam. Results for 
DAF have been obtained for a wide range of vehicle 
velocities and axle spacings.  Then, the probability of 
occurrence of a two-truck event (obtained from WIM 
measurements) has been plotted over the DAF-graph to 
reveal the region of interest. In this region, the 
combination of axle spacing and speed producing higher 
DAF’s has been subject to a more detailed 3-D finite 
element simulation. In the latter, MSc/NASTRAN 
software [6] has been used to model the two-axle truck 
and bridge. Finally DAF’s by numerical one-dimensional 
beam model and the more realistic 3-D finite element 
solution have been compared.  
 
 
2. Numerical Modelling of Dynamic 
Amplification Factor due to Two Moving 
Point Loads 
 
DAF is defined in many ways in literature but for this 
paper it is given by the ratio of the maximum dynamic 
effect to the maximum static effect under similar load 
conditions. A simply supported beam model is used 
initially to obtain DAF values associated with two 
constant moving loads (figure 1).  
 

 Figure 1 – Two-Constant Moving Loads  
The solution of this 2-P load problem is described by 
Frýba [7]. The general equation is: 
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where x is the horizontal distance travelled by the load, t , 
the time with the origin at the instant the force arrives on 
the beam and )( ixx  , the Dirac Function. E (modulus 
of elasticity), J (second moment of area) and  (mass per 
unit meter) are beam properties of values 3.5e10N/m2, 
1.39m4 and 18358kg/m respectively for the case under 
study. wb   is the circular frequency of damping (in this 
example, bridge damping is assumed to be 3% and the 
first natural frequency is 4.10 Hz). Pi is the axle force 
assumed to be 475/2 = 237.5kN. Then, DAF’s have been 
calculated for a wide range of velocities and axle spacings 
and the pattern of the results is shown in figure 2. In this 
figure, ILS (Inter Load Spacing) represents the ratio axle 
spacing to bridge length.  

 

 Figure 2 –Variation in DAF with Velocity and Axle 
Spacing using 2-P Numerical Model  

From figure 2, there are a number of discrete regions 
where the maximum DAF’s occur (at velocities 62, 71, 93 
and 118km/h). Critical axle spacings can also be 
associated to these speeds to cause the worst dynamic 
amplification. 
 
 
3. Probability of Occurrence of a Given 
Dynamic Amplification Factor 
 
Experimental traffic data was collected using a WIM 
system on highway A1 near Ressons in France [5]. The 
highway is a dual carriageway with three traffic lanes in 
each direction. Only trucks weighing at least 3.5 tonnes 
were registered. A complete range of parameters was 
obtained which define the truck-crossing event including 
GVW, lane location, velocity, axle spacing and individual 
axle weight. For the purpose of this paper, only the axle 
spacings and velocities need to be considered. 
 
In figure 3, the individual truck events are plotted on the 
relevant region within figure 2 of frequent axle spacings 
and speeds. As it can be seen from the plot, the majority 
of all the measured two-axle truck events will occur in the 
velocity region of 50km/h to 90km/h and the ILS region 
0.1 to 0.3 (corresponding to an axle spacing of 2.5 to 
7.5m). The majority of the two-axle truck events will 
excite DAF’s in the region of 1 to 1.2. There is however a 
small, but important minority located beyond the limits of 
the graph that will excite DAF’s up to 1.22. 
 



 Figure 3 – Relevant Region of DAF with Measured 
Two-axle Truck Data  

Statistical examination of the results in Figure 3 leads to a 
histogram of the proportion of DAF’s being excited by the 
measured truck population as shown in figure 4. This 
representation of the probability of occurrence of DAF 
indicates an approximately normal distribution with a 
slight skew to the right. The peak region of the histogram 
corresponds to 16% of all two-axle trucks exciting DAF’s 
in the region of 1.12-1.13. The second most predominant 
DAF region is between DAF’s of 1.14 and 1.15, with 
slightly less than 15.7% of all two-axle trucks. Based on 
the simple 2-P load model described in section 2, 
probability results show that 99% of all DAF’s will be 
below a value of 1.185. 
 

 Figure 4 – Probability of Occurrence of DAF  
Figures 5 shows the variation of maximum strain for a 
combination of axle spacings and velocity in the region of 
interest. For this 2-P model, higher strains take place for 
the smaller axle spacings at low velocities. 
 

 Figure 5 – Variation in Maximum Strain with Axle 
Spacing and Velocity (2-P Model)  

 
4.  Finite Element Modelling 
 
A finite element technique is used to simulate a more 
realistic bridge-truck dynamic interaction scenario. 
Vehicles and bridge have been modeled with the general-
purpose finite element analysis package MSc/NASTRAN 
for Windows. The authors use a Lagrange Multiplier 
Technique to represent the compatibility condition at the 
bridge/vehicle interface through a set of auxiliary 
functions [8,9,10]. The truck travels along a path in which 
the right and left sets of wheels are located at 1.5m and 
3.5m respectively from the centre line of the bridge 
(figure 6). 
 

 Figure 6 – Combined Bridge-Truck System 
 
Strain is obtained through simulations for a number of 
transverse positions at the midspan section. The road 
profile is assumed to be ‘good’ according to ISO 
standards [11]. The characteristics of bridge and truck 
models and the results of the simulations are described 
next. 
 
 
 



4.1 Bridge, Truck and Road Profile Characteristics 
 
The bridge is modelled as a single span isotropic slab. The 
first mode shape (4.10 Hz) is illustrated in figure 7. The 
longitudinal properties of this bridge are in agreement 
with those defined for the beam model in Section 2. A 
uniform distribution of the mass is assumed in both 
directions. The width is 15 m. 
 

XY
Z  Figure 7 – Finite Element Model of Bridge  

A two-axle truck finite element model as shown in figure 
8 is used for the simulations. The vertical members in 
contact with the ground are made of spring and damping 
elements and they represent the tires. The vertical 
members between the axle bars and frame bars represent 
the suspension and they are also composed of spring and 
damping elements. The truck body mass is concentrated at 
one point and it is rigidly connected to the frame. In 
addition, each axle bar has a weight of 6.9kN. The total 
weight of the truck (body + axles) is 475kN. Although 
typical two-axle trucks are much lighter, this weight has 
been exaggerated to allow for a higher truck to bridge 
mass ratio and dynamic interaction. 
 

 Figure 8 – Finite Element Model of Truck  
4.2 Simulations  
A series of truck runs were carried out for the conceivable 
region for the two-axle truck population (figure 3): 
various combinations of velocity in the range 48-96km/h, 
and axle spacings from 2.75 to 6.75m. Velocities greater 
than 96km/h are not significantly represented in the two-
axle truck population and they were not considered. 
Figure 9 shows a typical strain plot based on a two-axle 

truck with an axle spacing of 4.75m crossing the 25m 
bridge with a velocity of 72km/h. It can be seen that the 
maximum strain is experienced at the transverse location 
underneath the lane on which the truck passes (line 
corresponding to +6 m from the bridge centreline –CL– in 
the figure). 
 

 Figure 9 – Strain for Different Transverse Locations 
at Midspan (Positive Location For the Side on Which 

the Truck Travels)  
 The strain response at midspan and at a location 2 m from 

the bridge centreline (right below the truck path) is shown 
in figure 10 for a number of velocities and an axle spacing 
of 2.75m. It can be seen how greatest strains are 
experienced with the two extreme velocity regions. This 
observation is consistent with that of the 2-P load model. 
Higher axle spacings than 2.75m resulted in lower 
maximum strains. 
 

 Figure 10 – Variation in Strain due to Velocity (Axle 
Spacing = 2.75m) 

 
Figure 11 illustrates the variation in strain (midspan 
section and at 2 m from the bridge centreline) resulting 
for a velocity of 96km/h and changes in axle spacing.  
 



 Figure 11 – Variation in Strain due to Axle Spacing 
(Velocity = 96km/h)  

Figure 12 shows the maximum strain for a combination of 
velocities and axle spacings. DAF has two critical speeds 
(about 50 and 90km/h). The high velocity case (v = 
96km/h) generally causes the highest strains, except at 
axle spacings of 3.75m and 4.75m where a velocity of 
54km/h exhibits higher strain. From figure 12, the 
maximum total strain obtained using finite element 
modelling was 33.76 microstrains at a velocity of 96km/h 
and axle spacing of 2.75m. 
 

 Figure 12 – Variation in Maximum Strain with Axle 
Spacing and Velocity (FEM)  

 
5. Comparison of Numerical and Finite 
Element Approaches 
 
Figure 13 shows the variation in the ratio DAF (by 2-
P)/DAF (by FEM) with both velocity and axle spacing. 
For speeds between 70 and 90 km/h, the 2-P model 
normally provides higher DAF than the FEM, but this is 
not true for speeds out of that range.  

 Figure 13 – DAF by 2-P Model and 3-D FEM  
In order to provide a more realistic DAF, it is necessary to 
relate maximum total (static+dynamic) strain and 
maximum static strain. Figures 14 compares maximum 
total strain and maximum static strain for different axle 
spacings and both 2-P and FEM approaches. The 
maximum static strain occurs at the shortest tested axle 
spacing of 2.75m and it has a value of 28.2 microstrains. 
For this axle spacing, maximum total strains of 30.9 and 
33.8 microstrains were obtained by the 2-P model (at 48 
km/h) and FEM (at 96 km/h) respectively. This maximum 
FEM strain is associated to a DAF of 1.2 and the 2-P 
model maximum strain to a DAF of 1.1. 
 

 Figure 14 – Comparison of Maximum Total Strain 
and Maximum Static Strain versus Axle Spacing by 2-

P and FEM approaches  
The highest DAF in this figure is for an axle spacing of 
4.75m. For this axle spacing, static strain is 25.6 
microstrains, and total strains by 2-P and FEM are 28.5 
(DAF=1.11) and 33.2 (DAF=1.30) microstrains 
respectively. It is obvious that if we applied the maximum 
DAF of 1.3 to the highest static strain (28.2 microstrains), 
the maximum total strain would be overestimated 
(28.2*1.3 = 36.7 microstrains, 8.5% higher than the real 
maximum strain).  
 
The Eurocode recommends a DAF value of 1.3 for a 25 m 
long simply supported bridge regardless of the critical 



traffic event and the dynamic condition of the bridge. In a 
medium span bridge, multiple vehicle presence causes the 
worst static case. It is very likely to find a destructive 
interference in the way that multiple heavy vehicles 
interact with the bridge when deriving the maximum 
strain and as the two-axle truck case has shown, the 
results of a dynamic simulation can justify a reduction in 
the DAF associated to the highest static strains. 
 
 
6.  Conclusions 
 
The increasing demand in transport capacity and heavier 
vehicles requires investigating if existing bridges will be 
able to resist the new dynamic allowance. The use of a 
single DAF for any critical static case, could greatly 
increase the characteristic load level for a high frequency 
of heavier trucks. The cost of the strengthening and 
replacement of existing bridges that could result from 
these calculations might be exorbitant. This paper has 
presented a case study for a medium span bridge and a 
two-axle vehicle type. For this case, it has been seen how 
site-specific modeling can contribute to use a more 
realistic DAF relating the highest total strain and the 
highest static strain. A detailed FEM appears necessary to 
draw a site-specific DAF since a simpler beam model 
gives smaller maximum strains. In the near future, it is 
planned to extend the calculation of DAF to critical traffic 
events, including multiple-vehicle presence, and to allow 
for a variation in vehicle type, axle weights, axle 
spacings, speeds and vehicle gap based on WIM 
measurements. 
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