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1. INTRODUCTION 

1.1 Background 

Correct evaluation of the behaviour of highway bridges under heavy traffic loading is ex-
tremely important both for the enhancement of design techniques, and also for the assessment 
of existing infrastructure. It is widely accepted that shortfalls exist in the determination of the 
traffic load which the bridge may be required to support during its expected lifetime due to 
inadequate consideration of amongst other factors, the dynamic interaction between the 
bridge structure and the heavy vehicles crossing it. 

Since it is the overall objective of this deliverable to combine lifetime static load effect val-
ues, with realistic dynamic amplification factors (to obtain an overall total lifetime load ef-
fect) there are two distinct parts: 

1) The calculation of bridge static load effect due to site-specific traffic flow, which is dis-
cussed in subtask 2.1.1 (Deliverable D08) along with the resultant assessment of bridge life-
time static load effect, and the selection of those loading events that are deemed critical (stati-
cally). Examples on how to determine these bridge traffic load models using Weigh-In-
Motion (WIM) data and their configuration when using data from Central European countries 
are provided in subtask 2.1.1 on bridge traffic load monitoring. This subtask has also 
compared results between data from Western and Central European countries. 

2) Deliverable D10 focuses on the assessment of the levels of dynamic interaction occurring 
between a bridge and its associated vehicular traffic. This analysis incorporates a review of 
those recommendations given in current design/assessment codes for dynamic allowance. 
Then, the procedure to obtain a site-specific dynamic amplification factor using theoretical 
simulations and available experimental data is described. Some specific issues concerning the 
dynamic allowance associated to: (a) deteriorated bridges; (b) pre-existing bridge vibrations; 
(c) maximum total effects developing in sections different from midspan, (d) the existence of 
a bump prior to the bridge, or (e) critical loading cases such as cranes, are also discussed. Fi-
nally, general recommendations on dynamic allowance are provided. 

1.2 Objectives  

Chapter 2 reviews definitions and code recommendations for dynamic allowance. If there was 
no site-specific information available to the engineer, these recommendations represent con-
servative values to follow. It is common practice to use a Dynamic Amplification Factor 
(DAF) or a similar parameter to allow for the uncertainties associated with the structure, the 
material and the applied load. A more realistic characterisation of the total load effect would 
require experimental testing and/or the use of complex computer models. DAF is defined here 
as the ratio of maximum total (including dynamics) and maximum static load effects. Other 
parameters used to evaluate the dynamic response of the bridge due to passing traffic such as 
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Dynamic Load Allowances (DLA), are also specifically used to evaluate maximum effects at 
mid-span.  

 
Chapter 3 explains how to numerically determine a DAF when some bridge, traffic and road 
characteristics are known. The assessment of traffic loading on bridges is subject to large lev-
els of uncertainty. While some allowance is provided in design codes for variable traffic con-
ditions, they are conservative to allow for generalisation at a safe level. A further level of 
conservatism occurs due to the independent manner in which critical static load and the corre-
sponding allowance for DAF are specified. In particular, investigations in this chapter show 
that certain bridges are not susceptible to high levels of vehicle-bridge interaction (VBI) when 
loaded by a ‘critically’ heavy vehicle or a ‘critical’ combination of vehicles. This chapter pre-
sents the results of a range of numerical studies into the site-specific level of total load effect 
(dynamic + static) and corresponding allowance for dynamics of typical medium span high-
way bridges. These methods may allow for a more accurate assessment of lifetime total load 
effect on a specific bridge and improve the method of determination of bridge adequacy. 

Chapter 4 shows how bridge measurements can be used to experimentally obtain a site-
specific DAF. Initially the approach is applied to a bridge dynamic load problem consisting of 
a single 5-axle vehicle of varying GVW and velocity traversing a 25 m long simply supported 
beam. The probability distributions of each variable are defined by WIM data, and are used to 
obtain the characteristic value for static load effect. Similarly, but independently, the distribu-
tions are applied to a dynamic model to obtain the characteristic total load effect. Comparison 
between the total and the static results yields the site-specific allowance for dynamic interac-
tion. A further case is then considered consisting of a two-truck meeting event, typical of 
critical loading scenarios, with an increased number of design variables. In this study both 
trucks will have different GVW and velocity values, with the meeting location of the vehicles 
also varied. Based on the results of these simulations, the chapter proposes a method of field 
measurement of the strains in bridges, to calculate a characteristic value due to VBI that can 
be used in bridge assessment. Bridge standards are necessarily conservative, representing a 
wide range of possible traffic loading conditions throughout the road network, and site spe-
cific assessment of traffic loading has considerable potential to prove that bridges are safe 
which would otherwise have been rehabilitated or replaced.  

Chapter 5 reviews a number of special topics concerning dynamic allowance such as the pres-
ence of a bump, the existence of pre-existing vibrations, differences between the highest mo-
ment at midspan and when considering all bridge sections, and differences between dynamic 
amplification factors due to normal traffic loading (i.e., 5-axle trucks) or exceptional traffic 
loading (i.e., cranes). Finally, Chapter 6 provides general recommendations on dynamic al-
lowance based on the bridge length and road class of the site. These recommendations are 
based on the large amount of measurements and numerical simulations carried out during the 
ARCHES project, and they represent an intermediate solution between adopting the values 
available in bridge codes (typically based only on bridge length) and the more accurate de-
termination using VBI simulations models (Chapter 3) or experimental data (Chapter 4). 

Numerous analytical and experimental studies have shown that the interaction between vehi-
cles and a bridge is a complex problem governed by a large number of different parameters. 
From Humar & Kashif (1995), these parameters are: 

• Characteristics of the bridge, including bridge geometry, support conditions, bridge 
stiffness and damping characteristics, etc. 
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• Characteristics of the vehicle, including axle spacing, weight distribution, vehicle stiff-
ness and damping characteristics, etc. 

• Characteristics of the loading case, including vehicle velocity, position or path of load, 
number of vehicles contributing, etc. 

• Road surface condition, including the road profile of the bridge deck, the profile of the 
approaches to the bridge, presence of bumps etc. 

Appendix A contains a synopsis of the theoretical and experimental research into the influ-
ence of each of the parameters above on the bridge response, while Appendix B reviews the 
available theoretical methods for both vehicle and bridge modelling with particular emphasis 
on the mathematical approaches adopted in the deliverable.  
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2. RECOMMENDATIONS FOR DYNAMIC ALLOWANCE IN 
BRIDGE CODES 

2.1 Introduction 

The development of accurate bridge traffic load models has received significant attention 
from researchers, particularly in recent years, with different statistical approaches and meth-
ods of simulation being implemented. A brief review of these approaches has been provided 
in Deliverable D08 (subtask 2.1.1). Monte Carlo simulation of traffic flow is the most com-
mon method of bridge load assessment but has been restricted in the past to the consideration 
of maximum static load effect over some finite time period due in main to the computationally 
expensive nature of VBI procedures. The extension of bridge load models to include dynamic 
VBI introduces a significant number of additional variables which require consideration if an 
accurate assessment of lifetime total load effect is to be obtained. A number of field tests have 
been carried out in the past to analyse the magnitude of DAF for varying load scenarios on 
various types of highway bridges. Similarly, numerous parametric studies have been imple-
mented both experimentally and theoretically and have identified the importance of variables 
such as vehicle velocity, road surface roughness, bridge length/frequency, etc…, on DAF. Of 
most interest however is the apparent trend of decreasing DAF with increasing static load ef-
fect. The potential for improved site-specific total load assessment by examining the statisti-
cal occurrences of simultaneous high static loading and high dynamic interaction has been 
identified. Previous theoretical and experimental findings on bridge dynamics are summarised 
in Appendix A. Some of these findings form the basis for the recommendations adopted by 
bridge codes and presented in the current chapter. 

Bridge codes treat the dynamic effect due to moving traffic differently. AASHTO (1996), for 
instance, defines a factor called Dynamic Load Allowance (DLA) that is applied to the static 
live load. The DLA is the same for all spans, being 1.15 for fatigue and fracture, and 1.33 for 
all other limit states. However, different values of DLA are specified for individual compo-
nents of the bridge such as deck joints (1.75). Whereas in the European code, EN 1991-
2:2003 (British Standards 2003), different load models with built-in dynamic amplifications 
are defined, specifying optional factors to allow for site specific situations such as the influ-
ence of expansion joints. These load models have been developed by the Eurocode working 
group based on experimental results from a number of countries (Bruls et al. 1996). The dy-
namic effects are considered using dynamic factors obtained from numerical simulations and 
combined statistically with the static results to obtain the characteristic values for each load 
model (Dawe 2003).  

2.2 Definitions for Dynamic Allowance 

Dynamic amplification can be described as being the increase which occurs in the design load 
due to the presence of dynamic components, or as defined by Chan & O’Connor (1990) the 
‘increase in the design traffic load resulting from the interaction of moving vehicles and the 
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bridge structure, and is described in terms of the static equivalent of the dynamic and vibra-
tory effects’.  

Previous research into the effects of dynamics of moving loads has lead to the allowance for 
dynamic interaction to be described in a number of different ways. While Cantieni (1984) use 
the concept of ‘Dynamic Increment’ (DI), Chan & O’Connor (1990) and AASHTO (1996) de-
scribe a ‘Dynamic Load Allowance’ (DLA), Yang & Lin (1995) a ‘dynamic increment factor’ 
and Green et al (1995) an ‘Impact Factor’ (IF). The definition for DI given by Cantieni (1984) 
is:  

  -
DI= 100Total Stat

Stat

ν ν
ν

×           Equation 2-1 

whereb vTotal is the maximum value of the bridge deflection when loaded using a test vehicle 
and vStat is the maximum static deflection based on the same test vehicle.  

Green & Cebon (1995), Green et al (1995) and Heywood (2001) define IF for any load effect 
as being:  

 Total Stat

Stat

y -y
IF=

y
                     Equation 2-2 

where yTotal is the maximum total (static + dynamic) load effect due to a particular loading 
event and yStat is the maximum static load effect for the same loading event. 

Each of these descriptions and definitions are easily interchangeable. From this point forward, 
the term ‘Dynamic Amplification Factor’ (DAF) used in the report is defined as: 

 Total

Stat

yDAF=
y

           Equation 2-3 

2.2.1 Dynamic amplification at characteristic levels 

Each of the terms defined in the previous section relates the total bridge response to the corre-
sponding static response for a particular load case only. It is obvious that when considering a 
full time history of response for a particular bridge the maximum total response and the 
maximum static response may not occur for the same loading event. Consequently Zhang et al 
(2001) use a modified form of Equation 2.3, given in Equation 2.4, to represent a ‘DAF’ value 
for a relevant period of time for a chosen bridge.  

Total

Stat

ŷφ =
ŷ

              Equation 2-4  
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In the equation above, Totalŷ  represents the maximum total load effect experienced by the 
bridge over a prescribed period of time, while Statŷ  represents the maximum static load effect 
over the same period.  

Caprani et al (2009) introduce the term Bridge Lifetime Dynamic Ratio (BLDR) to express 
the ratio of static lifetime load effect to total lifetime load effect. However, it is the value that 
links the characteristic total load effect to the characteristic static load effect that is of interest. 
The appropriate BLDR at characteristic levels is termed an Assessment Dynamic Ratio 
(ADR) and is defined as: 

-1
Total

-1
Stat

G (q)φ =q G (q)
             Equation 2-5 

where q is the quantile of interest of the marginal distributions of total load effect ( )TotalG ⋅  
and static load effect ( )StaticG ⋅ . For Eurocode design, 0.9q =  for a 100-year design life.  

2.3 Guidelines in Codes of Practice 

For many years the importance of dynamic interaction between vehicles and bridges has been 
incorporated into bridge design codes. As far back as 1931 the British Ministry of Transport 
(MOT) Standard Loading Code specified an impact factor of 50% be applied to the standard 
static load effect. In 1958, the new standard BS 153 was introduced, specifying a reduced 
value of 25%. 

Research in Switzerland and Ontario concluded that dynamic allowances should be dependant on 
the first natural frequency of the bridge. The Ontario Highway Bridge Design Code (OHBDC) 
(Ontario 1983) recommendations on DLA were thus developed as shown in Figure 2.1.  

 
Figure 2.1 Variation in DAF with bridge frequency based on OHBDC guidelines 
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Subsequent Swiss and Australian codes also specified DLA based on bridge first natural fre-
quency. Figure 2.2 and Figure 2.3 show the variation in allowances for dynamics with bridge 
frequency through various design codes, as summarised in Kirkegaard et al (1997a) and Hey-
wood et al (2001). 

 
Figure 2.2 Comparison of DAF recommendations from different design codes 

(Source:  Kirkegaard et al 1997a) 

 
Figure 2.3 Comparison of DAF recommendations from different design codes. 

(Source: Heywood et al 2001)  
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Around the same time as the initial MOT Standard Loading Code was introduced, the Ameri-
can Association of State Highway and Transportation Officials (AASHTO) Standard Specifi-
cations for Highway Bridges were first introduced. In 1931 the final recommendations of an 
ASCE study into highway bridge impact defined the impact factor IF in terms of the bridge 
length in metres L, as given in Equation 2.6 (the maximum value of IF is restricted to 0.25). 

≤
50IF= 0.25

L+160
         Equation 2-6  

In 1989 this allowance was revised to (AASHTO 1989):  

15.24IF= 0.3
L+38.1

≤          Equation 2-7 

While in 1996 this was revised again to (AASHTO 1996):  

50IF= 0.3
L+125

≤          Equation 2-8 

The progression of the AASHTO specifications is shown in Figure 2.4. 

 
Figure 2.4 AASHTO allowance for impact factor with bridge length  

The revised AASHTO specification (Standard 1996) gives value of the Dynamic Load Allow-
ance for individual components of the bridge such as deck joints, beams, bearings, etc. and 
the global effects are not considered at all. The DLA is defined as the ratio of the dynamic 
component of deflection to static deflection. Using this prescribed DLA a value for total live 
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load effect is calculated adding the dynamic live load (DLA x Static live load effect) to the 
static live load effect. 

The 1989 Guide Specification for Strength Evaluation of Existing Steel and Concrete Bridges 
(AASHTO 1989) provides guidelines for assessing load, and impact factor for existing high-
way bridges. McLean & Marsh (1998) state that the allowance is given solely as a function of 
surface roughness where for smooth approach and deck conditions IF=0.10, for rough surface 
with bumps IF=0.20, and for extreme conditions of high speed, short span (<12m) and poor 
road surface an IF of 0.30 should be taken. 

More recent Swiss, Canadian, American and European codes have not adopted the bridge fre-
quency based approach to allow for dynamic interaction. The reasons for this are varied, from 
a desire to maintain a simplified approach to an appreciation that bridge dynamic response is 
influenced by a large number of other factors, including road profile, vehicle configurations, 
etc. Those design codes which specify DAF based on bridge length are shown in Figure 2.5. 

 
Figure 2.5 Comparison of DAF’s for various bridge lengths, different design codes. 

(1,2 – Switzerland; 3 – USA; 4 – Russia; 5 – Sweden; 6,7 – Germany; 8 – 
France); (Source:  Kirkegaard et al 1997a) 

Some of the recommendations in Figure 2.5 are reproduced in Figure 2.6 to facilitate the 
comparison with DAF values employed in Central European countries. It also illustrates the 
changes in DAF for updated versions of the same code. In some cases, the differences are sig-
nificant and when assessing an existing bridge, it will be necessary to take into account the 
governing code at the time the bridge was designed. 
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Figure 2.6 Evolution of DAF with the period of design of the bridge 

The recent Canadian approach has been to reduce the dynamic load allowance with the in-
creasing number of axles on the bridge. Furthermore when speeds are restricted on bridges, or 
where approach slabs of 6 m are provided a reduction in impact factor is allowed (McLean & 
Marsh 1998).  

The Swiss code now requires that the quality of road surfacing approaches a smooth standard, 
since poor quality road surfaces can result in large increases in the dynamic component of 
load effect. Recent Danish codes specify that dynamic effects be considered by multiplying 
the static load by a dynamic factor, which is dependent on the total vehicle weight in kN. 

The Eurocode (EC1.3 1994) traffic load model has been developed from the simulation of 
static traffic loading (Bruls et al 1996) and it has a form as illustrated in Figure 2.7(a) for a 
two-lane bridge. In this figure, the α  factors reflect traffic on national networks or different 
classes of road. The Eurocode working group proposes that the DAF is a function of span 
length, load effect and number of lanes of traffic carried as shown in Figure 2.7(b). The dy-
namic amplification factors of Figure 2.7(b) are applied to the 1000-year characteristic static 
load effects. 

 

 



ARCHES-02-DE10  

 11 

 

(a)  

 

(b)  

 Figure 2.7 Eurocode Load Model: (a) Traffic load model; (b) DAF - dynamic amplifi-
cation factor 
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3. DETERMINATION OF THE DYNAMIC AMPLIFICATION 
TO USE IN A BRIDGE TRAFFIC LOAD MODEL 

3.1 Introduction 

The most popular approach used to assess bridge traffic loading in recent years has focussed 
upon the use of Monte Carlo simulation of traffic flow. From random simulation a population 
of extremes of load effect is obtained and by extrapolating this sample to the return period the 
characteristic load effect obtained. The potential therefore exists for an approach to be devel-
oped whereby repeatable, exact solutions for characteristic values of static load effect and to-
tal load effect are efficiently determined, with a corresponding ADR being inferred as a result. 
The methods of assessment of bridge lifetime loading can be broadly grouped into three sub-
sets: (1) Monte Carlo simulation of full traffic flow, (2) simulation of fixed configurations and 
meeting events, and (3) the convolution of known distributions to obtain lifetime maxima. 
The approach implemented here can be described as a combination of methods (2) and (3) 
with the objective of obtaining independent characteristic values of total load effect and static 
load effect, and the subsequent relationship between the two. This ratio between characteristic 
total and characteristic static provides an accurate site-specific allowance for dynamic interac-
tion at characteristic levels for the studied events, and may provide useful information regard-
ing the importance of dynamic interaction at extreme levels of loading. 

The DAF for a particular loading event is influenced by the many characteristics of the load-
ing events and the bridge structure under consideration. Factors such as vehicle axle spacing, 
weight distribution, vehicle stiffness and damping characteristics, etc., have been shown to 
significantly influence DAF and they are reviewed in Appendix A. These variables are gener-
ally quite uniform across the majority of European truck populations. However site-specific 
variables such as vehicle velocity, GVW and bridge characteristics such as bridge natural fre-
quency, bridge damping and road surface profile can significantly affect DAF and conse-
quently ADR. It is therefore apparent that allowance for dynamics may vary significantly for 
bridges at different sites.  

Of most significance in the assessment of ADR is the relationship between the Gross Vehicle 
Weight (GVW) and combined vehicular loading on dynamic interaction. Many authors have 
reached a common conclusion; that is that dynamic amplification reduces as the mass or 
weight of the vehicle increases (Hwang & Nowak 1991, Kirkegaard et al 1997c, and Hey-
wood et al 2001). The extensive experimental studies by SAMARIS (2006) have reinforced 
this relationship. In this study it was found that for the most critical events (either single- or 
multiple-vehicle events) the dynamic component of total load effect was very small and well 
below the allowance provided for by the relevant design codes. Although a large volume of 
research has been carried out into determining the combinations of vehicle and bridge pa-
rameters that cause high levels of bridge excitation a lack of knowledge currently exists re-
garding the relevance of these high levels of excitation when considering the total load effect 
at lifetime levels. There exists increasing evidence to suggest that the level of dynamic inter-
action decreases as the combined static load (live load) applied to the bridge increases. By in-
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vestigating this trend using numerical VBI models here it may be possible to obtain a reduced 
site-specific allowance for dynamics at lifetime levels. 

3.2 Approach Methodology  

The flow chart shown in Figure 3.1 indicates the procedure proposed, and employed here to 
analyse critical bridge loading scenarios. At the outset the bridge specific parameters are cho-
sen; i.e. bridge dimensions, bridge influence lines of desired load effect, direction of traffic in 
lanes etc (as previously introduced).  

A set of Weigh-In-Motion (WIM) data is prescribed, with comparable traffic characteristics to 
those found at the site of the bridge.  The distributions describing the traffic flow are imple-
mented with Monte Carlo simulation to build a traffic flow model and from this model the 
critical loading scenarios for the chosen load effect are extracted. 

Selected critical events as defined by the traffic load model are individually modelled using 
finite element bridge and truck models and the interaction procedure described in Appendix 
B. The total bridge responses can be thus obtained from the FE analysis and using statistical 
extrapolation the 1000-year characteristic value for total load effect, and a corresponding 
value for ADR obtained. 

 
Figure 3.1 Methodology behind approach 



ARCHES-02-DE10 

14 

3.3 Finite Element Models  

3.3.1 Description of the Bridge 

The bridge is located over the Mura river in North-east Slovenia (Figure 3.2) and is part of a 
larger structure. The bridge is modelled using finite element program MSc/NASTRAN (1997, 
1999) as described in Appendix B. The bridge consists of a 32 m long simply supported main 
span and has two lanes of bi-directional traffic flow.  

 
Figure 3.2 The bridge over the river Mura 

The bridge is of beam-and-slab type, with transverse stiffeners/beams. The slab is constructed 
from concrete with an overlaid layer of asphalt. Five concrete longitudinal beams (of inverted 
Y type) support the bridge slab, and run continuously over the bridge length. Five concrete 
diaphragms provide stiffness and are located at both supports, both quarter spans and at 
bridge midspan (i.e., at 8 m centres). The dimensions of the bridge are provided in Appendix 
B, and material properties are given in Table 3.1. 

Table 3.1 - Bridge Material properties 

Poissons Ratio (ν) 0.15 

Shear Modulus (G) 2.09 ×1010 N/m2 
Bridge Damping (ξ)  0.03 (3 %) 
Slab Depth 0.25 m 
Density (ρ) 2400 kg/m3 

 

Figure 3.3 shows the longitudinal beam layout in the bridge as well as the transverse position 
of the individual wheel paths for each lane loading. The layout of longitudinal beams is not 
symmetrical, nor is the central longitudinal beam located at the centre of the bridge.  
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Figure 3.3 Bridge Cross-section showing vehicle lanes and longitudinal beam spacing 

The offsets of the centre of each beam from bridge centre-line are given in All vehicle models 
used in simulations have a standard width of 1.82 m (Brady 2003), and the bridge model mesh 
geometry is defined accordingly to allow for nodes along the wheel paths (the latter being a 
requirement of the VBI method). The wheel paths for the vehicles are chosen as being the 
central 1.82 m of each lane. These vehicle paths are consistent with the mean values for wheel 
path location in lane provided by Blab & Litzka (1995).  

Figure 3.4 indicates the direction of flow of traffic on the bridge; traffic flow direction is 
based on continental European regulations. Trucks in lane 1 are transversely located between 
longitudinal beams 1 and beam 3, with a wheel path either side of beam 2. Trucks in lane 2 
are located between longitudinal beams 3 and 5, with a wheel path either side of beam 4. For 
future multiple-vehicle simulations, truck 1 will be the vehicle travelling in lane 1, while 
truck 2 will be the vehicle travelling in lane 2. 

There exist two possible alternatives to obtain the static response of a bridge model to traffic 
loading. In studies where only a few different events require consideration the bridge static 
response can be obtained by simulating the loading event crossing the bridge at a ‘crawling’ 
speed; however for multiple loading scenarios improved computational efficiency is achieved 
by using the bridge influence lines to obtain bridge static response. 

Table 3.2.  

All vehicle models used in simulations have a standard width of 1.82 m (Brady 2003), and the 
bridge model mesh geometry is defined accordingly to allow for nodes along the wheel paths 
(the latter being a requirement of the VBI method). The wheel paths for the vehicles are cho-
sen as being the central 1.82 m of each lane. These vehicle paths are consistent with the mean 
values for wheel path location in lane provided by Blab & Litzka (1995).  

Figure 3.4 indicates the direction of flow of traffic on the bridge; traffic flow direction is 
based on continental European regulations. Trucks in lane 1 are transversely located between 
longitudinal beams 1 and beam 3, with a wheel path either side of beam 2. Trucks in lane 2 
are located between longitudinal beams 3 and 5, with a wheel path either side of beam 4. For 
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future multiple-vehicle simulations, truck 1 will be the vehicle travelling in lane 1, while 
truck 2 will be the vehicle travelling in lane 2. 

There exist two possible alternatives to obtain the static response of a bridge model to traffic 
loading. In studies where only a few different events require consideration the bridge static 
response can be obtained by simulating the loading event crossing the bridge at a ‘crawling’ 
speed; however for multiple loading scenarios improved computational efficiency is achieved 
by using the bridge influence lines to obtain bridge static response. 

Table 3.2 - Distance from centre-line of bridge to centre-line of each longitudinal beam 

Beam No. 1 2 3 4 5 

Distance  (m) -3.349 -1.614 0.137 1.862 3.579 

 
Figure 3.4 Plan view of Mura River Bridge indicating direction of traffic flow. 

An influence line for each of the 5 longitudinal beams for each possible lane of loading is ob-
tained (10 influence lines in total). The influence lines for each lane loading are obtained, by 
incrementing at 1 m intervals a static load of 5 kN on each of the wheel paths for the respec-
tive lane; representative of an equivalent single axle load of 10 kN (the application of a large 
unit of load reduces the possibility of a magnification of error both in the bridge response 
from NASTRAN and in the numerical fits applied). Figure 3.5 shows an isometric view of the 
finite element bridge model. 

Polynomial fits are applied to the observed influence lines for loading in lane 1, as 
shown in Figure 3.6 (a). Good representations of the influence lines for loading in lane 2 
(Figure 3.6 (b)) are obtained by simply scaling the opposite influence line for load in 
lane 1 (i.e. D1 Beam 1 = A×D2 Beam 5). It can be seen that the asymmetry of the beams 
and lane locations is reflected in the influence lines and that the polynomial fits (repre-
sented by points) are mostly indistinguishable from the measured finite element influ-
ence lines (represented by lines). It is seen from Figure 3.6 that the edge beam on the 
side of the bridge where loading is applied is exposed to greatest strain for each single 
vehicle loading event. 
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Figure 3.5 Finite Element Model of the bridge 
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(a)  

 

(b)  

Figure 3.6 Polynomial fits to measured influence lines: (a) Influence line for load in 
lane 1 (D1); (b) Influence line for load in lane 2 (D2) 

3.3.2 Description of Vehicle Models 

The vehicle models utilised in all FE simulations contained herein can be broadly classified 
using two distinct groupings; rigid bodied vehicles, and articulated vehicles. In the following 
studies 2-axle and 3-axle vehicles are considered to be rigid bodied vehicles, and account for 
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approximately 30 % of all heavy vehicles (typical European site). 4-axle and 5-axle vehicles 
are considered to be articulated vehicles and represent approximately 65 % of all heavy vehi-
cles. Vehicles with more than 5-axles are not considered.  

Appendix B contains full descriptions of each type of vehicle model in terms of suspension 
and tyre characteristics, axle-spacing and distribution of GVW through individual axles. The 
standard models, as shown in Figure 3.7 can be easily modified to represent alternative vehi-
cle configurations by removing/inserting extra axles and/or modifying axle configuration. 

    

(a)      (b) 

Figure 3.7 Typical finite element vehicle models: (a) Rigid bodied 3-axle vehicle 
model; (b) Articulated 5-axle vehicle model 

Each vehicle model present in a specified loading event is individually imported into the FE 
bridge model. Then using a C++ program developed by González (2001) a NASTRAN 
BULK file is created containing all information regarding vehicle approach length, vehicle 
velocity, vehicle path, road roughness, etc. This BULK file controls the vehicle-bridge inter-
action. The main components of the formulation are: (1) To ensure compatibility at bridge-
vehicle interface, using auxiliary functions; (2) To account for the forces acting on the bridge 
due to the moving wheel loads. Further information regarding the interaction formulation and 
simulation procedure can be found in Appendix B and González et al (2008). 

In order to calibrate the numerical simulation of static load effect a number of simulations are 
performed using both MSc/NASTRAN and the numerically derived influence line response 
for each axle load. The equation below gives the standard method whereby numerical calcula-
tion of static load effect is achieved for each beam. 

1 1
( ) ( )

tNT

nt nt
t n

R x W I x
= =

= ∑ ∑         Equation 3-1 

where: 

R(x) is the static load effect at time x. 

T is the number of trucks 
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Nt is the number of axles in truck t 

Wnt is the nth axle load of truck t in kN. 

( )ntI x  is the influence line ordinate of axle n, of truck t, at location x 

 

The NASTRAN static response is achieved by passing the truck along the corresponding lane 
at a slow velocity of 1 m/s. Table 3.3 below contains the information on the trucks used for 
calibration between influence line static response and NASTRAN static response. 

Table 3.3 - Influence Line calibration runs 

Axle Spacings (m) Axle Weights (kN) Ref. Lane Nt Lt 
(m) 

GVW 
(kN) 1-2 2-3 3-4 4-5 W1 W2 W3 W4 W5 

C2-1 1 2 5.1 189 5.1 - - - 66 123 - - - 

C2-2 2 2 5.3 203 5.3 - - - 67 136 - - - 

C5-1 1 5 11 460 3.2 5.1 1.4 1.4 55 129 92 92 92 

C5-2 2 5 10.5 202 3.2 5.1 1.1 1.1 37 72 31 31 31 

 

In Figure 3.8 the numerical simulations using the influence lines are seen to compare well 
with the static response from the Msc/NASTRAN simulations, with a maximum variation of 
0.2 % between corresponding maxima. For clarity only the middle beam (beam 3) and the 
edge beams (beam 1 and beam 5) are included in the figures. (In each of the figures shown, 
lines represent the NASTRAN output, while points represent the numerical influence line 
output.) 

The compatibility achieved by the influence line approach verifies the accuracy of the indi-
vidual numerical influence lines and allows for a computationally efficient analysis of static 
load effect. The numerical fits can therefore be programmed allowing numerous loading 
events to be simulated without the need for an individual MSc/NASTRAN simulation for 
each load case. The approach lends itself easily to use in conjunction with random traffic flow 
models. If measurements due to a calibrated truck were available at the desired bridge loca-
tions, there are a number of procedures proposed in the literature to obtain the true influence 
line (OBrien et al 2003, OBrien et al 2006, González & OBrien 2008). 
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(a) (b) 

(c) (d) 

Figure 3.8 Calibration runs to ensure compatibility of numerical simulations: (a) 2-
axle vehicle, lane 1 (C2-1); (b) 2-axle vehicle, lane 2 (C2-2); (c) 5-axle vehi-
cle, lane 1 (C5-1); (d) 5-axle vehicle, lane 2 (C5-2) 

3.3.3 Description of Road Profile 

An important consideration prior to the assessment of VBI is the quality of road profile on 
which the vehicles will travel. In the studies considered here four independent road profiles 
are required, one for each wheel path, for each of the permissible lanes in which a vehicle can 
travel. An initial set of random profiles is generated and specified as constant for all events. 
The road profile is generated using the method described in Appendix B. For each profile 
each parameter is fixed at time when each axle first reaches the bridge, t, to ensure a constant 
profile over the bridge length for all axles, for all simulated events.  

Figure 3.9 shows the variation in profile for each wheel path, in each lane. A minimum ap-
proach length of 100 m is included for all simulations and profile is continued after the bridge 
for both lanes to ensure vehicle stability.  As can be seen there exists little correlation between 
the two profiles for each lane and consequently no bias is introduced to induce excessive ve-
hicle pitching, or excessive vehicle rolling. 
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(a) 

 
(b) 

Figure 3.9 Profile of NASTRAN generated road surface irregularities over distance: 
(a) Road profile for vehicles in lane 1; (b) Road profile for vehicles in lane 
2 

Table 3.4 provides the roughness values (IRI) for 150 m lengths of each of the generated road 
profiles as analysed by ProVAL 2.7 software (Federal Highway Administration 2007). Each 
profile is representative of a good quality road surface similar to those found in new pavement 
profiles.  

Table 3.4 - Classification of generated road profiles for use with FE bridge model 

 Lane 1 Lane 2 
 Left Right Left Right 

IRI (m/km) 2.72 2.79 2.75 2.75 
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3.4 Analysis of Critical Loading Events 

For this investigation the bridge is as described in Section 3.3.1, and the load effect under 
consideration will be midspan bending in the longitudinal edge beam on the side of lane 1, 
i.e., beam 1. This beam is chosen since it has been previously observed that for the Mura 
bridge the edge beams are subjected to largest strain for both single-vehicle and vehicle-
meeting events (in particular beam 1 incurs higher total strain than the opposite edge beam, 
beam 5, when both lanes are equally loaded).   

3.4.1 Determination of critical static loading scenarios 

Information on WIM data used 
One week of WIM data was taken from the A6 motorway near Auxerre, France. The site has 4 
lanes of traffic (2 in each direction) but only the traffic recorded in the slow lanes was used 
and it is acknowledged that this results in conservative loading. In total 17756 and 18617 
trucks were measured in the north and south slow lanes respectively, giving an average daily 
truck flow of 6744 trucks. The recorded WIM data was analysed for the statistical distribu-
tions of the traffic characteristics of the site for each lane, and numerical fits applied accord-
ingly. The recorded WIM data was analysed by Grave (2001) for the statistical distributions 
of the traffic characteristics of the site, which are then provided as inputs to the traffic load 
model. 

Monte Carlo simulation of traffic flow 
Monte Carlo simulation is applied, using the described WIM data to generate 10 years of bi-
directional, free-flowing traffic data. This traffic is passed over the influence line for beam 1 
to determine the static load effects that result. In the case of medium span bridges (< 40 m), 
the critical traffic event, depending on load effect, is often said to consist of two heavy trucks 
crossing the bridge at the same time, however since only the response of beam 1 is considered 
here it is expected that the critical events will be biased towards having the most critical vehi-
cles in lane 1 with secondary vehicles in lane 2.  

Critical Events 
Each of the 10 years of simulation consists of 10 representative ‘months’ of 25 working days 
each (allowing for weekends and national holidays). The monthly-maximum static load ef-
fects are assessed for each load scenario (1-truck, 2-truck, 3-truck and 4-truck scenarios), for 
each month, for each of the 10 years of flow. For each year the ten most critical monthly 
maxima are identified and the specifics regarding each event retained. Thus 100 critical 
events corresponding to the monthly maxima are retained for dynamic analysis.  

Figure 3.10 shows the plotted monthly maxima for a typical year. In the figure the 10 monthly 
maximum load events for each type of load scenario (1-truck, 2-truck, etc.) are presented. 
From the observed years of monthly maxima the 10 most critical events overall are extracted 
(10 worst monthly maxima). As expected for a bridge of this type and span length the major-
ity of critical events are 1-truck and 2-truck events with occasional 3-truck events contribut-
ing. 
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Figure 3.10 Typical year of maxima 

The table below provides a typical set of data defining 10 ranked monthly maxima (the data 
contained in the table corresponds to year 1).  

Table 3.5 - Data for ranked monthly maximum events for year 1 
Event Lane W1 

(kg) 
W2 
(kg) 

W3 
(kg) 

W4 
(kg) 

W5 
(kg) 

AS1 
(m) 

AS2
(m)

AS3 
(m) 

AS4 
(m) 

V 
(m/s) 

App. 
(m) 

1 2 5502 13705 8703 8703 8703 3.3 5.2 1.2 1.2 20.8 100 
 1 10204 20307 13605 13605 13605 3.5 5.1 1 1 25.2 128 
2 2 6302 15105 9103 9103 9103 3.3 4.1 1.3 1.3 21.4 100 
 1 8903 22008 13305 13305 13305 3.3 5.5 1.3 1.3 23.6 117 
3 2 5002 8203 4702 4702 - 3 5.7 1.3 - 20.2 100 
 1 9403 20207 15105 15105 15105 3.5 5.1 1.1 1.1 24.7 129 
4 1 10504 18206 14305 14305 14305 3.4 4.5 1.2 1.2 26.1 116 
 2 4402 9703 4301 4301 - 3.1 5.6 1.5 - 22.3 100 
5 1 8203 20107 13004 13004 13004 2.9 5.6 1.2 1.2 25.9 110 
 2 5902 14305 11204 11204 - 3.2 6.3 1.1 - 23.2 100 
6 1 11504 23108 15105 15105 15105 3.3 5.5 1 1 25.4 100 
7 1 7503 16206 13705 13705 13705 3.4 5.2 1.2 1.2 23.2 97 
 2 6002 14505 8003 8003 8003 3.1 5.9 1.1 1.1 21.9 100 
 2 6702 15205 - - - 6 - - - 21 125 
8 1 8003 17306 12604 12604 12604 3.3 6 1.2 1.2 25.1 102 
 1 6902 12304 - - - 5.9 - - - 25.1 120 
 2 7603 14305 8403 8403 8403 2.9 5.6 1.4 1.4 22.4 100 
9 1 9003 22508 15005 15005 15005 3.3 4.9 1.4 1.4 23.7 100 

10 1 9903 22208 15105 15105 15105 3.3 5.3 1.3 1.3 24.5 100 
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Legend:- 

Event Lane W1 W2 W3 W4 W5 AS1 AS2 AS3 AS4 V App.

1 2 5395 13439 8534 8534 8534 3.3 5.2 1.2 1.2 20.8 100 
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Through individual analysis it is found that a slight inaccuracy exists in the data sets describ-
ing the number of vehicles contributing to the maximum static load effect, with the actual 
number of 3-truck events found to be less than previously specified (i.e. in certain events at 
least one of the vehicles has no axle present on the bridge at the instant of maximum static 
load effect). For example in event 7 from the table above, while all vehicles have at some 
stage at least one-axle on the bridge simultaneously, the 3rd truck is arriving as the 1st truck 
(the heaviest vehicle) is leaving. Thus the maximum static load effect occurs before the 3rd 
vehicle arrives and as such the event is more technically defined as being a 2-truck event.  

Of the 100 monthly-maximum events, 20 are required to be modelled as one-truck events, 77 to 
be modelled as two-truck events and 3 to be modelled as three-truck events. A further breakdown 
of the critical event types is provided in Figure 3.11(a), where again the emphasis on heavy 5-
axle vehicles in lane 1 is obvious (all critical events consist of a 5-axle vehicle in lane 1).  

The most common critical event type is that of two 5-axle vehicles meeting. This is attribut-
able to the high percentage of 5-axle vehicles in the total population, and also to the high per-
centage of heaviest vehicles being of 5-axle type. In general lane 1 carries a vehicle of high 
GVW (and low probability of occurrence), while lane 2 carries a more probable vehicle of 
less extreme GVW as shown in Figure 3.11(b). 

 
(a)       (b) 

Figure 3.11 Overview of 100 considered critical events:  (a) Frequency of event type; 
(b) Bias towards lane 1 loading 
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3.4.2 Dynamic Simulation of Identified Critical Static Events 

The 100 critical events are individually modelled and simulated using MSc/NASTRAN and 
the FE models. From the individually generated responses the maximum total load effect in 
beam 1, for each individual loading event, is obtained.  

It is assumed that 2-axle vehicles and 3-axle vehicles are rigid bodied vehicles and that 4-axle 
and 5-axle vehicles are articulated vehicles. Lane locations and directions, and individual 
wheel paths are as described previously. Each vehicle is individually modelled to the exact 
specifications of axle spacing and axle weights in the data from the traffic flow model. It is 
noted here that the traffic model only considers those parameters that influence bridge static 
response, and as such there is no allowance for variability in vehicle dynamic properties such 
as suspension and tyre stiffness, damping, etc. At the time of the study there existed very little 
statistical information regarding the distributions of these parameters. Consequently the con-
stant values of these dynamic properties are as given in Appendix B for the rigid bodied and 
articulated vehicle models. It is accepted that this assumption will affect results; however the 
approach methodology utilised is solid. With increased knowledge regarding vehicle dynamic 
properties the analysis could be improved to include possible correlations between suspension 
characteristics and vehicle type, GVW, velocity, etc. 

The road surface profile used for all simulations is the measured profile as described in Sec-
tion 3.3.3. It is appreciated at the outset that a profile of poorer quality will inevitably lead to 
an increase in the variability of the dynamic results. However the study is consistent as a 
bridge-specific application and as such the choice of a single representative profile, consistent 
with the accepted highway standard IRI for newly constructed pavements, for each wheel 
path is deemed sufficient. 

The lengths of the vehicle approaches are modified for vehicle-meeting events to ensure vehi-
cles meet at the prescribed location set out by the static analysis. A minimum approach length 
of 100 m is specified to ensure the dynamic models have achieved a suitable level of stability 
before crossing the bridge. The space-time graph for a 2-truck meeting event, event number 3 
from Table 3.5, is shown in Figure 3.12, where the left hand side of the bridge is chosen as the 
datum for vehicle location.  

Figure 3.12 shows the time of arrival of the front axles of both vehicles on the bridge. The in-
tersection of the two lines represents the instant when the front axles of both vehicles are at a 
similar longitudinal coordinate along the bridge length (meeting location as defined by Monte 
Carlo simulation). Also noted in the figure is the time at which the front axles of both vehicles 
depart the bridge. It is noted, and allowed for, that both vehicles are still considered to be 
loading the bridge until their respective last axle has departed. 

Examples of FE bridge response 
From Figure 3.11 it is shown that the majority of the critical events consist of two articulated 
vehicles (one in each lane) meeting on the bridge with the GVW of the vehicle in lane 1 being 
the primary factor defining a critical loading event for beam 1. A typical 2-truck meeting 
event is illustrated in Figure 3.13 and represents the bridge total response to the third most 
critical event (statically) from year 1 (given in Table 3.5). A 4-axle articulated vehicle of 
GVW 22,600 kg arrives first in lane 2, travelling at a speed of 20.2 m/s (Truck 2). Therefore 
beam 5 is most affected initially (0-0.5 seconds). A 5-axle articulated vehicle of GVW 74,900 
kg (Truck 1) arrives in lane 1 on the bridge shortly afterwards. Since this vehicle is both heav-
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ily laden and crossing in lane 1 it is deemed the more critical of the two vehicles and this is 
reflected in the transverse variation in longitudinal beam total response; beam 1 is most influ-
enced when the heavier vehicle, Truck 1, is on bridge. For the event, a maximum static stress 
at midspan for beam 1 of 7004 kN/m2 occurs. From MSc/NASTRAN analysis, a maximum 
total stress at midspan for the same beam is 7923 kN/ m2, yielding a DAF of 1.13 for beam 1.  

 
Figure 3.12 Typical space-time graph from start of dynamic simulation. 

 
Figure 3.13 Typical 2-truck meeting event (Event 3, Table 3.5) 
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Analysis of Results 
The static and total stress results from the FE simulations of the 100 events are presented in 
Figure 3.14, which identifies the positive correlation that exists (as expected).  

 
Figure 3.14 Scatter of maximum static stress against maximum total stress 

The figure illustrates an initial coarse analysis of the results yields an approximate trend for 
DAF of 1.05. Similarly scatter plots showing the relationships between DAF and maximum 
static response and between DAF and maximum total response are provided in Figure 3.15(a) 
and Figure 3.15(b) respectively. 

The relationship between DAF and static stress, as shown in Figure 3.15(a) is negligible, al-
though it is noted that the data represents the tail of the scatter for all events. Since all the 
loading events considered in the above analysis contained a very heavy vehicle in lane 1, the 
scatter of DAF versus static stress is concentrated within the lower levels of DAF 
(DAF<1.15). From Figure 3.16 ranked by maximum static stress, it is apparent that no visible 
trend of reducing DAF with increasing static stress exists; explained by the fact that all events 
considered result in very large static response. In other words since no light vehicle loadings 
events are considered high levels of DAF are not encountered. 
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(a)       (b) 

Figure 3.15 Scatter showing relationship between DAF and static stress/ total stress: 
(a) DAF Vs static stress; (b) DAF Vs total stress 

 
Figure 3.16 Ranking of events by maximum static response, with respective total re-

sponse and DAF. 

The distribution of recorded DAF is presented in Figure 3.17, where it is observed that DAF 
fluctuates around a mean of 1.038 and with a standard deviation of 0.042. It should be noted 
that this distribution is only applicable to critical events/monthly maxima, and since it has al-
ready been shown that the DAF experienced by beam 1 will, in general, decrease as the static 
load effect increases, by including the less critical loading events the mean DAF will shift to 
the right (increase from 1.038) and the standard deviation will increase.  
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Figure 3.17 Distribution of DAF in critical events 

Table 3.6 presents the statistical features of the results for total midspan stress in beam 1, 
static midspan stress in beam 1, and DAF. 

Table 3.6 - Statistical features of recorded values of total stress, static stress and DAF 

 
Total Stress 

(kN/m2) 
Static Stress 

(kN/m2) 
DAF 

Mean 7130.03 6870.57 1.038 
Median 7124.45 6854.33 1.041 

Standard Deviation 409.38 278.10 0.042 
Range 2197.06 1374.22 0.207 

Minimum 6096.33 6424.47 0.925 
Maximum 8293.39 7798.69 1.132 

 

The ADR for the chosen 10-year sample period is calculated here directly as being 1.0634 
(max total/max static). The Eurocode (EC 1 1994) recommends a DAF value of 1.17 for 
bridges of the type and length studied here (Figure 2.7). It has been observed that DAF values 
of 1.8 or above may be obtained for the chosen bridge load effect; however combinations of 
lighter vehicles, travelling at peak/critical velocities, generally excite these high DAF values. 
The actual occurrence and importance of these high DAF values is reduced when only realis-
tic critical loading scenarios are studied. The combination of a statistical approach to find 
critical loading scenarios, and complex FE bridge-vehicle interaction models to simulate these 
events in this study has lent significant weight to the argument that dynamic interaction is less 
influential in more critical loading events and that site-specific assessment of ADR can allow 
for a more representative and less conservative assessment of total bridge capacity. 
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This chapter has shown how WIM data can be used in conjunction with VBI models to de-
velop a bridge specific-value for DAF. Bridge load effect is considered to be a dependent 
function of several independent variables. It is acknowledged that the loading cases presented 
in this chapter are not critical for all bridges. Certain assumptions have been included to sim-
plify the bridge dynamic load problem due to the high number of significant variables. The 
approach becomes computationally prohibitive when further variables are introduced, how-
ever the methodology presented may be expanded to include an increased number of vari-
ables, such as variable truck types, axle and GVW configurations, etc., if required. 
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4. EXPERIMENTAL DETERMINATION OF A SITE-SPECIFIC 
DYNAMIC AMPLIFICATION RATIO 

4.1 Introduction 

This chapter first gives the background to experimentally obtain a value of ADR on site that 
could be derived from the load effect measurements due to random traffic within soft load 
testing. The influence of measurement period on the accuracy of soft load testing predictions 
of characteristic load effects, including VBI, for bridges with two lanes of opposing traffic, is 
considered. It concludes that, even for relatively short time periods, the estimates are reasona-
bly accurate and tend to be conservative. Provided the data is representative, soft load testing 
is shown to be a useful tool for calculating characteristic total load effect. 

Initially a simplified soft loading test simulated scenario is assessed, consisting of the load ef-
fects due to a single 5-axle vehicle with variable GVW and variable velocity. The individual 
and combined distributions for the chosen design variables are introduced and developed in-
dividually. The use of a semi-parametric approach towards GVW modelling is proposed, as 
the benefits of such an approach includes the ability to allow for events outside the observed 
sample, while maintaining an accurate representation of those less critical GVW values, 
which may become significant in vehicle-meeting events. It is shown that the accurate distri-
butions of static load effect and total load effect may be obtained using these modelled distri-
butions with numerical models that simulate varying load on the bridge (static and dynamic). 
This approach allows for full distributions of static and total load effect to be obtained. Analy-
sis of the extreme tails of the distributions then allows for characteristic values to be pre-
scribed, with no requirement for extrapolation. By comparison of characteristic total with 
characteristic static the corresponding site-specific allowance for dynamic interaction is ob-
tained for the event considered. It is shown that computationally efficient analysis of only 
near critical loading cases is beneficial in determining an accurate value for critical total 
bridge response.  

An alternative soft loading test simulated scenario is considered in the form of a vehicle-
meeting event consisting of the meeting of two 5-axle vehicles. The problem contains five 
variables, representing the GVW of both vehicles, the velocity of both vehicles, and the loca-
tion at which the vehicles meet along the bridge. In a similar manner to the single-vehicle 
event the distributions of static load effect and total load effect are obtained and the corre-
sponding value of ADR inferred from the extreme tails of these distributions. A proposal for a 
reduced allowance for dynamic interaction in locations with high quality road surfaces be-
comes evident. By comparing ADR at 1000-year return periods it is noted that the potential 
for high ADR decreases as road quality (IRI) improves, for both single-vehicle and vehicle-
meeting events. Finally, results from simulated scenarios are compared to results from meas-
urements taken in a bridge in Slovenia during the ARCHES project. Field measurements and 
the subsequent analysis are then extended to other bridge sites.  
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4.2 Parameters of the Dynamic Simulation 

It is difficult to secure sufficient field data for statistical studies involving years or decades of 
traffic loading on bridges. Therefore, this chapter describes a study based on a numerical 
model for which the exact solution can be calculated. To simulate dynamic loading scenarios, 
a numerical VBI model for bridge crossings by single and multiple trucks was developed. To 
illustrate the phenomenon of soft load testing, a very simple, computationally efficient model 
is required to allow millions of repeated calculations. Hence, a 1-Dimensional model is cho-
sen and the number of design variables is first reduced to two: gross mass and vehicle veloc-
ity. Gross mass is chosen as a variable as it is a primary determinant in defining a critical 
static load effect while velocity is strongly linked to dynamic interaction (SAMARIS 2006). 
As it is 1-Dimensional, this model would not be expected to be very accurate. Similar models 
are compared to more sophisticated models and to field measurements in Appendix A. 

The response of the bridge is obtained at a specified time ordinate t and location on the bridge 
x, for the duration of the simulation. Surface profile heights, ri(t), are specified for each axle i 
of the vehicle, depending on location along profile, and for each incremental time step, ∆t, 
then bridge deflection under each axle, yb(x,t), is returned to the vehicle model to calculate 
dynamic tyre force. The vehicle model is a 5-axle multiple degree of freedom articulated 
truck, described by Harris et al (2006) (Appendix B) and illustrated in Figure 4.1(a). The 
model consists of two rigid bodies, connected at a hitching point, H, and supported by five 
sets of suspensions, as illustrated in Figure 4.1(b). 
 

           

     (a)        (b) 

Figure 4.1 Vehicle model for use in vehicle-bridge dynamic interaction model (a) Ar-
ticulated 5-axle vehicle model (b) Individual tire/suspension system model 

The vehicle model has eight independent degrees of freedom: bouncing (yT) and pitching (θT) 
of the tractor centre of gravity, pitching (θS) of the semi-trailer centre of gravity and vertical 
hop (y1, y2, y3, y4, y5) motions of each axle assembly. The vertical deflections and pitching mo-
tions of the degrees of freedom are assumed to be small, relative to the overall vehicle geome-
try, and as such the suspension components (suspension stiffness, suspension damping, tyre 
stiffness) are modelled with linear characteristics. For the studies contained herein only two 
variables are considered for each vehicle: vehicle velocity and GVW. These variables are dis-
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cussed further on. All other vehicle variables are fixed. Vehicle dimensions are based on typi-
cal values for 5-vehicle types, as described by Grave (2001). Table 4.1 provides a full list of 
the vehicle model parameter values used, based on values from literature (Kirkegaard et al 
1997b). These values are acceptable based on those proposed in the vehicle suspension data-
base detailed by Fu & Cebon (2002). 

Table 4.1 - Vehicle Properties 

Axle 
No. 

Suspension 
Stiffness (ki) 

Tire  Stiffness 
(kti) 

Suspension 
Damping (ci) 

Axle  Mass 
(mi) 

 (103 N/m) (103 N/m) (Ns/m) (kg) 
1 1800 1000 5000 700 
2 300 2000 5000 1100 
3 1800 2000 5000 750 
4 1800 2000 5000 750 
5 1800 2000 5000 750 

 

The bridge properties used for the simulations studied here given in Table 4.2. These proper-
ties are chosen to represent a typical 2-lane highway bridge.  

Table 4.2 - Bridge Material properties 

Youngs Modulus of Material (E) 3.5×10 10 N/m2 

Bridge Width 10 m 

Slab Depth 1.25 m 

Bridge Damping (ξ)  0.03 (3 %) 
Density (ρ) 2500 kg/m3 

First Natural Frequency (f1) 3.39 Hz 

 

In the investigations presented in this paper both single-vehicle and vehicle-meeting events 
are considered. A vehicle-meeting event is defined here as an event in which both vehicles 
contribute to the maximum static load effect. The criteria defining a meeting-event are formu-
lated based on the velocities of both vehicles and the distance between them (since both vehi-
cles are of similar dimensions). 

For the purposes of this study various artificial road profiles are required. These profiles are 
generated using the equation below, where the height of road surface irregularity, r(t), for a 
typical one-dimensional numerical model of a road profile is given by (Yang & Lin 1995): 

)cos()(4)(
1

ii

N

i
i tStr θωωω −∆= ∑

=

     Equation 4-1 



ARCHES-02-DE10  

 35 

where N represents the chosen number of discrete frequencies, ∆ω represents a frequency in-
crement, ωi represents circular frequency and θi represents an independent random variable 
uniformly distributed in the range 0 to 2π. The road surface profiles are classified based upon 
the power spectral density function S(ωi), the value of which defines whether the surface is 
poor, average, good, etc. The classification of road roughness given by ISO (International 
Standards Organisation) specifications is based on the values for roughness coefficient a 
(m3/cycle). The International Roughness Index (IRI) is also used as a measure of road surface 
roughness (can be used for both real and artificially generated road profiles). A detailed ex-
planation on ISO and IRI classifications and the relationship between both is provided in Ap-
pendix B. An IRI of 6.0 m/km is regarded as the maximum IRI value acceptable for highway 
quality pavements (classification must be at least ‘Good’) (Sayers et al 1986). A portion of an 
artificially generated theoretical profile bordering ‘Very Good’/‘Good’ conditions (a = 8x10-6 

m/cycle, IRI approx. 4.06 m/km) is shown in Figure 4.2.  

 
Figure 4.2 Typical theoretical road profile (a = 8x10-6 m/cycle, IRI ≅ 4.06 m/km) 

The distributions of GVW and velocity for 5-axle vehicles are derived from WIM data taken 
over 19 weeks from the WIM site, A12 1HRR (southside), in the Netherlands. The WIM data 
is filtered to include only 5-axle vehicles of 2-axle tractor + 3-axle semi-trailer type similar to 
that represented in Figure 4.1. The resultant data set consists of over 238200 such trucks. Ve-
locity is modelled as a tri-modal normal distribution as shown in Figure 4.3(a). GVW is mod-
elled using a semi-parametric distribution. This distribution consists of direct fitting to the 
histogram where sufficient data exists. The upper extreme values of GVW are known as the 
tail of the distribution and are modelled parametrically since little data is available. The semi-
parametric fit to GVW histogram is shown in Figure 4.3(b). 
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(a)         (b) 

Figure 4.3 Distribution of variable vehicle parameters: (a) – Distribution of Velocity 
(b) – Distribution of GVW 

The weights, means and standard deviations of each mode of the velocity distribution are 
given in Table 4.3.  

Table 4.3 - Parameters defining velocity distribution (units: km/h) 

Mode No. (i) Mean (µi) Standard Deviation (σi) Weight (ai) 
1 76.0 14.8 0.145 
2 83.0 2.6 0.487 
3 88.2 1.5 0.368 

 

Application of the equation that follows gives the combined distribution function for velocity, 
f(v), where n is in this case 3. 

2 2( ) / 2
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− −

=

= ∑       Equation 4-2 

Since velocity and GVW are found to be independent of each other for the WIM data studied 
the probability of a vehicle of GVW w and velocity v is given by the following equation: 

,       Equation 4-3   

For vehicle meeting events a further variable, the meeting location d is required. Here, since 
traffic flow in opposite directions is independent, the distribution of meeting location is taken 
as being uniform between limits imposed by vehicle velocity and the length of vehicles and 
the bridge (i.e. upper and lower limits of meeting location to ensure both vehicles contribute 
to maximum static load effect). Each individual meeting event is defined by a unique set con-
taining 5 variables (w1, w2, v1, v2 and d) resulting in a 5-dimensional design space. Since it is 
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assumed none of the design variables are correlated to the others, the probability of each 
event is the product of the individual probabilities of occurrence of the 5 variables. The previ-
ous equation is thus revised to represent the probability of occurrence of each event PEvent: 
 

   Equation 4-4 

where N is the total number of design variables and fX(xn) is the probability of occurrence of 
variable xn . 
 

4.3 Variation in Lifetime Dynamic Allowance with Road Roughness 
 
The results of random traffic flow are shown in Figure 4.4. Figure 4.4(a) shows a typical day 
of single vehicle events based on the prescribed distribution of design variables and using a 
profile with IRI of 2.06 m/km. Figure 4.4(b) shows a typical month of vehicle-meeting events. 
For both types of event it can be seen clearly that DAF reduces as static load effect increases. 

 

(a)                                                                  (b) 

Figure 4.4 Static load effect Vs. DAF; (a) single-vehicle events; (b) vehicle-meeting 
events 

Here using integration techniques discussed at length in Rattigan et al (2006) and Rattigan 
(2007), the exact lifetime distributions of both Static and Total bending moments are obtained 
independently. These distributions are achieved by simulating all possible loading scenarios 
statically and dynamically. The resulting responses are attached the respective probability of 
the event based on the prescribed statistical distributions. 

The 1000-year values for static and total load effect are extracted from the respective CDFs 
based on the assumption that each year consists of 250 days of normal traffic flow and that 
each day consist of 2000 5-axle loading events. Following the procedure in Section 4.2, the 
1000-year ADR is predicted. Figure 4.5 identifies 1000-year ADR for 100 different road sur-
face profiles with IRI of less than 6 m/km. Although each profile considered is either ‘Good’ 
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or ‘Very Good’ based on ISO standards the clear trend exists that for rougher road profiles the 
potential for high ADR increases. The range of values for the highest quality profiles is be-
tween 1.065 and 1.08. For the profiles with higher IRI the range widens (1.025 to 1.12). This 
figure also reinforces the possible savings that may be made by considering a site specific al-
lowance for dynamics at lifetime levels since all of the observed values for 1000-year ADR 
are below the recommendations of design codes for dynamic allowance. 

 
Figure 4.5 1000-year ADR for single-vehicle truck events Vs road roughness 

The variability of ADR with road roughness is investigated for vehicle-meeting events in a 
similar manner. Due to the time consuming nature a smaller sample of 20 road profiles, again 
with IRI < 6 m/km, are considered. The 1000-year ADRs are extracted from the obtained 
CDFs based on the assumption that an average of 57 meeting events occur per day (the num-
ber of meeting events is a function of the bridge length, velocity distribution, vehicle length, 
etc.) The results of these simulations are shown in Figure 4.6. Again it is shown that for 
smoother road surface profiles the potential for high ADR is reduced. Also a narrow range of 
possible ADR exists for smoother road profiles (i.e. effect of road roughness becomes negli-
gible and bridge vibration contributes the majority). 

 
Figure 4.6 1000-year ADR for vehicle-meeting events Vs road roughness 
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4.4 Efficient Assessment of Lifetime Allowance for Dynamics 

The previous study offers valuable insight into the relevance of dynamic interaction at life-
time levels. However the accurate assessment of ADR at lifetime levels remains inefficient 
owing to the large number of variables that require consideration and the complexity and 
computational expense of the most accurate of models. The possibility of using a small sam-
ple of data to extract an accurate value for site-specific lifetime ADR is now investigated. As 
mentioned previously, it has been observed in numerous studies that the probability of high 
DAF tends to decrease as applied static load increases (SAMARIS 2006). So, it is reasonable 
to assume that the probability of high ADR will decrease as return period/characteristic static 
load increases. By considering the ADR for a number of return periods it may be observed 
that an accurate, if slightly conservative, estimate of the required dynamic allowance at life-
time levels (typically 1000-years) may be made by sampling from a much smaller sample. 

Here, as in the previous section, the exact distributions of static and total load effect are ob-
tained for both single-vehicle and vehicle-meeting events for a range of road profiles with IRI 
<6 m/km. For each example these distributions are used to identify ADR at a number of dif-
ferent return periods (1 day, 1 month, 1 year, etc.). These ADR values are then compared with 
the 1000-year ADR for the same example. 

Figure 4.5 identifies the correlation between ADR for some of the considered return periods, 
ADRR against the 1000-year ADRn for single-vehicle events. A perfect correlation is repre-
sented by the solid black line in the figure (1000-year Vs 1000-year). Also ADRmean is used to 
represent the mean total load effect divided by the mean static load effect and is used to repre-
sent an overall insight into the levels of dynamic interaction occurring on the bridge when 
trafficked. It is seen that ADRmean is weakly correlated with the 1000-year ADR, but as the con-
sidered return period increases the correlations become strongly positive (i.e., 1-year ADR 
strongly correlated with 1000-year ADR). Here it is noted that the level of conservatism tends 
to increase for the highest considered levels of ADR, for each of the return periods consid-
ered. 

 
Figure 4.7 Correlation between ADRR and 1000-year ADR (single-vehicle event) 
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The coefficients of correlation for this example are presented in Table 4.4. A good balance be-
tween realistic data sample and accuracy is achieved by using the 1-month ADR as a repre-
sentation of 1000-year ADR since the correlation between these two is 0.949. 

Table 4.4 - Values of correlation between ADRR and 1000-year ADR (single-vehicle 
events) 

 Return Period (R) 
 Mean 0.5 Day Day Week Month 1-year 100-year 

1000-year 0.353 0.808 0.853 0.910 0.949 0.975 0.997 

 
The procedure is repeated for vehicle-meeting events on alternative road profiles and the re-
sults are shown in Figure 4.8. Again as shown in Figure 4.7, the correlation between ADRR 

and 1000-year ADR improves as R increases. Again it is noted that the level of conservatism 
tends to increase for the highest considered levels of ADR (i.e., those bridges where largest 
levels of dynamic excitation occur). 

The coefficients of correlation for vehicle-meeting events are presented in Table 4.5 where it 
is noted that the 1-month ADR offers and acceptable assessment of 1000-year ADR. In this 
case the correlation is weaker, than for single-vehicle events, since vehicle-meeting events are 
subject to many more variables and are less probable than single-vehicle events. 

 
Figure 4.8 Correlation between ADRR and 1000-year ADR (vehicle-meeting event) 
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Table 4.5 - Values of correlation between ADRR and 1000-year ADR (vehicle-meeting 
events) 

 ADRR 
 Mean 0.5 Day Day Week Month 1-year 100-year 

1000-year 0.585 0.750 0.775 0.794 0.841 0.885 0.944 

In the studies contained in this chapter numerical VBI models have been used with measured 
WIM data to investigate the relevance of vehicle-bridge dynamic interaction at lifetime levels. 
ADR has been assessed for both single vehicle events and vehicle meeting events, for a num-
ber of road surface profiles, and it has been noted that for both single vehicle events, and ve-
hicle meeting events, the potential for high value of ADR increases as road profile quality de-
creases. Furthermore there exist sufficient levels of variation in the observed values for ADR 
to suggest that site-specific assessment of ADR may prove beneficial. Owing to the difficulty 
in accurately simulating many years of dynamic traffic in an efficient and repeatable manner, 
the trend of ADR with return period has been investigated to assess whether an accurate rep-
resentation of 1000-year ADR could be provided using a shorter, and therefore more accessi-
ble return period. It has been shown for the examples considered that a good, if slightly con-
servative representation of 1000-year ADR is achieved by considering the 1-month ADR (or 
by considering a typical month of data). This is a significant finding, since it will allow for ef-
ficient assessment of site-specific allowance for dynamic interaction (OBrien et al 2009). In 
conclusion, the assessment of lifetime total load effect remains a complex and difficult prob-
lem. However, by application of a site-specific allowance for vehicle-bridge dynamic interac-
tion the possibility exists to prevent needless rehabilitation expense, since often de-
sign/assessment codes tend to be overly conservative. 

4.4.1 Variation of ADR with Sample Size and Return Period 

When formulating an approach to assess bridge traffic loading with allowance for VBI, a 
trade-off is necessary between the limited accuracy and computational demands of numerical 
models and the limited time periods for which experimental data is available. As the previous 
sections have shown, numerical modelling can simulate sufficient numbers of loading scenar-
ios to determine characteristic total load effects, including an allowance for VBI. However, 
simulating VBI for years of traffic is computationally expensive, often excessively so. Fur-
thermore, there are a great many uncertainties associated with numerical models such as the 
road surface profile and the model parameter values (e.g., spring stiffnesses) for the heavy 
vehicle fleet. On site measurement of total load effect, including the influence of VBI, over-
comes many of these uncertainties as measurements are the result of actual loading scenarios 
as they occur on the bridge. However, it is often impractical to monitor bridges for extended 
periods of time which raises questions about the accuracy of calculated characteristic load ef-
fects.  

For most bridges, standards tend to be particularly conservative in their allowance for dy-
namic VBI. Chapter 3 have shown evidence that VBI reduces as load effect increases. These 
results have been confirmed by previous research (Žnidarič et al 2008, SAMARIS 2006, 
González et al 2008) and by measurements taken during the ARCHES project as illustrated in 
Figure 4.9. If this trend is generally applicable, it suggests quite a small required VBI allow-
ance for large return periods such as 75 or 1000 years.  
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Soft Load Testing, proposed by Žnidarič (SAMARIS 2006), offers a low-cost method of im-
proving the accuracy of bridge safety estimates. Soft Load Testing is based on bridge Weigh-
In-Motion (WIM) measurements (Moses 1979, OBrien et al 1999, WAVE 2001), where in-
strumented bridges are used to determine the static weight of vehicles as they pass overhead. 
Using the bridge WIM instrumentation, sometimes with additional sensors, total bridge load 
effects can be measured including the effects of VBI. Comparing total load effect with the 
static equivalent gives the influence of VBI, i.e., the dynamic increment. 

 
Figure 4.9 Dynamic Amplification Factor versus total strain for measured single and 

multiple vehicle presence (MP) events at Hrastnik Bridge 

For bridge assessment purposes, the characteristic static load effect can be found using con-
ventional extrapolation methods: maximum static load effect per day (for example) is meas-
ured or simulated; the data are fitted to an Extreme Value distribution and extrapolated to find 
the characteristic static value (ARCHES Deliverable D08). The characteristic total load effect 
(including VBI) is required for assessment purposes. It is of interest that these two character-
istic values (and hence, its ratio ADR) may not necessarily arise from the same loading sce-
nario. 

For the single vehicle 1-Dimensional example described in Section 4.2, the load effect is a 
function of the two variables, gross mass and speed. Integrating over all possible combina-
tions of these two values, the cumulative distribution function (CDF) is found for the static 
and total load effects (Figure 4.10). It should be noted that, as this is done by integration, it is 
an exact solution (except for discretization inaccuracies); there are no inaccuracies arising 
from fitting an Extreme Value distribution to maximum-per-day load effect data. It can be 
seen that, except for very low bending moment, characteristic total load effect exceeds 
characteristic static as would be expected. More significantly, the difference between total and 
static may tend to increase as the load effect increases towards ever greater, and rarer, ex-
tremes. However, the ratio between the two is actually reducing. 

For 2000 trucks per day over 250 working days per year over a return period of 1000 years, 
the characteristic loading event is that with a probability of 1 in (2000×250×1000 =) 500×106. 
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This corresponds to a probability of exceedence of 1 – 1/(500×106). Figure 4.10(b) shows that 
the characteristic total load effect with this probability of exceedence is 4720 kNm and the 
corresponding characteristic static value is 4434 kNm, giving an ADR of 1.065.  

 
(a) 

 
(b) 

Figure 4.10 CDF’s of static and total bending moment for single-vehicle events: (a) 
Full CDF’s of static and total bending moment; (b) Upper tail of CDF’s. 

CDF's of mid-span strains measured on the Hrastnik Bridge in Slovenia are illustrated in 
Figure 4.11. This represents 14 days of measurement and a total of 5276 loading events. Total 
strain was measured directly using sensors attached to the underside of the bridge. The corre-
sponding static strains were found indirectly: a Bridge WIM system, calibrated using stati-
cally pre-weighed trucks, was used to infer the static axle weights from the measured strains. 
The bridge influence line was then used to calculate the strain corresponding to the static axle 
weights. Due to the inevitable influence of accuracy of WIM measurements on results this 
method was within ARCHES replaced with an alternative procedure that calculates the 
maximum static strain from directly applying a low-pass filter to the total measured strain that 
removes the existing dynamic oscillations (Section 4.5) (Žnidarič et al 2008). This approach 
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provides consistent results but may be somewhat conservative when estimating ADR if the 
removal of some small statics could not be avoided for sharp influence lines combined with 
closely spaced axles travelling at high velocities (Dowling et al 2008a, 2008b, Dowling 
2009). 

 
Figure 4.11 CDF’s of measured static and total strain for combined database of single 

and multiple vehicle events 

While the measurements of Figure 4.11 are for different bridge geometry, span and traffic 
from that used in the numerical simulation of Figure 4.10, the results still confirm some of the 
main features of the simulations. For both simulated and measured results, static and total 
load effects track each other closely with total being greater than static. While the difference 
between static and total slightly increases for higher load effects in Figure 4.10, the percent-
age difference is actually reducing. The differences between static and total are less in Figure 
4.11 than Figure 4.10 but the same phenomenon is present; that of the percentage differences 
reducing as load effect increases. The 'kinks' in the measured CDF (Figure 4.11) may be due 
to the presence of multiple-presence events among the measurements which will be statisti-
cally different from single vehicle crossing events. The simulations are for single vehicle 
crossing events only. 

ARCHES Deliverable D08 describes how to use Extreme Value theory to obtain site-specific 
characteristic static load effects. Maximum-per-day (or maximum-per-month etc.) load effects 
are taken from measurements or simulation. For the example considered here, precise charac-
teristic values have been found by integration so it is possible to illustrate the errors that can 
arise from the conventional approach. In Figure 4.12, twenty five simulated daily maxima are 
fitted to a Generalised Extreme Value (GEV) distribution which is extrapolated to obtain an 
estimate of the 1000-year return period load effect. This process is repeated ten times and the 
results compared to the precise value found by integration. The errors, as illustrated, range 
from -24% to +33% demonstrating that, even for static load effects, 5 working weeks (25 
days) of data is insufficient to get an accurate estimate of the characteristic value. 

Accuracy improves considerably when more data is available. When 100 maximum-of-5-
weeks static load effects are fitted to a GEV in Figure 4.13, the error in characteristic value is 
only 3.8%. Similarly, when a GEV is fitted to the 100 5-week maximum total load effects, the 
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results are good – just 5.6% error. When these errors are combined, the error in ADR is more 
significant. For this example, the ADR is 1.065 but the ratio of the values found by fitting to 
GEV distributions is 1.083. While this corresponds to a 29% error in the dynamic element of 
ADR (comparing 8.3% to 6.5%) the absolute error is not excessive. 

 
Figure 4.12 Variation in GEV fits to sets of 25 daily maxima. 

 
Figure 4.13 Extrapolation of 10 years of 5-week maxima (single-vehicle events). 

The model used to derive the 5-week maximum total load effects of Figure 4.13 is 1-
Dimensional, which makes it feasible to simulate (100×5×5=) 2500 working days. To simu-
late 2500 working days (10 years) of vehicle crossing events dynamically is computationally 
demanding and becomes impractical for 2-and 3-dimensional models. However, static simula-
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tions are extremely fast and an estimate of characteristic total load effect can be found if only 
the 5-week static maximum loading scenarios are simulated dynamically. In Chapter 3, this 
approach was used for analysing the Mura River bridge in Slovenia. A 3-dimensional finite 
element model was calibrated using Diagnostic Load Testing. One hundred 5-week maximum 
static load effects were found using a simple 1-dimensional model and each of these 100 load-
ing scenarios was analysed dynamically using the 3-dimensional model. Nevertheless, this 
process is highly demanding computationally. 

The increase in characteristic load effects (static and total) with return period that results from 
simulations in Section 4.2 is shown in Figure 4.14.  

The variation in ADR with return period, for the example shown in Figure 4.14, is illustrated 
in Figure 4.15 (Note: ‘ADRMean’ represents the mean total load effect divided by the mean 
static load effect, and corresponds to a return period of 1 day/1000 for a flow of 2000 trucks 
per day). From Figure 4.15 it is seen that in this case the application of ADRmean (1.082) 
would result in a conservative estimate of characteristic total load effect. However, for some 
short return periods (e.g. 1-month) a good representation of 1000-year ADR (1.065) is achiev-
able. 

 
Figure 4.14 Characteristic values of static and total load effect (single-vehicle event) 
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Figure 4.15 Variation in ADR with return period 

It is expected, that as the relationship between DAF and static load effect varies depending on 
the road surface profile, so the relationship between ADR and return period will also vary 
with road profile. The above procedure is thus repeated for 100 randomly generated road sur-
face profiles with IRI <6 m/km. From Figure 4.16 it is identified that the range of possible 
ADR narrows as return period increases. For example from Figure 4.16 it is noted that for re-
turn periods of greater than 1-month only a slight decrease in the range of possible ADR is 
obtained when compared to the range of ADR values at 1000-year return period.  

 
Figure 4.16 Variation in ADR with return period 

The general conclusion is found that ADRmean is inaccurate as an assessment of 1000-year 
ADR. However, for a return period of 1-month the percentage error compared to the 1000-
year ADR is between –18% and +24%, while for a 1-year return period the percentage error 
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varies from –18% to +6%. It is also important to note that observed errors may not necessar-
ily err on the side of conservatism. 

The relationship between ADR and return period is further investigated here for vehicle meet-
ing events. Again a range of road surface profiles with IRI < 6 m/km are considered. How-
ever, due to the computational expense required to obtain the full distribution for total bend-
ing moment due to vehicle meeting events, a smaller sample of 25 profiles are considered 
here. In Figure 4.17 the observed ranges for ADR for a number of return periods are plotted, 
and again it is shown that higher return periods have narrower ranges in which ADR may oc-
cur. From Figure 4.17, the upper limit for ADR is shown to reduce as return period increases. 
In this case the maximum observed ADR reduces from 1.14 (at mean) to 1.09 (at 1000-year). 

Once more, for the considered vehicle-meeting events it is apparent that the variability of 
ADR reduces as return period increases. Typically, errors of between +21% and -22% are ob-
served when a return period of 1-month is considered. Since it is much more feasible to obtain 
ADR for a 1-month return period, either by on-site testing or by computational means, it is 
proposed that by applying an obtained 1-month ADR to the extrapolated 1000-year character-
istic static load effect, an accurate assessment of site-specific characteristic total load effect 
may be made. 

 
Figure 4.17 Variation in ADR with return period (vehicle meeting event) 

In realistic traffic loading scenarios, there is considerably more variability than in the simula-
tions considered in this chapter. There is a great variation in vehicle classes, axle spacings, ar-
ticulations, weight distribution between axles and suspension stiffnesses. As this variability 
increases over the simple examples considered here, it seems likely that the variability in 5-
week ADR will also increase. Nevertheless, in the absence of an alternative method of esti-
mating 1000-year ADR, an on-site measurement of the 5-week value is a reasonably accurate 
and generally conservative estimate. To address the variability issue, the measurement needs 
to be repeated a number of times. For example, with 25 or 50 weeks of measurement, i.e., five 
or ten 5-week ADR’s, the mean plus 1.64 standard deviations should give a good and gener-
ally conservative estimate of the mean plus 1.64 standard deviations of 1000-year ADR. Us-
ing the standard deviation of 5-week ADR captures the variability in the results and, as stan-
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dard deviation tends to fall as return period increases, there is as additional conservatism in 
such an approach (OBrien et al 2009). In countries where seasonal effects influence the road 
profile, at least one year will be required to get some measure of the variability due to such 
changes in the profile. 

The uncertainty and hence the conservatism of this approach can be reduced by considering 
different loading scenarios separately. For example, single truck crossings and two-truck 
meeting events can be considered separately for both static and total load effects. The prob-
abilities of exceedence can be subsequently combined.  

It is concluded that site measurement of total load effects, including allowance for dynamics, 
has considerable potential as a means to assess the allowance that should be made for dy-
namic amplification in bridge assessment. Assessment Dynamic Ratio (ADR) is proposed as 
the ratio that is necessary to convert static to total load effect for assessment purposes and a 
specified return period. This method can be used to obtain a site-specific estimate of charac-
teristic load effect.  

4.5 Experimental setup and measurement of dynamic amplification 
factors 

4.5.1 Introduction 

Models and simulations are not the only way to determine Dynamic Amplification Factors. 
Their advantage is that theoretically they can account for infinite number of loading situa-
tions, but also have several limitations.  

Models vary greatly in their complexity. As might be expected, the very simple models are 
generally the least accurate. Anything short of full 3-dimensional models give significantly 
different results to simple 2-dimensional models. Chapters 3 and 4 of this document are list-
ing other important parameters that require realistic modelling: 

• Articulation:  articulated tractor/semi-trailers behave quite differently to rigid 2- and 3-
axle trucks; 

• suspension type: it is known that air suspensions are considerably more "road friendly" 
than steel leaf spring suspensions and should be modelled differently; 

• road profile: it is not just road roughness that affects the dynamic amplification in a 
bridge, but also the location of the particular bumps that make up the profile is very im-
portant; IRI is at best a very crude indication of the level of dynamics that can be ex-
pected. 

• vehicle locations: trucks will not follow the exact same track each time they travel over 
a bridge and will therefore experience a slightly different profile which can have a sig-
nificant effect; 

• availability of data: some spring stiffnesses, damping coefficients, etc., are available for 
some trucks (and some good truck models exist for particular trucks) but there is little 
known about the model properties that should be used for the truck population at large. 

As a result of all these issues, theoretical truck/bridge models are not fully reliable indicators 
of dynamic amplification. In 2005, the SAMARIS project (2006) has already demonstrated 
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the potential of field measurements as prospective more reliable indicator of DAF, especially 
as they incorporate in the results all unknowns and variations that are so difficult to model. 
However, limited results available at that time yielded the conclusion that it was not entirely 
clear how much data is needed to determine the characteristic level of DAF that would be ex-
ceeded in 10% of cases in a 100 year design life. This was examined within the ARCHES pro-
ject. 

4.5.2 Theoretical background of DAF measurements 

DAF was made possible with the new generation of Bridge Weigh-In-Motion (B-WIM) sys-
tems, which use instrumented bridges from the road network to weigh heavy vehicles. As B-
WIM system measure the dynamic strain signals, the SiWIM system developed in Slovenia 
was upgraded to measure the dynamic response of the structure under random traffic condi-
tions (Žnidarič et al 2008). 

Weigh-in-motion systems have been traditionally used to collect freight traffic data to support 
transportation planning and decision making activities. The aim of any WIM system is to ob-
tain accurate axle load and gross weight information. Despite the dynamic interaction be-
tween the vehicles and the pavement which affects accuracy of results, WIM is well recog-
nized as the only weighing method which can measure the entire population of vehicles on a 
road section, including the overloaded vehicles which successfully avoid other modes of 
weighing. It is therefore the most efficient way to provide unbiased data on heavy freight ve-
hicles. There are two major groups of WIM systems on the market, the ones that weigh with 
sensors built into the pavement, with numerous varieties and quality of sensors, and bridge 
WIM systems. 

4.5.3 Bridge Weigh-In-Motion 

General 
Bridge weigh-in-motion (B-WIM) systems are applied on existing bridges or culverts from 
the road network which are transformed into undetectable weighing scales (Žnidarič 1998, 
WAVE 2001, Rowley et al 2009). For this purpose the structures are instrumented with the 
strain measuring gauges and, when necessary, with the axle detectors. Traditionally, strains 
are measured on the main longitudinal members of the bridge to provide response records of 
the structure under the moving vehicle load (Figure 4.18).  
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Figure 4.18 Bridge WIM instrumentation (left) and strain transducers on the soffit of 

a slab bridge (right) 

B-WIM algorithm requires information about the passing axles to identify vehicle occur-
rences, velocities, number of axles per vehicle and axle spacings. This data was traditionally 
obtained from the axle detectors attached to the surface or built into the pavement. As axle de-
tectors are under direct impact of the traffic, they are prone to damages and are as such the 
weakest component of a B-WIM system. To overcome this difficulty, FAD (Free-of-Axle De-
tector) approach has been developed (WAVE 2001, Žnidarič et al 2005) where information 
from the axle detectors is replaced by signals obtained from additional strain transducers un-
der each lane (Figure 4.19). FAD sensors are generally installed on the bridge deck, which 
provide sharp strain responses (peaks) due to the passing wheels.  

FAD installations comprise over 70% of all B-WIM installations in Europe. Some countries, 
like Sweden, uses FAD setups only (Žnidarič et al 2005). 

   
Figure 4.19 Traditional bridge WIM installation (left) and additional strain transduc-

ers replacing axle detectors (right) 

Influence lines 
Influence lines are the key factor for quality B-WIM measurements. The first generation of B-
WIM systems in the 1980’s used theoretical influence lines, which was sufficient for calculat-
ing relatively accurate gross weights, but it could not provide reliable axle loads, especially 
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on shorter spans. The recent generation of B-WIM systems use exclusively influence lines 
that are directly derived from the measured data on the site. Figure 4.20, left, shows a window 
from the SiWIM software, displaying a measured dynamic signal of a 3-axle truck, and the 
modelled static signal, decomposed to the individual contributions of the three axles. This 
static signal is obtained from the experimental (measured) influence line, which is multiplied 
by the axle loads, as weighed by the BWIM system. If the influence line accurately represents 
bridge response under the moving loading, then any random vehicle produces a good static 
approximation of the measured dynamic signal (Figure 4.20, right). If the measured and the 
calculated static signals of a random vehicle are very close, then reliability and accuracy of 
weighing results is very high. 

SAMARIS approach 
This approach was used in the SAMARIS project to develop an algorithm that compared di-
rectly the measured dynamic strains with the modelled static strains. Yet, this algorithm was 
dependant on accuracy of weighing. While it yielded accurate results when the axle loads 
were correctly evaluated (Figure 4.21, left), it has also resulted in serious outliers when there 
was error in speed measurement, in axle weighing or even when some axles were not properly 
identified (Figure 4.21, right). 

   
Figure 4.20 Influence line calculated from a 3-axle vehicle (left) and a random 3-axle 

vehicle calculated from the same influence line (right) 
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Figure 4.21 Dynamic vs. static strain signals for DAF calculation: Correct (left) and in-

correct due to a missed axle in WIM measurement (right) 

New algorithms 
As a result several new algorithms were tested within the ARCHES project. Due to the sensi-
tivity of accuracy of results of WIM measurements it was decided not to use the indirect 
method of reconstructing the static strain response from WIM results, but rather to condition 
the measured strain signals by low-pass filtering to remove the dynamic component.  Then, 
WIM results are used only to relate the calculated DAF values to the gross weight and cate-
gory of the vehicle(s).  

To obtain the procedure that most consistently divides static and dynamic components of all 
random measured signals, four variations of algorithm were tested to obtain the static signals: 

1. moving average of the measured signals based on the average velocity of all vehicles, 

2. moving average of the measured signals based on individual velocities of the vehicles, 
i.e. for each loading event different number of points were used in averaging, 

3. FFT low-pass filtering based on individual FFT spectra, similar to variation 2, and 

4. FFT low-pass filtering based on averaged FFT spectra.  

These procedures were tested on the Vransko bridge that was selected as the ARCHES project 
DAF site number 1. Analyses showed that while variations 2 and 3 generally produced accu-
rate static signals, they did fail to give consistent results for all cases. Results were the most 
reliable (with far the lowest number of outliers that required further verifications) when the 
averaged FFT spectra was used.  It was shown then the shape of the spectrum converges rap-
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idly after averaging a few tens of the loading events, caused either by the individual vehicles 
or by the multiple-vehicle events.  

This is demonstrated in Figure 4.22, which displays in the top 3 lines some typical loading 
events from Vransko bridge, inducing very different levels of dynamic excitation, and in the 
bottom line the averaged spectra after one hour and one day, which are practically identical. 
From such spectra, the cut-off frequency is determined that is then used in the real-time DAF 
calculation. 

These conclusions were used to develop the module in the SiWIM bridge WIM system that 
calculates automatically the DAF value for all loading events. DAF values were evaluated on 
five different sites described below. 
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Figure 4.22 Some individual loading events on Vransko bridge, in time and frequency 

domains, and the averaged spectra after one hour and one day  

4.5.4 DAF measurements 

Vransko bridge 
Vransko bridge (Figure 4.23) was the ARCHES DAF bridge number 1 site that was used not 
only for DAF, but also to develop and improve B-WIM algorithms (ARCHES deliverable 
D08). The 12-year old bridge is located 50 km north-east of Ljubljana, on the motorway A1. 
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Each of the two structures (one in each direction) is 24.8 m long and has one simply-
supported span. They were made of prefabricated prestressed concrete beams with cast-in-
place reinforced concrete deck over them. Bridge in direction North-South was instrumented 
in September 2007 for 57 days in which 147 524 loading events were recorded.  

   
Figure 4.23 Vransko bridge  

Figure 4.24 presents the DAF factors obtained as a function of the induced static strain. Each 
dot in the graph represents one loading event with at least one vehicle heavier than 35 kN. 
These are divided into single vehicle events in both lanes (yellow and green diamonds), 
events with meeting one vehicle above and one below 35 kN (purple squares) and events with 
2 vehicles exceeding 35 kN (blue circles). These values are compared to the values (orange 
flat line) taken from the pre-Eurocode Slovene bridge design code (DAF = 1.19) and the of 
the Guideline for Reliability Based Classification of the Load Carrying Capacity of Existing 
Bridges published by the Danish Roads Directorate in 2004. These Guidelines recommend 
that a dynamic supplement for global effects with influence length > 2.5m be modelled as an 
independent normally distributed variable ( )WWN 5.415.41 ; , where W is the total vehicle weight 
in kN. It was already shown in the SAMARIS project that this curve closely followed (envel-
oped) the experimental DAF values. 

The conclusion of the measurements was in line with SAMARIS conclusions, which were 
based on 25-times smaller data sample. While the DAF caused by single vehicles, especially 
the lighter ones, several times exceeded the 1.19 factor of the Slovene design code, reaching 
values up to 2.4, the value of the DAF approached 1 as the (multiple) truck events were get-
ting heavier.  

The DAF value of the event causing the highest static strain was only 1.04. This however was 
not caused by the heaviest vehicle in the population, a 133.8 ton 12-axle low-loader, but 
rather by two 5-axle semi-trailers in adjacent lanes, spaced 14 hundreds of a second from each 
other, one slightly and the other one heavily overloaded (Figure 4.25). 
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Figure 4.24 DAF results from Vransko bridge  

   
Figure 4.25 Extreme loading event on Vransko bridge  

Blagovica bridge 
Blagovica bridge (Figure 4.26) was instrumented within another national project to monitor 
the traffic. The results were reprocessed in ARCHES to obtain the DAF factors. The bridge is 
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located on the same motorway A1, approximately 30 km north-east of Ljubljana. Each of the 
two structures (one in each direction) is an 11.90 m integral reinforced concrete slab bridge. 
The North-South direction was instrumented in May 2007. Measurements lasted for 31 days 
in which 50 770 loading events were recorded. 

The two far the heaviest loading events were one 757 kN crane and one 750 kN low-loader 
which induced DAF of 1.00 and 1.01 respectively (Figure 4.27 and Figure 4.28). In general, 
the DAF values were much lower than on the Vransko bridge, primarily because of the type of 
the bridge, but also as the pavement on the approach to the bridge was smoother.  

  
Figure 4.26 Blagovica bridge  

 
Figure 4.27 DAF results from Blagovica bridge  
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Figure 4.28. Two extreme vehicles captured on Blagovica bridge  

Trebnje bridge 
Trebnje bridge was also instrumented within another national project to monitor the traffic 
(Figure 4.29). The results were reprocessed in ARCHES to obtain the DAF factors. The 
bridge is located on motorway A2, approximately 50 km south-east of Ljubljana. Each of the 
two structures (one in each direction) is 11.65 m integral reinforced concrete slab bridge. The 
East-West direction was instrumented in May 2007. Measurements lasted for 33 days in 
which 56 475 loading events were recorded. 

As in Blagovica, the DAF values were much lower than on the Vransko bridge, primarily be-
cause of the type of the bridge, but also as the pavement on the approach to the bridge was 
smoother (Figure 4.30).  

The DAF value of the event causing the highest static strain was 1.015. This however was not 
caused by the heaviest vehicle in the population, a 66.25 ton 7-axle low-loader, which in-
duced DAF of 1.035, but rather by two 5-axle semi-trailers in adjacent lanes, spaced 6 hun-
dreds of a second from each other, one of them overloaded (Figure 4.31). 

  
Figure 4.29 Trebnje bridge  
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Figure 4.30 DAF results from Trebnje bridge  

   
Figure 4.31 Extreme loading event on Trebnje bridge  
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The Dutch bridge 
The fourth structure was instrumented in the Netherlands within another project assessing 
bridges (Figure 4.32). The results were reprocessed in ARCHES to obtain the DAF factors. 
The bridge is located on motorway A4. The structure was a 7.0 m integral reinforced concrete 
slab bridge and was instrumented in December 2007. Measurements lasted for 14 days in 
which 53066 loading events were recorded. 

In this case over 20 vehicles weighing over 1 000 kN were recorded. The far the heaviest 
loading event was a low-loader with a 57-ton twin axle which induced no dynamic excitation 
i.e. DAF = 1.00 (Figure 4.33, the most right green diamond, and Figure 4.34, left). As in 
Blagovica and Trebnje, the DAF values were much lower than on the Vransko bridge, primar-
ily because of the type of the bridge, but also as the pavement on the approach to the bridge 
was extremely smooth.  

  
Figure 4.32 NL-A4 bridge  

 
Figure 4.33 DAF results from the NL-A4 bridge  
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An important difference compared to the other three bridges was that due to the traffic density 
heavy vehicles could not have overtaken each other; therefore almost all events in the DAF 
population are single vehicle events in the driving lane (green diamonds). 

   
Figure 4.34 Two extreme vehicles captured on NL-A4 bridge  

The Ivanje selo viaduct 
The fifth structure instrumented specifically for DAF studies in ARCHES was the Ivanje selo 
viaduct on the A1 motorway 40 km south-west of Ljubljana. The structure was a 225.0 m long 
viaduct over 9 spans composed of 7 prefabricated 25.0 m long simply-supported presestressed 
concrete beams and a continuous cast-in-place reinforced concrete deck over them (Figure 
4.35). It was instrumented in February 2009. Measurements lasted for 60 days in which 
121 000 loading events were recorded. 
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Figure 4.35 Ivanje selo viaduct  

 
 

Figure 4.36 DAF results from the Ivanje selo viaduct  
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The events causing the highest total strains in the bridge are displayed in Figure 4.37. One of 
them was a 1002 kN crane with practically no dynamics. 

  
Figure 4.37 Two extreme vehicles captured on the Ivanje selo viaduct  

4.5.5 Analysis of measured results 

This section summarises results from the five DAF sites. Average values and standard devia-
tions of all measured DAF values were calculated for 20 different strain levels in a way that 
result at certain strain level comprises DAF values of all vehicles that induced static strain 
above this value. This gives a good indication how average DAF factors change for heavier 
loading events. Results for all five sites are presented in the following figures. 
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Figure 4.38 Average values of DAF on the Vransko bridge  

  
Figure 4.39 Average values of DAF on the Blagovica bridge  
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Figure 4.40 Average values of DAF on the Trebnje bridge  

  
Figure 4.41 Average values of DAF on the NL-A4 bridge  
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Figure 4.42 Average values of DAF on the Ivanje selo viaduct  

4.5.6 Measurements of longitudinal evenness with ZAG-VP longitudinal 
profilometer 

As discussed later in Section 5.5, DAF is affected by the roughness (unevenesses, bumps) of 
the pavement. This has also been shown in the SAMARIS report (SAMARIS 2006), where 
for the heaviest vehicles with gross weight over 380 kN the average DAF and its coefficient 
of variation decreased for 56%.  

In order to estimate the effect of pavement roughness, road profiles of all 4 test sites in Slove-
nia were measured with the ZAG-VP longitudinal profilometer. Profile of the Dutch site was 
not measured but looked and felt extremely smooth before, on and after the bridge.  

Measuring procedure 
ZAG-VP (ZAG longitudinal profilometer) was used to perform the measurements. It is one of 
the devices used around Europe to measure road profiles and was verified within the Euro-
pean FILTER project. It measures the longitudinal profile of the pavement only. It is a high 
speed monitoring device and has no impact on the results when moving at speeds from 30 to 
120 km/h. The measuring equipment itself is mounted on a car and is composed of the follow-
ing main parts: 

• an accelerometer, 
• an angular-variable differential transformer, 
• odometer and 
• laptop computer inside the vehicle. 

The working principle of the device is shown in Figure 4.43. The accelerometer is fixed in the 
vertical direction to the sprung mass of the car. A referential, electric signal, which defines the 
absolute displacement of the sprung mass as a function of the horizontal distance travelled, is 
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obtained by double integration and filtering of the measured accelerations (the simple GMR 
inertial reference). An angular-variable differential transformer is fixed on the rear axle of the 
vehicle and is used to measure the angle of the oscillating arm of the rear wheel. The data 
from this transformer are used to define the vertical distance from the road pavement. 

  
Figure 4.43 Working principle of the ZAG-VP longitudinal profilometer  

  
Figure 4.44 Position of the angular-variable differential transformer  

Results 
The measurements were performed in each lane of the measured bridges, on the normal wheel 
paths. They have started 80 to 150 m before the bridges and were extended for at least 70 m 
after them. Only the profiles under the right wheel were measured.  

The results were evaluated in a standard way as calculated deviations from a 4-m long 
straightedge. In addition, IRI (International Roughness Index) values were calculated using 
the standard procedures. Three IRI indices were calculated: 

• over 150 meter sections, 
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• over 20 meter sections and 
• over 10 meter sections. 

The 150 m IRI index is typically used to assess roughness of the pavement on the network 
level.  However, due to the length of the section it filters out the bumps and other major un-
evennesses around and on the bridge that excite vehicle-bridge interactions and, as a result, 
increase the DAF values. Thus, IRI indices were also calculated on shorter sections. While 20 
meter sections are the shortest sections recommended, the 10 meter sections were also em-
ployed to demonstrate even more the local conditions, especially around the expansion joints.  

Results are presented in Figures 4.45 to 4.49. Each diagram depicts the measured profiles and 
the three different IRI values. Each figure presents diagrams for both measured lanes on the 
site and a diagram comparing road profiles in both lanes. On Trebnje bridge DAF values were 
calculated in both directions, i.e., from 4 lanes of traffic (Figure 4.47 and Figure 4.48). 

Discussion of results 
While simulations normally generate relatively “uniformly uneven” road profiles, the meas-
ured road profiles record the major unevennesses that often occur around the expansions 
joints, either due to their damage or due to the settlements of the pavement just before or after 
the bridge. Experiences show that the residual displacements of soil near the bridge can often, 
in the first years after the bridge construction, initiate bumps that increase the DAF values. 
These were observed on the 10-year old Vransko bridge, especially in the driving lane. The 
bridge has not been resurfaced since it was constructed. On the newer or resurfaced struc-
tures, like Trebnje bridge, such irregularities are generally less obvious. Other typical bridge-
vehicle excitations typically occur as a result of expansion joints, even if they are in good 
condition and if the pavement has been recently resurfaced (Ivanje selo viaduct - Figure 4.49).  

The profiles of Vransko, Trebnje and Blagovica all fall within good quality highway pave-
ments (Section 4.2). The best pavement was on the new Trebnje bridge, direction east, with 
IRI150 = 0.93 IRI20 = 1.6 and IRI10 = 2.0, while the worst pavement was on Vransko bridge 
with IRI150 = 2.96, IRI20 = 3.3 and IRI10 = 5.2. Therefore, Vransko is a simply supported 
structure and more prone dynamic excitation than the stiffer multi-span or integral form of the 
other bridges. As result, Vransko bridge indeed gave the highest values of DAF, also with its 
highest variability for the heaviest events, which for 95% confidence level gave DAF = 1.065 
and for 90% confidence level DAF = 1.052. IRI and DAF values on the other 2 shorter slab 
bridges were much lower. On these shorter bridges IRI may be a good indicator of “danger of 
increased dynamics”.  

However, on the longer bridge with expansions joints, the Ivanje selo viaduct, the values were 
IRI150 = 2.35, IRI20 = 4.3 and IRI10 = 10.4. Despite that the measured DAF for the extreme 
loading events were very low. One “resonance” heavy vehicle was measured which caused an 
anomaly at 18 microstrains on Figure 4.36, but DAF for the extreme events (average value 
and with COVs) was still approaching 1.0 (the heaviest 20 events regarding total strain were 
visually checked). 
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Figure 4.45 Vransko bridge – road profile, IRI values and location of the bridge – 

driving lane (above), overtaking lane (middle), comparison of road profiles 
in both lanes (below) 
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Figure 4.46 Blagovica bridge – road profile, IRI values and location of the bridge – 

driving lane (above), overtaking lane (middle), comparison of road profiles 
in both lanes (below) 
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Figure 4.47 Trebnje bridge – road profile, IRI values and location of the bridge – driv-

ing lane (above), overtaking lane (middle), comparison of road profiles in 
both lanes (below) – direction east 
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Figure 4.48 Trebnje bridge – road profile, IRI values and location of the bridge – driv-

ing lane (above), overtaking lane (middle), comparison of road profiles in 
both lanes (below) – direction west  
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Figure 4.49 Ivanje selo viaduct – road profile, IRI values and location of the bridge – 

driving lane (above), overtaking lane (middle), comparison of road profiles 
in both lanes (below)  
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4.5.7 Conclusions on DAF measurements 

Bridge WIM measurements proved themselves as an appropriate tool for measuring loads of 
the entire traffic flow and also, when applying its unique feature of comparing dynamic and 
static signals of the passing vehicles, for estimating the dynamic amplification factors for 
each individual loading event.  

The five measurements on heavily trafficked motorways, lasting from 2 weeks to 2 months, 
on three integral slab bridges, on one simply-supported beam-deck bridge and on one 6-span 
simply-supported beam bridge with a continuous deck, consistently showed that the DAF de-
creased as a function of increasing weight of the loading events. The average DAF values for 
the extremely heavy vehicles (low-loaders or cranes) and for the multiple presence events 
with 2 heavy vehicles, was on all 5 measured sites close to 1.The DAF of the heaviest loading 
events of 3 out of 5 sites was equal to 1.0, only on a longer simply supported beam-deck 
bridge, where the heaviest event was caused by 2 heavy semi-trailers simultaneously on the 
bridge, the DAF reached 1.04. On that site a considerable bump was measured on the ap-
proach to the bridge, which excited bridge-vehicle interaction. 

If performed, DAF measurements will optimise assessment of the existing bridges, because: 
• the measured DAF values will be likely much lower than those prescribed in the bridge 

loading codes and consequently, 
• because knowing the real DAF reduces uncertainties of the structural safety assessment 

which can be employed through lower safety factors for traffic loading.  

4.6 Analysis of the experimental data and determination of dynamic 
allowance 

The procedure described in Section 4.4 is used to provide a recommendation on a number of 
bridges where strains and traffic loads have been collected by the Slovenian Bridge WIM sys-
tem. Bridge WIM data has been analysed from three locations (two sites in Slovenia and one 
in The Netherlands) described in Section 4.5. The characteristics of these data sets are shown 
in Table 4.6. 

Table 4.6 - Site Characteristics 

Site 
Bridge 
Length 

Type No. of 
Events Time period 

No. of 
Days 

Trebnje 8 m Integral 50937 14th May ’07 –  
16th June ‘07 

34 

Vransko 24.8 m Simply 
Supported

147524 25th September ’06 – 
21st November ‘06 

58 

The  
Netherlands 

7.3 m Integral 52694 3rd December ’07 –  
17th December ‘07 

15 
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The aim of this analysis is to look at the Dynamic Amplification Factors (DAF’s) from these 
events calculating the site-specific Assessment Dynamic Ratio (ADR) values for each set of 
data (where possible), observing any trends that may be present. This has been carried out for 
all sites with the exception of Blagovica, where the total and static strain values required to 
calculate ADR were not available. 

Figure 4.50, Figure 4.51 and Figure 4.52 show DAF V’s Static Strain for Trebnje, The Nether-
lands and Vransko sites respectively. Although there is a varying degree of scatter between 
these figures, the underlying trend of reducing DAF with increasing load effect is clearly visi-
ble in each case. The red and green lines shown on these figures represent the mean values 
and the mean plus 1.28 standard deviations respectively. The mean plus 1.28 standard devia-
tions corresponds to a 90% confidence interval, i.e. 90% of the values will be below this line. 
Also shown on these figures are a solid black line corresponding to a DAF value of 1 and a 
dotted black line corresponding to a DAF value of 1.1 intended to serve as reference lines 
only. 

The data shown in Figure 4.50, Figure 4.51 and Figure 4.52 was then plotted, along with the 
related total strain values, on Gumbel probability paper seeking the underlying trend of this 
data. The results are shown in Figure 4.53, Figure 4.54 and Figure 4.55. 

 
Figure 4.50 Trebnje - Variation of DAF with Static Strain 



ARCHES-02-DE10  

 77 

 
Figure 4.51 The Netherlands - Variation of DAF with Static Strain 

 
Figure 4.52 Vransko - Variation of DAF with Static Strain 
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Figure 4.53 Trebnje – Gumble Paper. Full Data Set 
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Figure 4.54 The Netherlands – Gumble Paper. Full Data Set 
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Figure 4.55 Vransko – Gumble Paper. Full Data Set. 

These figures contain ‘kinks’, possible sources of which are the fact that these data sets con-
tain a mixture all vehicle classes at the sites or that these data sets are not maximum values. 
Plotting events with maximum static strains per day gives Figure 4.56, Figure 4.57 and Figure 
4.58. 
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Figure 4.56 Trebnje – Gumble Paper. Daily Maximums 
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Figure 4.57 The Netherlands – Gumble Paper. Daily Maximums 
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Figure 4.58 Vransko – Gumble Paper. Daily Maximums 

Once again these figures contain ‘kinks’, making it difficult to use the plots to extrapolate to 
extreme values, like for example, characteristic 1000-year values. The Trebnje site shows 
good correlation but the data from both the Netherlands and Vransko remains questionable 
(there is not sufficient data for this approach). In the case of the data from The Netherlands, 
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this is understandable as there are very few data points. In the case of the Vransko data, how-
ever, there are a large number of data points with a poor trend remaining. This leads to the 
next stage of analysis, isolating vehicle classes for which there exists sufficient data to see a 
more reasonable trend in DAF (& ADR). The vehicle classes chosen for this are 5-axle vehi-
cles and 2-axle vehicle. Isolating these two classes and plotting histograms gives the follow-
ing figures for the three sites. 
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Figure 4.59 Trebnje – 5-axle Distribution 
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Figure 4.60 Trebnje – 2-axle Distribution 
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Figure 4.61 The Netherlands – 5-axle Distribution 
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Figure 4.62 The Netherlands – 2-axle Distribution 
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Figure 4.63 Vransko – 5-axle Distribution 
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Figure 4.64 Vransko – 2-axle Distribution 

Observing the histograms, distributions were fitted as shown by the blue lines in the figures 
above. To achieve the best theoretical fit to the data, tri-modal normal distributions were fitted 
to the 5-axle data and bi-modal normal distributions were fitted to 2-axle distributions. The 
parameters of these distributions are shown in Table 4.7. 

Table 4.7 - Parameters for the fitted distributions 

 Mode Weight Mean, µ (kN) 
Standard Devia-

tion, σ (kN) 
1st mode 0.05 143.5 12.7 
2nd mode 0.49 273.3 72.3 

Trebnje 
5-axle 

3rd mode 0.46 363.7 21.3 
1st mode 0.25 61.9 14.2 Trebnje  

2-axle 2nd mode 0.75 126.7 32.7 
1st mode 0.15 172.5 17.4 
2nd mode 0.51 225.3 45.7 The Netherlands 

5-axle 
3rd mode 0.34 396.7 86.1 
1st mode 0.14 43.2 5.9 The Netherlands 

2-axle 2nd mode 0.86 114.1 40.1 
1st mode 0.05 146.5 11.4 
2nd mode 0.30 235.7 53.8 

Vransko  
5-axle 

3rd mode 0.65 377.6 31.5 
Vransko  1st mode 0.44 59.0 15.8 
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2-axle 2nd mode 0.56 121.4 36.2 

 

Using the mean and standard deviation values of the fitted distributions in Table 4.7, the five 
vehicle subclasses (5-axle: 1st mode, 5-axle: 2nd mode, 5-axle: 3rd mode, 2-axle: 1st mode & 2-
axle: 2nd mode) were extracted from the data and analysed separately. In extracting these sub-
classes, vehicles with GVW’s between each subclasses µ-1σ value and µ+1σ value were cho-
sen. Taking Trebnje’s 5-axle: 1st mode as a subclass example, 5-axle vehicles with GVW’s be-
tween 130.8 kN and 156.2 kN were taken.  

Taking these new data sets of each subclass, histograms of DAF values are shown in Figure 
4.65, Figure 4.66 and Figure 4.67. The results are well defined, with the exception of The Neth-
erlands 5-axle: 2nd mode data set where there are two distinct peaks in the DAF distribution.  

The results of these histograms are what would be expected. That is, generally, the lower the 
mean GVW of a subclass the higher that subclasses’ mean DAF value. In all cases the 5-axle: 
3rd mode being the lowest and the 2-axle subclasses being the higher. As mentioned previ-
ously, in the case of The Netherlands 5-axle: 2nd mode, there remains two peaks in the distri-
bution. This would seem to suggest that there may be two, quite different velocity distribu-
tions within this subclass. 
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Figure 4.65 Trebnje – Subclass DAF histograms 



ARCHES-02-DE10 

86 

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
0

200

400

600

800

1000

1200
The Netherlands - 5axle & 2axle histograms

DAF

Fr
e
qu
en
c
y

5 axle 1st mode

5 axle 2nd mode

5 axle 3rd mode

2 axle 1st mode

2 axle 2nd mode

 
Figure 4.66 The Netherlands – Subclass DAF histograms 
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Figure 4.67 Vransko – Subclass DAF histograms 

Gumbel plots were once again calculated representing each subclass separately on a common 
plot for each location, the results are shown in Figure 4.68, Figure 4.69 and Figure 4.70. If a 
small percentage of the data was removed from either end of the plots in these figures, a trend 
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becomes apparent where static and total strain are nearly parallel, i.e., the change in dynamic 
increment is not that significant as strain increases.  

 
Figure 4.68 Trebnje – Gumbel Paper: subclasses 

 
Figure 4.69 The Netherlands – Gumbel Paper: subclasses 
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Figure 4.70 Vransko – Gumbel Paper: subclasses 

Figure 4.71, Figure 4.72 and Figure 4.73 represent the ADR values for each subclass. In each 
of these figures the ADR lines are the nth total strain over the nth static strain values from the 
Gumbel plots. The general tread from all these plots is in agreement with previous theoretical 
findings that show ADR is generally reducing with increasing load effect. For very low n val-
ues and for the uppermost n values these plots become slightly erratic. It is worth noting that 
these ADR figures contain all of the data points, i.e., no events have been removed which 
have given ‘questionable’ results (i.e., relatively high strains for relatively low GVW or vice-
versa).  

Another noteworthy remark relating to Figure 4.71, Figure 4.72 and Figure 4.73 is that for the 
5-axle vehicles, the 3rd mode produces the lowest ADR values (being the heaviest vehicle sub-
class analysed here), which were lower than the 2nd mode values, which in turn were lower 
than the 1st mode values. An exception here would be for the Trebnje site where little data ex-
isted for the 5-axle: 1st mode subclass. The 2-axle vehicles produced generally higher ADR 
values for the lighter vehicles. The Vransko data (Figure 4.73) looks the most erratic. 
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Figure 4.71 Trebnje – ADR: Modes 
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Figure 4.72 The Netherlands – ADR: Modes 
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Figure 4.73 Vransko – ADR: Modes 

The ADR trend from the three sites are compared in Figure 4.74 for the full data set, and in 
Figure 4.75 and Figure 4.76 for the 5-axle 2nd and 3rd mode subclasses respectively. 
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Figure 4.74 ADR for the three site (full data sets) 
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Figure 4.75 ADR for the three site (5-axle; 2nd modes) 
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Figure 4.76 ADR for the three site (5-axle; 3rd modes) 

In all of the results presented in this Section purely based on measurements, it is evident ADR 
tends to decrease with increasing load effect. There exists greater variability in the earlier 
stages of ADR V’s load effect (smaller return period) plots, but the trend remains invariably 
downwards. This is consistent with theoretical findings in previous subsections and chapters. 
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The question remains however, in the duration of measurements necessary to capture the vari-
ability of ADR. It is also necessary to establish the degree of accuracy of the measured ADR. 
Theoretical studies given in Section 4.4 propose five 5-week sets of measurement and using 
the mean + 1.64 standards deviations (corresponding to a 95% confidence interval) as a rea-
sonably accurate and generally conservative estimate of the 1000-year ADR value. In the 
three sets of site data analysed here within smaller periods of time, the maximum ADR value 
was always less than 1.10, which is significantly smaller than the current recommendations of 
the design codes given in Section 2.3. 
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5. ANALYSIS OF DYNAMIC ALLOWANCES FOR SOME 
PARTICULAR TOPICS 

 

5.1 Introduction 

This chapter analyses a number of topics concerning dynamic allowance that the engineer 
should be aware of, since it must lead to a smaller/larger dynamic allowance than anticipated 
a priori. These topics include the dynamic behaviour of a bridge with some kind of anomaly 
in its stiffness distribution, the presence of a bump, the existence of pre-existing vibrations, 
the worst possible load effect when considering all possible bridge sections, and differences 
between dynamic amplification factors due to normal traffic loading (i.e., 5-axle trucks) or 
exceptional traffic loading (i.e., cranes). The results from these theoretical investigations con-
firm the low dynamics associated to critical loading events already found in Chapters 3 and 4. 

5.2 Bridges with signs of Deterioration 

The goal of this section is to look in a general way how the dynamic response of a series of 
different bridges are effected when introducing a crack and varying its depth and location. A 
1-D FE simulation of the dynamic response of a bridge deck subject to a moving load is car-
ried out. For this purpose, a global stiffness matrix and a global mass matrix for the structure 
are built. It was assumed that the mass of the structure was unaffected by the crack so the 
mass matrix for the damaged structure was the same as for the undamaged structure. How-
ever, the stiffness matrix for the structure will be affected by the crack so before modelling 
the bridge decks a method for calculating the elemental stiffness matrices for the damaged 
structure needs to be chosen. If using bar elements to model the structure the two established 
methods to model a crack are the rotational spring method or the stiffness reduction method. 
While others have successfully used the rotational spring approach to model damage, the 
stiffness reduction technique will be adopted in this investigation because they more closely 
model the actual behaviour of the crack and they provided more scope for the future devel-
opment of the model. Before modelling any bridges the elemental stiffness matrix for the 
damaged element/elements were modelled using both Cacciola's (2003) and Sinha's (2002) 
methods. Dynamic simulations for both methods were run and both gave similar results. To 
verify that the models were giving sensible results the dynamic response calculated by the 
models were compared to results published by Mahmoud (2001), and the results from both 
models were with 5% of those quoted by Mahmoud. Although both models gave satisfactory 
results, ultimately it was decided to model the dynamic response of the bridges using Sinha’s 
approach (2002). The reasons for this were two fold, firstly Sinha’s approach is more versatile 
in that it can be used to model a greater variety of crack geometries and secondly when mod-
elling damage at the quarter point Cacciola’s method was found to be numerically sensitive to 
the input values used. Sinha has some experimental data to back his method up. 
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5.2.1 Damage Model Used 

Sinha’s method (2002) for calculating the elemental stiffness matrix of a damaged beam ele-
ment is based on the work of Christides and Barr (1984).  For a rectangular beam, Christides 
and Barr developed the following expression to describe how the bending stiffness varies 
along the length of the beam.                                      

                         Equation 5-1 

where C = (I0-Ic)/Ic, I0 is the moment of inertia of the undamaged section (I0= bd3/12), Ic is the 
moment of inertia at the crack (Ic= b(d-dc)3/12), and α is a constant that Christides and Barr 
estimated from experiments to be 0.667.  

When Equation (5.1) is plotted it describes the exponential fall off in bending stiffness as the 
crack is approached. Sinha approximates this curve with a straight line (dashed line in Figure 
5.1).  

 

 

 

 

 

 

Figure 5.1 Length of beam affected by crack 

To implement the triangular reduction method when preparing the global stiffness matrix for a 
damaged beam, it is necessary to define lc which is the distance either side of the crack that 
the beam stiffness is affected by the presence of the crack (Figure 5.1). Sinha suggests taking 
the value of lc=1.5d, that allowed him to predict the natural frequency of the model always 
within 2% of measured experimental values. Using Sinha’s triangular reduction method it was 
possible to assign values of bending stiffness to the elements in the vicinity of the crack. Then 
using these values, the elemental stiffness matrices of the damaged elements were calculated 
and once the elemental stiffness matrices for the various elements were established, the global 
stiffness matrix for the structure was populated. 

Bridge Dynamic Model  
 

The dynamic simulation for the damaged structure was run using a modified version of the 
program used by Rowley (2007) (Hester et al 2008).  Equation 5.2 shows the governing equa-
tion of motion.   

+ =F(t)                 Equation 5-2 

lc 

d 
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where y is the vertical displacement of the model nodes, [Mg] is the consistent mass matrix, 
[Cg] is the damping matrix, [Kg] is the stiffness matrix and F(t) is the vector of forcing func-
tions. In order to perform a dynamic simulation of a vehicle crossing the bridge it is necessary 
to convert the equilibrium equations of motion into a discreet time integration scheme. There 
are various numerical methods that do this but the one used in this model was the exponential 
matrix method. To make the results of the study meaningful the properties of the structures 
modelled were representative of bridges found in service, note all the decks are 15m wide and 
simply supported. The following spans are modelled: 11.0 m span (T3 precast concrete beams 
and an in fill deck, mass per meter 20625 kg/m, first natural frequency 7.71 Hz), 14.0 m span 
(T8 precast concrete beams and an in fill deck, mass per meter 30375 kg/m, first natural fre-
quency 7.01 Hz) and 17.0 m span (T10 precast concrete beams and an in fill deck, mass per 
meter 33750 kg/m, first natural frequency 5.28 Hz). Damping was not considered in the simu-
lations.  

Truck Idealisation 

The vehicle simulated was a simplified model of a 5-axle truck, which had a gross weight of 
35.5 tonnes. The load from the tractor unit was modelled as a moving constant point load and 
the load from the three trailer axels were also modelled as a constant point load (Figure 5.2).      

 

 

 

 

 

Figure 5.2 Vehicle model: (a) truck to be modelled, (b) truck idealisation 

5.2.2 Results and Discussion 

Two crack locations are analysed: damage at mid span and at the quarter point. The reason for 
using these locations is that in a simply supported bridge, mid-span is the most likely place 
that a crack will occur, while the purpose of modelling the crack at the quarter point was 
merely to see how mid-span deflection will be effected when the damage location is away 
from mid-span.  

Figure 5.3 shows the normalized midspan deflection Vs time response for a 17 m span bridge 
as a truck passes over it at 30 m/s. Normalized midspan deflection is calculated by dividing 
the total midspan deflection for the bridge under investigation by the maximum static 
midspan deflection of the undamaged structure. It can be seen from (a) that as the severity of 
the crack at mid-span increases there is a clear increase in the deflection experienced at mid-
span.  

Figure 5.3 (b) shows the mid-span deflection when the bridge is cracked at the quarter point, 
there is a discernible increase in deflection as the severity of the damage increases but the in-
crease is not as marked as in when the structure is damaged at mid-span. The deflection-time 
responses at 0.5 m/s and 20 m/s for this bridge are similar in that deflection increases with in-

7.15m 16t19.5t 

(a) (b) 



ARCHES-02-DE10 

96 

creasing damage. A similar pattern was also seen with the 11 m and 14 m span bridges, i.e., 
that for a given speed, an increase in the height of the crack leads to an increase in deflection.  

  
(a)        (b) 

Figure 5.3 Normalized mid-span response of a 17 m bridge as a truck traverses it at 
30m/s: (a) crack at midspan, (b) crack at quarter point (Delta is the crack 
height to beam depth ratio)  

The above figure gives an indication of the extra deflection likely to be experienced for a 
given level of damage with respect to the healthy structure and it is the result of a relative in-
crease in the static component plus a relative increase in the dynamic component with respect 
to the maximum static displacement of the undamaged structure. It also shows that the shape 
of the dynamic response of the damaged and the undamaged structures is broadly similar with 
the damaged response having more extreme peak values and the time the peaks occur at also 
varies slightly. It was also observed that the magnitude of the normalized deflection was very 
sensitive to the speed of the vehicle. Figure 5.4 shows the normalized deflection correspond-
ing to a broad speed range and the three bridge lengths under investigation. It is evident in 
Figure 5.4 that there are certain critical speeds that give maximum deflection. This phenome-
non has been recognised in healthy bridges by Brady et al (2006). These critical speeds are 
the result of a combination of bridge length, vehicle inter-load spacing and speed that favour 
an increase in the dynamic response at the point where static response is higher for the section 
under investigation. I.e., the total bridge response will be more significant if the dynamic os-
cillations of the bridge (related to its main frequencies and modes of vibration) reach a maxi-
mum when the vehicle is located over mid-span. What is evident is that the peak deflection 
for the damaged structure occurs at a speed close to but slightly lower than would be expected 
for an undamaged structure. For very low speeds and some degree of deterioration, the nor-
malized deflection can be considerably larger than 1.0 because it is related to the maximum 
midspan static displacement in the healthy structure, and when delta is greater than zero, there 
will be a relative increase in static displacement due to the loss of stiffness in the damaged 
structure. 
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(a) 

 

 

(b)  
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(c) 

Figure 5.4 Normalized displacement versus vehicle speeds for a number of 
crack/depth ratios (delta): (a) 11 m bridge, (b) 14 m bridge, and (c) 17 m 
bridge 

5.3 Pre-existing Vibrations 

The accurate assessment of lifetime bridge static loading under free-flowing conditions re-
quires that adequate consideration be given to the gap or headway between successive vehi-
cles (OBrien & Caprani 2005). However while many researchers have studied the influence 
of bridge and vehicle dynamic parameters such as vehicle velocity, road profile, etc., the vi-
bratory condition of the bridge prior to loading is a consideration that, in the calculation of re-
sultant dynamic amplification, has received little attention. Clearly a bridge that is in a state 
of vibration due to previously applied vehicles cannot be expected to respond in the same way 
as a stationary bridge would. Instead the total response of the bridge to loading by a heavy 
vehicle can be expected to vary significantly depending on the characteristics and the prox-
imity of preceding vehicles.  

This section investigates the importance of pre-existing bridge vibrations under heavy loading 
conditions using sprung vehicle models. Some simplified probabilistic approaches are also in-
troduced as a means of providing statistical relevance to the findings. 
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5.3.1 Characteristics of the Simulation 

Using numerical models the crossing of two articulated 5-axle vehicles, one following the 
other, is simulated to assess the relative importance of the preceding truck, Truck 1 on the re-
sponse due to the following truck, Truck 2. A schematic of the problem is shown in Figure 
5.5. 

 
Figure 5.5 Schematic of a vehicle following event 

The response of the bridge is obtained at a specified time ordinate t and location on the bridge 
x, for the duration of the simulation. Surface profile heights, ri(t), are specified for each axle i 
of the vehicle, depending on location along profile, and for each incremental time step, ∆t, the 
bridge deflection under each axle, yb(x,t), is returned to the vehicle model to calculate dy-
namic tyre force. The bridge model is subjected to each axle load as the vehicle traverses it 
and the midspan bending moment is calculated. The vehicle model utilised is a 5-axle multi-
ple degree of freedom articulated truck as described in Section 4.2. The dynamic vehicle pa-
rameters remain fixed for the duration of the study, and are acceptable based on those pro-
posed in the vehicle suspension database detailed by Fu & Cebon (2002). Furthermore, in the 
simulations that follow both vehicles, Truck 1 and Truck 2, are of identical length, LT, have 
identical axle spacings and travel at the same velocity, v. However the following truck will be 
of greater GVW, since it is the total response that is of primary concern, and high dynamic 
amplification is only of interest when it occurs in conjunction with the crossing of a critically 
heavy vehicle. A 5-axle articulated vehicle of GVW 60 tonnes is chosen as a representative 
critical single vehicle (Truck 2). It is noted that such a vehicle does not represent a character-
istic single vehicle event, but rather represents an event with a more reasonable frequency of 
occurrence (1 in 1000 trucks, or approximately 2 occurrences per day of typical European 
traffic flow).  

Road surface profile 
The vehicle-bridge interaction model incorporates road irregularities, in the form of a meas-
ured road surface profile. Initially the road surface profile used in the dynamic simulations is 
a measured road profile from a section of main road, Trbovlje-Hrastnik, at a bridge over the 
river Sava, in Slovenia. Figure 5.6 shows the variation in surface irregularity ri(t), with dis-
tance, x. 
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Figure 5.6 Measured road profile 

The road profile has an IRI of 2.69 mm/km, assessed using Proval 2.7 software (FHWA 
2007), and is within the limits defining new pavements. 
 
Properties of bridge model 
The variability in bridge dynamic response is significantly influenced by the bridge specific 
properties of bridge length and road surface profile, and will be investigated further later. 
Typical properties are selected to represent an isotropic 25 m span bridge of constant cross-
section (Table 4.2). A 95% reduction in free-vibration magnitude is deemed a sufficient limit 
after which bridge condition may be deemed negligible. This assumption will allow for more 
efficient computation. The list of terminology provided below is useful in the following sec-
tions: 

Gap – The time or distance between rear axle of the preceding vehicle and the front axle of 
the critical vehicle, represented by d in Figure 5.5. 

Headway – The time or distance between the front axle of the preceding vehicle and the 
front axle of the critical vehicle (= d + length of preceding vehicle, LT) 

1-Truck event – Only one vehicle is on the bridge at the exact time the maximum static 
load effect occurs.  

Vehicle following event – Only one vehicle exists on the bridge at any given time, and the 
bridge will be in a state of free-vibration prior to loading (gap between vehicles > bridge 
length). 

Critical/following vehicle – The critical vehicle is that vehicle which alone contributes to 
maximum static load effect. In cases studied here the critical truck is Truck 2. 

Preceding vehicle – The preceding/leading vehicle (Truck 1) does not contribute to maxi-
mum static load effect, however depending on proximity it will influence the maximum to-
tal load effect. The preceding vehicle, when exiting the bridge, will cause the bridge to en-
ter a state of free-vibration.  

Figure 5.7 shows DAF as a function of velocity for the single vehicle event consisting of the 
60 tonne truck only crossing a 25 m bridge (3% damping and first natural frequency of 3.41 
Hz).  
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 (a)        (b) 

Figure 5.7 Variation in DAF with velocity for single 5-axle vehicle: (a) Variation in 
DAF with velocity; (b) Magnified (realistic) velocity range 

As expected the inclusion of a road surface profile, an increased number of applied loads, the 
presences of suspension components, etc. all contribute to a sporadic relationship between 
vehicle velocity and DAF, although the importance of vehicle velocity is evident. The influ-
ence of bridge initial condition prior to loading is again investigated by utilising a preceding 
vehicle to initialise bridge free-vibration. Figure 5.8 illustrates the permissible variation in 
DAF evident when a 30 tonne vehicle (approximate mean GVW) precedes the 60 tonne vehi-
cle. Again a significant trend of both high and low magnitudes of DAF is evident, dependent 
on both velocity and headway/gap between vehicles.  The presence on critical/optimal gaps 
between vehicles is also again well illustrated in Figure 5.8. Also the distance in metres be-
tween successive peaks of DAF can be again seen to be dependant on both vehicle velocity, 
and the periodic time between successive free-vibration peaks; i.e. the increase or decrease in 
DAF is dependent on the periodic gap.  

 
Figure 5.8 DAF for varying values of velocity and headway 
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5.3.2 Probabilistic Assessment of the Problem 

The convolution approach offers a straightforward means by which statistical relevance can 
be attached to parametric studies. In particular the methods discussed by Fu & Hag-Elsafi 
(2000) can be easily adapted to describe the distribution of any load effect in terms of its sig-
nificant parameters. In the previous studies the two significant variables discussed are the ve-
locity of the vehicles (Truck 1 and Truck 2), v, and the gap between them, d. Under the as-
sumptions that vehicle velocity and gap are uncorrelated, and that the distributions of both are 
continuous, the probability of occurrence of a truck of velocity v following a preceding vehi-
cle at a gap of d is given by the joint probability density function fV,D(v,d). 

[ ] [ ]
2 2

1 1

1 2 1 2 , ( , )< < < < = ∫ ∫
v d

V D
v d

P v V v and P d D d f v d dd dv  Equation 5-3             

where the following two conditions must hold 

 

, ( , ) 0≥V Df v d   Equation 5-4 

, ( , ) 1
∞ ∞

−∞ −∞

=∫ ∫ V Df v d dd dv   Equation 5-5 

As shown previously DAF (denoted in this section as z) is a function of these two variables 
and is thus denoted by ( , )g v d . Therefore to find the cumulative distribution of DAF, 0( )ZF z , 
it is necessary to find the probability that V and D lie in a region where 0( , ) ≤g v d z . 

[ ] [ ]0 0 0( ) ( , )= ≤ = ≤ZF z P Z z P g v d z   Equation 5-6 

In the considered case the response/ load effect under consideration cannot be expressed as a 
simple function of input variables, but instead requires simulation for each alterative combi-
nation of variables. This prevents the use of a straightforward stochastic distribution to be 
prescribed to define the distribution of DAF, but rather requires that all possible events in the 
prescribed design space considered and the distribution updated iteratively. 

Definition of a following-event 
For each velocity value the minimum gap is defined as the minimum gap whereby only the 
critical truck contributes to maximum static load effect, and the maximum gap is defined as 
that gap after which the bridge initial condition can be considered to be of negligible impor-
tance.  For the configuration of vehicle(s) specified the critical location of the vehicle front 
axle (resulting in max static moment), xc, is linearly related to bridge length, as given in the 
following relationship:  

0.4754 8.9433cx L= +   Equation 5-7 



ARCHES-02-DE10  

 103 

The corresponding maximum static moment for the 60 tonne test vehicle on a 25 m bridge is 
2810 kNm and occurs when the front axle is 20.8m from the left side (Figure 5.9). 

 

(a)  (b)  

Figure 5.9 Maximum midspan static bending moment for 1-truck event: (a) Critical 
vehicle location; (b) Variation in midspan moment with location of front 
axle (25 m span) 

In general terms, allowing for variable bridge length and velocity, the maximum and mini-
mum gap (in distance) are shown graphically in Figure 5.10(a) and (b) respectively.  

(a)  

 
(b)  

Figure 5.10 Definitions of following events considered: (a) maximum gap; (b) mini-
mum gap 
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The following two equations describe respectively the upper and lower limits of headway for 
which vehicle-following events are considered. As specified by OBrien & Caprani (2006) an 
absolute minimum headway of 0.75 s is allowed. 

max
max

( )η+ ++
= = TT L L t vd Lh

v v
  Equation 5-8 

min
min

( )+ −+
= = T cT L L xd Lh

v v
 for hmin >0.75s            Equation 5-9 

Frequency of Following Events 
A two-dimensional design space is presented for use in the study. The space is defined by the 
independent distributions of velocity (m/s) and headway (s), as now discussed. 

Distribution of Velocity 

A weighted tri-modal normal distribution is fitted to the histogram of velocity obtained from 
WIM data. A good representation of the distribution is achieved, as illustrated in Figure 4.3. 
This fit incorporates both of the major frequency peaks of the velocity histogram (83 km/h 
and 88 km/h), and also allows for the significant frequencies of occurrence of vehicles with 
velocities between 40 km/h and 65 km/h. 

Distribution of Gap/Headway  

The approaches developed by Crespo-Minguillon & Casas (1997) and OBrien & Caprani 
(2005) to model headway are utilised here. In this study an overall lifetime distribution of 
headway is preferable as an input, since only the total distribution of headway is necessary. 
Also this allows for a reduction in number of variables required for consideration. So by com-
bining the distribution of headway for the various values of AHF and corresponding 
probabilities of occurrence of each AHF the daily distribution, and hence the lifetime distribu-
tion of headway h is obtained, as given in the following. 

2( ) 0.0028 0.06715 0.074 1.5 4.0TotF h h h for h= − + − ≤ ≤    Equation 5-10 

For headways greater than 4 seconds the normalised headway distribution employed by Cre-
spo-Minguillon & Casas (1997), is utilised (γ represents mean normalised headway). It should 
be noted however that this approximates to a uniform distribution for headway for a given 
AHF since γ is generally sufficiently large. 

( ) 1 4
3600

h
Tot

AHFF h e for hγ−⎡ ⎤= − ≤⎣ ⎦   Equation 5-11 

Also it is noted that the inclusion of a traditional minimum gap criteria is unnecessary here, 
since all events considered for simulation can be statically considered to be single vehicle 
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events. Therefore depending on the velocity of the trucks in a following event certain small 
values of headway are not required for consideration. 

Multivariate design space 

Figure 5.11 shows the frequency of occurrence of vehicle following events in the design 
space bounded by velocity and headway only (only headways less than 4 seconds are in-
cluded in the figure for clarity purposes). While only a small proportion of events contain ve-
hicles separated by small headways (for an AHF of 100 trucks/hr approx. 12.5% of headways 
are less than 4 seconds) the influence on the bridge dynamic response cannot be ignored. The 
assumption that velocity distribution is independent of the AHF is also made, as proposed by 
Caprani (2005). 

 
Figure 5.11 Frequency of following events 

It is noted that a small proportion of those combinations of small headway and low velocity 
included in the figure will be rejected from further simulations as they result in 2-truck events 
rather than 1-truck events. Also it should be again noted that once the time in free-vibration 
exceeds tη the event can be considered to be both dynamically and statically a 1-truck event. 
Figure 5.12 corresponds to site measurements of headway and the resemblance with Figure 
5.11 is evident. 

Analysis of Design Space 
The DAF design space corresponding to the same variable parameters as in Figure 5.11 is il-
lustrated in Figure 5.13. The figure represents the response of a 25 m bridge, with geometric, 
material properties and measured road profile as described earlier, being traversed by the 60 
tonne test vehicle following a 30 tonne vehicle. 
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Figure 5.12 Site Measurements of distribution of velocity and headway 

 

Figure 5.13 - Variation of DAF for a section of the headway-velocity design space 

 

Figure 5.14 corresponds to site measurements of DAF versus headway and velocity. Similari-
ties can be found between the theoretical and experimental distributions with a range of 
headways and velocities that appear to dynamically excite the bridge to a larger extent. 
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Figure 5.14 Site measurements of DAF versus headway and velocity: (a) Blagovica,  
(b) The Netherlands, and (c) Vransko (GVW> 300 kN) 
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The distribution of DAF, where velocity is considered in the range 10 m/s to 50 m/s at incre-
ments of 0.1 m/s and headway is considered in the range hmin to hmax at increments of 0.05 s, is 
obtained using procedure in Section 5.3.2. Figure 5.15 and Figure 5.16 show the probability 
density and cumulative distribution functions respectively.  

The distributions are quite similar in low regions of DAF, since increases and decreases of 
similar magnitude occur with similar probability. However a significant shift in the tail of the 
DAF distribution is observed. From the figures it is clearly seen that for a single 60 tonne ve-
hicle traversing the 25 m bridge with prescribed road profile the maximum possible DAF is 
1.08 for realistic vehicle velocities. However when the 60 tonne vehicle is considered to be 
part of a traffic system (i.e. the bridge initial condition prior to loading varies due to a preced-
ing 30 tonne vehicle), a maximum DAF of 1.14 may occur with 0.01% probability. This 
represents an increase in the dynamic component of loading by 75% and emphasises the real 
importance of the consideration of bridge vibratory condition prior to loading.  

In Appendix A, the influence of the many bridge properties on DAF are discussed at length. 
While it is not feasible to examine all possible combinations of bridges the properties of 
bridge damping and road roughness are particularly relevant to the influence of pre-existing 
vibrations and as such a number of cases are now considered for a 25 m span length. 

Influence of Road Surface Roughness 
It is expected that while the DAF for a particular loading event may not necessarily increase 
for poorer quality profiles the potential for high DAF will increase. To analyse the importance 
of bridge road profile, and to assess further the condition factor resulting from bridge vibra-
tory condition prior to heavy loading a number of alternative theoretical road surface profiles 
are now considered. For the purposes of this study a sample of 20 alternative road profiles, 
each with an IRI of between 1 m/km and 6 m/km are generated and considered. The same 
conditions of test vehicles, and bridge properties are assumed. 

 
Figure 5.15 PDFs of Total BM for single-vehicle events and vehicle following events 



ARCHES-02-DE10  

 109 

 

In Figure 5.17 the 99% DAF for the two considered distributions are plotted for a range 
of road profiles. Also shown to aid visualisation are approximate upper bounds for the 
range of profiles considered. As it can be seen, the presence of pre-existing bridge 
vibrations increases the maximum occurring DAF for all profiles considered. 

If the 60 tonne truck is considered to represent the half-daily maximum GVW, then the 
1 in 1000 year DAF for both event types is obtained from the upper tails of the respec-
tive distributions and is represented in Figure 5.18 (under the assumption that there are 
250 days of typical traffic flow per year). 

 
Figure 5.16 CDFs of Total BM for single-vehicle events and vehicle following event-

sThe Influence of Bridge Properties 

 
Figure 5.17 99% DAF (25 m span, 3% damping) 
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Figure 5.18 1 in 1000 year DAF (25 m span, 3% damping) 

The percentage increase in the upper observable DAF is shown graphically in Figure 5.19. It 
is noted that the % increase in observable DAF increases with a decrease in the quality of 
road profile. In particular for the lesser quality road profiles tested large increases in charac-
teristic DAF may occur due to very rare, but significant combinations of gap and velocity. In 
some cases this increase in characteristic DAF is upwards of 150%. 

 
(a)        (b) 

Figure 5.19 % increase in upper observable DAF (25 m span, 3% damping): (a) 99%; 
(b) 1 in 1000 year 
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Influence of bridge damping 
Similar studies are carried out for bridges of 25 m span, with different damping levels, since it 
is alluded to at the outset of this chapter that the level of bridge damping will significantly af-
fect the level of free-vibrations undertaken by a structure when a load crosses. The results of 
simulations on random road profiles for bridges of damping ratios of 1% and 5% are shown in 
Figure 5.20 and Figure 5.21 respectively. Parts (a) of the figures show the relationship be-
tween characteristic DAF and road roughness. Again approximate upper limits for both event 
types are shown, since it is not always the case that DAF increases with decreasing profile 
quality. Parts (b) of the figures show the % increase when bridge vibrationary condition prior 
to loading is considered. Similar conclusions are obtained for a 75-year return period (Ratti-
gan et al 2009). 

 
(a)        (b) 

Figure 5.20 Characteristic DAF for various road profiles and bridge damping of 1%: 
(a) Characteristic DAF; (b) % increase in characteristic DAF 

 
   (a)        (b) 

Figure 5.21 Characteristic DAF for various road profiles and bridge damping of 5%: 
(a) Characteristic DAF; (b) % increase in characteristic DAF 
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The following observations are made from the simulations:  
• for both single-vehicle and vehicle-following events the potential of high DAF occur-

rence will decrease as road quality improves.  
• for individual single vehicle events DAF generally decreases as the level of damping in 

the bridge increases.  
• the potential for high characteristic DAF, for both single vehicle and vehicle following 

events will increase if low levels of damping and profiles of lesser quality are present.  
• the % increase in characteristic DAF, when initial bridge condition is considered can be 

upwards of 150% in some cases, particularly if a poor quality road profile is present.  
• bridge damping does not significantly alter the % increase in characteristic DAF due to 

bridge initial condition, since both the DAF due to single vehicle events and vehicle-
following events increase by similar magnitudes as damping decreases. 

 

5.4 Differences between Maximum Moment in the Bridge and 
Maximum Moment at Bridge Midspan 

Most current research on dynamic effects due to traffic load on simply supported bridges fo-
cuses on the mid-span section of the bridge, since this location corresponds to the worst static 
bending moment. However, the maximum total moment may be located relatively far apart 
from the mid-span location and differ considerably from the maximum mid-span moment. 
This section uses a sprung vehicle model travelling over an Euler-Bernoulli beam to analyse 
this phenomenon. The vehicle parameters are varied using Monte-Carlo simulations. The in-
fluence of road profile roughness and bridge length on the magnitude of the differences be-
tween mid-span and the worst possible section are also investigated. 

5.4.1 Testing with a Quarter-Car vehicle model 

First, a quarter-car vehicle model (Q-car) travelling at constant velocity, c, moving from left 
to right, is used to calculate the bridge response. The tyre is modelled like a mass, mt, linked 
to the road by a spring of stiffness Kt. On the other hand, the main mass of the vehicle, ms, is 
linked to the tyre by a spring of stiffness Ks in parallel with a passive viscous damper of value 
Cs as seen in Figure 5.22. The vehicles parameters are taken from the values proposed by Ce-
bon (1999) and are listed in Table 5.1. 

The beam model is a simply supported Euler-Bernoulli beam of length L with modulus of 
elasticity E, second moment of area J, constant mass per unit length µ and structural damping 
ζ, as pictured in Figure 5.22. 
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Figure 5.22 Sketch of Vehicle and Beam Models  

Table 5.1 - Variability of vehicle parameters  

 Mean 
value 

Standard 
deviation Minimum Maximum Unit 

Speed (c) 20 10 10 35 m/s 
Gross Vehicle Weigh (ms+mt) 10·103 5·103 5·103 15·103 Kg 

Unsprung mass (mt) 750 250 500 1000 Kg 
Suspension Stiffness (ks) 750·103 250·103 500·103 1·106 N/m 
Suspension Damping (cs) 10·103 2.5·103 5·103 15·103 N·s/m

Tyre Stiffness (kt) 3.5·106 1·106 2·106 5·106 N/m 

 

The crossing of the Q-car over the beam is simulated based on the approach proposed by 
Frýba (1972). The vertical displacements of both, beam and vehicle, are described by a sys-
tem of coupled differential equations that can be solved using standard numerical techniques. 
Here, Wilson-θ integration scheme was adopted that provides similar accuracy to Runge-
Kutta. The Wilson-θ method is essentially an extension of the linear acceleration method, in 
which a linear variation of acceleration from time ‘t’ to time ‘t + ∆t’ is assumed (Cantero & 
González 2008). 

Magnitude and Location of Maximum Bending Moment 
The VBI model described in the previous section is used to determine the response of a 25m 
simply supported bridge to a Q-car travelling at 25 m/s (90 km/h) on a perfectly smooth road 
profile. The resulting total bending moment is normalised by dividing by the maximum static 
moment at mid-span. This Normalised Bending Moment (NBM) at mid-span is illustrated in 
Figure 5.23 in which the maximum corresponds to the Dynamic Amplification Factor (DAF) 
that in this case is found to be 0.9959. 
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Figure 5.23 Mid-span Normalized Bending Moment 

However, as the total response due to VBI is a complex problem, the maximum total bending 
moment value is commonly not located at exactly mid-span. Therefore, for the same case 
study, the NBM is obtained, in Figure 5.24, for a number of observation points along the 
beam, and not only mid-span. In this paper the overall maximum of the NBM is referred as 
FDAF, abbreviation derived from Full bridge length DAF (Cantero et al 2009). This new dy-
namic amplification factor takes into account the entire bridge extension rather that just mid-
span, and has a value of 1.0648 in this particular case. 

 
Figure 5.24 Contour plot of Normalized Bending Moment at all Possible Observation 

Points. Dashed Lines show the Location of Maximum 
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In the equation that follows, the constant γ is defined to evaluate the difference between mid-
span and full length maximum values. In this particular case, γ has a value of 0.0692, showing 
that the DAF should be increased in 6.92% to account for the bridge full length. 

FDAF = (1 + γ) · DAF  Equation 5-12 

Also the Critical Observation Point (COP) is defined here as the observation point on the 
bridge where the maximum bending moment takes place. In the case of Figure 5.24, the COP 
is located at 11.00 m from the start of the bridge. This means that for this particular case, the 
absolute maximum occurs at a considerable distance of 1.50 m away from the mid-span loca-
tion. 

Monte Carlo Simulation 
The values of FDAF and the location of the COP will depend on the velocity of the load, pro-
file roughness, the bridge length, its boundary conditions and in a lesser extent the rest of ve-
hicle and beam parameters. That is why a Monte Carlo simulation for 16000 events was per-
formed to statistically evaluate the COP location and γ values. The vehicle parameters were 
randomly generated following a normal distribution and maintaining the values within a cer-
tain threshold (Table 5.1). Table 5.2 lists the range of bridge lengths and structural parameters 
considered in the simulations.  

Table 5.2 - Beam model parameters (E = 3.5·1010N/m2 and ζ = 3%) 

L 
(m) 

µ 
(kg/m) 

J 
(m4) 

1st natural 
 frequency (Hz) 

17 15002 0.4911 5.8179 
19 15741 0.6660 5.2950 
21 16530 0.8722 4.8405 
23 17419 1.1133 4.4411 
25 18358 1.3901 4.0915 
27 19372 1.7055 3.7824 
29 20486 2.0634 3.5069 
31 21650 2.4651 3.2630 

 

As the condition of the road profile is a major factor influencing the response of the bridge to 
a passing vehicle (DIVINE 1997), simulations have been carried out to analyse the influence 
of different profiles generated using ISO recommendations (ISO8608 1996). This road gen-
eration is a random process described by a power spectral density function that vary depend-
ing on the road class from A (‘very good’) to E (‘very poor’). 

Figure 5.25 shows the distribution of COP location expressed in percentage of bridge length, 
for all simulated events. It can be seen that the variation of COP location is within a range of 
30% to 70%. Note these results show the response for all 8 bridge spans under consideration, 
obtaining similar figures if each beam length is analyzed separately. For instance, for a 25 m 
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long bridge the maximum bending moment will most likely occur within 7.5 m and 17.5 m 
range and not just at mid-span. This has implications at the design stage of the beam, where it 
might be necessary to increase the length of the central bending moment reinforcement.  

 
Figure 5.25 Critical observation points for all Monte Carlo simulation events 

Furthermore, it is evident from Figure 5.25 that the distribution of COP follows a pattern 
where the maximum bending moment is most likely to occur for a given speed. Note that the 
distribution showed remains similar for any bridge length. This pattern is the distorted version 
of the constant load case, and the observed dispersion is due to the vehicle-bridge interaction, 
variability in road profiles and vehicles mechanical properties. 

Figure 5.26 illustrates the average γ value of the studied Monte Carlo events for each beam 
length and road profile class. While the influence of the profile unevenness is evident in the 
values of γ, there is no clear tendency in relation to the bridge length. Therefore stresses 
measured and calculated at mid-span should be increased by a certain amount γ that in the 
case of the Q-car discussed in this paper reaches average values above 5% for a wide range of 
bridge lengths and road profiles. 

 
Figure 5.26 Mean γ Values of Simulated Events 
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On the one hand, it is a known fact that the increase of Gross Vehicle Weight leads to smaller 
DAF values (SAMARIS 2006), due to a higher vehicle-bridge mass ratio that reduces the dy-
namic response of the bridge. This has been confirmed as well with the results of the Monte 
Carlo simulation above. On the other hand, the characteristic load of a highway bridge is due to 
the heaviest truck within a certain return period. Thus, small DAF values should be expected for 
this extreme load. But it is precisely for small DAF values that γ becomes bigger, as seen in 
Figure 5.27. Therefore, special care should be taken when assessing a highway bridge using re-
corded strains from mid-span, or at the design stage when the characteristic load is calculated. 

Finally, in Figure 5.28 γ values are presented according to its corresponding event speed 
showing different peaks and valleys. The valleys relate to events whose COP is very close to 
mid-span, whereas for the peaks COP occurs at a significant distance from the centre of the 
beam, as showed in Figure 5.25. Therefore, from Figure 5.28 critical speeds can be defined 
(approximately 12, 16 and 23 m/s) for the studied velocity range, and have the property to be 
roughly the same for all profiles, bridge spans and vehicle parameters.   

 
Figure 5.27 γ for DAF Values (Class A Profiles) 

 
Figure 5.28 γ for vehicle speed values (Class A profiles) 
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Results for a Q-car have shown that the difference is significant, typically above 5%. The ab-
solute maximum stress occurs in a location between 30% and 70% of the bridge length. 
FDAF has been defined as a new dynamic amplification factor that considers the full bridge 
length, and is related to DAF by the studied γ values. Additionally, the location on the beam 
of the overall maximum has been described as COP, and found to be strongly correlated with 
γ values, and therefore with FDAF. The following section provides results for a more complex 
vehicle model. 

5.4.2 Testing with a 5-axle articulated truck 

The crossing of a planar 5-axle articulated truck model at constant speed c over a simple sup-
ported Euler-Bernoulli beam is simulated based on the approach described in Section 4.2. The 
vehicle is composed of a two-axle tractor and a three-axle semitrailer, linked together with a 
hinge. The effect of vehicle roll on bridge dynamics is not considered; analysis is in the pitch 
plane only. Again, the beam model is a simply supported Euler-Bernoulli beam of length L 
with modulus of elasticity E, second moment of area J and constant mass per unit length µ. A 
number of bridge lengths are tested.  

For any given observation point on a simply supported beam, the influence line for static 
bending moment due to a unit moving load has a triangular shape with the maximum located 
when the moving load is at the observation point. The overall maximum can be seen to be 
when the observation point is at mid-span and the moving load is passing that point. The 
static bending moment due to a series of moving loads is obtained by superposing the indi-
vidual effects due to each load for every observation point. For a 5-axle truck, the overall 
maximum static moment does not necessarily occur at mid-span. This maximum moment 
typically occurs when the first axle of the rear tridem is located over the critical section. The 
value of the overall maximum moment and the location of the COP will depend on the magni-
tude of the loads, the spacing between them, the bridge length and the boundary conditions.  

DAF and FDAF are strongly influenced by vehicle weight and speed. A range of typical 
weights and speeds are taken here from Weigh in Motion (WIM) data collected on a highway 
at Auxerre, France. Normal (Gaussian) distributions are fitted to Gross Vehicle Weight 
(GVW), axle load distribution and speeds for 5-axle heavy goods vehicles (Cantero el al 
2009). Monte Carlo simulations were used to randomly generate 100000 vehicles and for 
each vehicle, the maximum static bending moment at mid-span was calculated. The 500 
events with the greatest static moment were analysed dynamically for 3 road classes and 5 
bridge lengths. For each road type, 100 different profiles were generated, and a typical speed 
was generated. The values of mS (and the associated IS) were varied according to the sampled 
GVW. 

Figure 5.29 shows the maximum values of DAF and FDAF with a 95% confidence interval. 
Amplification factors clearly increase for rougher road classes. The differences between DAF 
and FDAF increase accordingly as can be seen in the figure. A change in beam length influ-
ences the results only slightly. There is not a clear influence of bridge length, partially due to 
the narrow vehicle speed range measured and reproduced in the Monte Carlo simulations.  
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Figure 5.29 DAF (dashed) and FDAF (solid) for: Smooth (.), class A (o), class B (x) and 

class C (*) 

Figure 5.30 illustrates the average dynamic increment difference between DAF and FDAF 
factors for each beam length and road profile class. The mean increase of DAF depends 
mostly on the road condition, while the influence of the bridge length is relevant, although to 
a lesser extent.  

 
Figure 5.30 Mean dynamic increment difference between DAF and FDAF for: Smooth 

(.), class A (o), class B (x) and class C (*) 

The results above are for a typical European 5-axle truck on a one-dimensional bridge beam 
model. Further on, Section 5.6 analyses and compares the dynamics of exceptionally heavy 
vehicles such as cranes to typical 5-axle European trucks using 3-D finite element models and 
a comparison between DAF and FDAD is provided. It is shown that when considering heavier 
trucks the differences between midspan and the section holding the largest bending moment 
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will tend to be of a smaller magnitude (it was found from theoretical simulations that this dif-
ference would decrease the higher the static load effect), and it can be quantified in about a 
5% dynamic increment when considering all sections of a bridge with respect to the midspan 
location. 

5.5 Influence of a Bump 

There are numerous studies on the dynamic amplification factors caused by traffic flow on a 
bridge. For short- and medium-span bridges, the road profile appears as a dominant parameter 
on the bridge dynamic response. In theoretical investigations, the road profile is usually mod-
elled as a stochastic random process. However, this approach does not take into account the 
high irregularities that are prone to develop in the connection of the bridge to its approach, as 
result of a damaged expansion joint and/or differential settlement. This section uses planar 
vehicle-bridge interaction models to assess the increase in shear effects at the supports that a 
bump prior to the bridge may cause. Results for a range of bumps, bridge lengths, traffic con-
figurations and road conditions are discussed. 

Two types of vehicles are analysed: a 5-axle truck and a 9-axle crane truck. The 5-axle truck 
represents a typical European lorry whereas the 9-axle crane has been implemented using 
body masses, axle spacings and loads available from crane manufacturer specifications and 
WIM data. The dynamic properties of both vehicles are summarised in Table 5.3. 

Table 5.3 - Truck and Crane Mechanical Parameters 

5-axle truck   
Masses (kg) Tractor 4500 
 Semitrailer 31450 
 Tractor front axle 700 
 Tractor rear axle 1100 
 Semitrailer axles 750 
Suspension stiffness (kN/m) Tractor, front 400 
 Tractor, rear 1000 
 Semitrailer 750 
Suspension damping (kNs/m)  10 
Tyre stiffness (kN/m) Tractor, front 1750 
 Tractor, rear & semitrailer 3500 
Crane   
Masses (kg) Body 101250 
 Axles 750 
Suspension stiffness (kN/m)  1200 
Suspension damping (kNs/m)  40 
Tyre stiffness (kN/m)  1500 
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5.5.1 Single Vehicle Events 

Vehicles described in the previous section are studied independently within a Monte Carlo 
simulation scheme for a wide range of bridge spans and bump depths. Different vehicle pa-
rameters were varied within a realistic range of values, including speed, suspension and tyre 
mechanical properties, as well as different profiles (although within the same class ‘A’) for 
each event. The damaged expansion joint was modelled using three different shapes shown in 
Figure 5.31. The results showed no significant difference in bridge response when varying the 
bump shapes. 

 

a) 

 

b) c)

Figure 5.31 Bump shapes 

The appropriate value for bump depth has been chosen following expansion joints road net-
work surveys from Japan and Portugal. In this paper, 2 cm deep bumps represent average 
damaged expansion joints, and 4 cm is the maximum depth considered. These bumps are lo-
cated at 0.5 m from bridge support to account for the usual beam overhang.  

The figures that follow show the mean DAF for shear at support and DAF for midspan bend-
ing moment for 5-axle trucks and cranes. The results are displayed for more than 100000 dif-
ferent events, classified into beam types, span lengths and bump depths. In the case of 5-axle 
trucks there is a clear influence of bridge length on DAF, which increases as the span de-
creases. Shear DAF increases significantly with bump depth. However, the influence of bump 
depth on DAF is hardly noticeable for the crane. This is due to the larger static load effect, 
higher number of wheels, vehicle rigidity and moment of inertia of the crane compared to the 
5-axle truck. The shear at the support is the sum of the individual effects of each axle on the 
bridge, and the more axles on the bridge, the less influential on DAF the dynamic effect of 
one of the axles going over the bump becomes. For cranes, the variation of shear and bending 
moment with span and bump depth is very small.  

 
Figure 5.32 Shear DAF for 5-axle vehicle (Green = No damage;  Blue = 2 cm damage; 

Red = 4 cm damage) 
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Figure 5.33 Shear DAF for Crane vehicle (Green = No damage;  Blue = 2cm damage; 

Red = 4 cm damage) 

 
Figure 5.34 Bending Moment DAF for 5-axle vehicle (Green = No damage;  Blue = 

2 cm damage; Red = 4 cm damage) 

 
Figure 5.35 Bending Moment for Crane vehicle (Green = No damage;  Blue = 2 cm 

damage;  Red = 4 cm damage) 

The specific DAF values for shear and bending moment load effects are provided in the tables 
that follow for a range of bridge lengths. 
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Table 5.4 - DAF for bending moment at midspan versus span length (no bump prior to 
the bridge) 

 5-axle trucks Cranes 
Span 
(m) Mean Std. dev. 

90% 
confid.

95% 
confid. Mean Std. dev. 

90%  
confid. 

95% 
confid.

5 1.086 0.054 1.149 1.176 1.118 0.091 1.265 1.288
5.5 1.059 0.055 1.131 1.149 1.108 0.094 1.250 1.289

6 1.068 0.055 1.139 1.170 1.069 0.086 1.191 1.234
6.5 1.055 0.058 1.132 1.163 1.064 0.063 1.153 1.173

7 1.053 0.057 1.123 1.160 1.090 0.057 1.170 1.186
7.5 1.058 0.064 1.147 1.179 1.061 0.048 1.125 1.145

8 1.062 0.066 1.155 1.192 1.032 0.042 1.082 1.100
8.5 1.067 0.060 1.158 1.188 1.021 0.045 1.074 1.090

9 1.080 0.051 1.144 1.168 1.018 0.041 1.075 1.087
9.5 1.069 0.044 1.129 1.138 1.020 0.041 1.074 1.090
10 1.057 0.041 1.109 1.128 1.028 0.040 1.085 1.104

10.5 1.039 0.036 1.092 1.106 1.035 0.039 1.085 1.109
11 1.026 0.032 1.069 1.084 1.042 0.039 1.096 1.114

11.5 1.043 0.035 1.092 1.101 1.046 0.035 1.092 1.111
12 1.040 0.029 1.077 1.091 1.028 0.031 1.068 1.084

12.5 1.037 0.028 1.071 1.078 1.025 0.030 1.064 1.078
13 1.036 0.027 1.070 1.078 1.026 0.031 1.067 1.078

13.5 1.028 0.025 1.060 1.066 1.024 0.028 1.060 1.069
14 1.020 0.022 1.046 1.055 1.031 0.029 1.067 1.079

14.5 1.018 0.019 1.042 1.048 1.037 0.030 1.076 1.087
15 1.018 0.021 1.043 1.055 1.037 0.031 1.078 1.088

15.5 1.023 0.022 1.049 1.059 1.041 0.032 1.084 1.097
16 1.034 0.021 1.061 1.071 1.045 0.029 1.085 1.094

16.5 1.038 0.024 1.067 1.076 1.040 0.030 1.078 1.095
17 1.039 0.027 1.073 1.088 1.032 0.030 1.074 1.089

17.5 1.044 0.027 1.074 1.094 1.026 0.027 1.066 1.078
18 1.046 0.025 1.077 1.089 1.024 0.025 1.054 1.064

18.5 1.042 0.026 1.077 1.089 1.026 0.026 1.060 1.073
19 1.046 0.028 1.078 1.095 1.025 0.025 1.056 1.070

19.5 1.047 0.025 1.079 1.086 1.028 0.028 1.060 1.072
20 1.048 0.028 1.081 1.092 1.030 0.028 1.066 1.081

20.5 1.049 0.028 1.082 1.097 1.032 0.029 1.070 1.084
21 1.047 0.026 1.082 1.091 1.032 0.032 1.073 1.089
23 1.041 0.026 1.073 1.087 1.030 0.027 1.061 1.072
24 1.043 0.027 1.078 1.090 1.030 0.028 1.066 1.079
25 1.040 0.027 1.077 1.087 1.034 0.028 1.072 1.082
26 1.042 0.027 1.082 1.092 1.035 0.031 1.072 1.089
27 1.043 0.026 1.079 1.088 1.035 0.029 1.072 1.085
28 1.044 0.028 1.086 1.095 1.033 0.028 1.066 1.083
29 1.044 0.028 1.084 1.095 1.036 0.028 1.070 1.083
30 1.042 0.024 1.077 1.086 1.035 0.029 1.069 1.085
31 1.045 0.027 1.082 1.090 1.036 0.032 1.074 1.091
33 1.044 0.026 1.078 1.092 1.034 0.029 1.070 1.086
34 1.038 0.024 1.074 1.088 1.035 0.033 1.074 1.099
35 1.041 0.023 1.074 1.079 1.038 0.035 1.086 1.104
36 1.041 0.025 1.077 1.087 1.034 0.031 1.073 1.093
37 1.041 0.022 1.072 1.085 1.037 0.036 1.079 1.104
38 1.038 0.023 1.068 1.080 1.040 0.038 1.089 1.116
39 1.037 0.022 1.068 1.078 1.038 0.038 1.091 1.116
40 1.037 0.020 1.061 1.074 1.042 0.039 1.094 1.118
41 1.037 0.021 1.068 1.077 1.040 0.035 1.088 1.107
42 1.035 0.021 1.063 1.074 1.044 0.041 1.094 1.125
43 1.033 0.020 1.060 1.068 1.045 0.040 1.102 1.128
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Table 5.5 - DAF for bending moment at midspan versus span length (2 cm bump prior 
to the bridge) 

 5-axle trucks Cranes 
Span 
(m) Mean Std. dev. 

90% 
confid. 

95% 
confid. Mean Std. dev.

90%  
confid. 

95% 
confid.

5 1.271 0.170 1.521 1.625 1.134 0.090 1.277 1.295
5.5 1.179 0.178 1.429 1.568 1.114 0.090 1.247 1.278

6 1.213 0.201 1.520 1.652 1.075 0.085 1.197 1.237
6.5 1.206 0.183 1.443 1.598 1.072 0.067 1.164 1.192

7 1.186 0.185 1.425 1.581 1.097 0.055 1.167 1.185
7.5 1.160 0.151 1.347 1.442 1.068 0.047 1.129 1.143

8 1.154 0.133 1.334 1.395 1.038 0.042 1.092 1.104
8.5 1.145 0.094 1.275 1.303 1.027 0.043 1.081 1.100

9 1.111 0.057 1.193 1.213 1.024 0.042 1.075 1.098
9.5 1.092 0.061 1.177 1.199 1.026 0.045 1.088 1.104
10 1.068 0.057 1.154 1.185 1.031 0.042 1.088 1.111

10.5 1.055 0.042 1.111 1.125 1.033 0.036 1.080 1.098
11 1.046 0.035 1.091 1.105 1.040 0.038 1.091 1.111

11.5 1.053 0.035 1.098 1.114 1.045 0.036 1.095 1.117
12 1.047 0.033 1.095 1.100 1.027 0.031 1.071 1.083

12.5 1.044 0.034 1.087 1.096 1.025 0.031 1.064 1.080
13 1.038 0.034 1.087 1.094 1.027 0.028 1.065 1.074

13.5 1.029 0.031 1.072 1.082 1.029 0.028 1.067 1.075
14 1.024 0.025 1.058 1.064 1.033 0.030 1.072 1.083

14.5 1.020 0.023 1.049 1.060 1.037 0.031 1.081 1.093
15 1.021 0.023 1.046 1.054 1.040 0.031 1.081 1.099

15.5 1.023 0.026 1.052 1.068 1.042 0.030 1.080 1.095
16 1.032 0.025 1.058 1.065 1.042 0.031 1.083 1.095

16.5 1.035 0.024 1.061 1.076 1.039 0.031 1.080 1.098
17 1.039 0.028 1.074 1.104 1.030 0.028 1.068 1.083

17.5 1.039 0.028 1.071 1.091 1.031 0.028 1.067 1.081
18 1.042 0.028 1.072 1.092 1.026 0.025 1.061 1.074

18.5 1.041 0.026 1.072 1.095 1.029 0.030 1.069 1.085
19 1.044 0.026 1.077 1.087 1.028 0.027 1.062 1.077

19.5 1.046 0.027 1.079 1.093 1.029 0.029 1.066 1.082
20 1.047 0.028 1.080 1.103 1.031 0.030 1.071 1.085

20.5 1.051 0.029 1.088 1.097 1.033 0.029 1.069 1.085
21 1.051 0.029 1.084 1.100 1.037 0.030 1.075 1.088
23 1.037 0.027 1.076 1.085 1.034 0.028 1.071 1.083
24 1.042 0.027 1.081 1.090 1.034 0.030 1.076 1.086
25 1.045 0.027 1.081 1.089 1.034 0.028 1.070 1.081
26 1.042 0.027 1.081 1.087 1.032 0.028 1.068 1.086
27 1.044 0.026 1.078 1.089 1.034 0.029 1.071 1.090
28 1.044 0.026 1.077 1.092 1.032 0.029 1.068 1.081
29 1.043 0.025 1.080 1.086 1.035 0.027 1.066 1.082
30 1.046 0.025 1.082 1.093 1.035 0.028 1.072 1.089
31 1.047 0.026 1.084 1.096 1.035 0.029 1.073 1.087
33 1.045 0.026 1.083 1.095 1.034 0.027 1.069 1.085
34 1.043 0.024 1.075 1.087 1.033 0.027 1.066 1.081
35 1.046 0.027 1.084 1.094 1.036 0.030 1.075 1.089
36 1.045 0.026 1.078 1.092 1.039 0.034 1.082 1.103
37 1.043 0.024 1.077 1.088 1.036 0.031 1.073 1.088
38 1.041 0.023 1.074 1.082 1.035 0.033 1.076 1.101
39 1.042 0.022 1.074 1.080 1.039 0.033 1.082 1.101
40 1.042 0.021 1.073 1.083 1.044 0.039 1.098 1.125
41 1.039 0.022 1.069 1.080 1.043 0.038 1.099 1.118
42 1.042 0.022 1.073 1.083 1.043 0.040 1.096 1.119
43 1.040 0.024 1.071 1.088 1.044 0.037 1.090 1.114
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Table 5.6 - DAF for bending moment at midspan versus span length (4 cm bump prior 
to the bridge) 

 5-axle trucks Cranes 
Span 
(m) Mean Std. dev. 

90% 
confid.

95% 
confid. Mean Std. dev. 

90%  
confid. 

95% 
confid.

5 1.469 0.323 1.969 2.139 1.144 0.090 1.281 1.304 
5.5 1.383 0.364 1.946 2.185 1.130 0.093 1.262 1.297 
6 1.418 0.376 1.928 2.227 1.095 0.094 1.229 1.270 
6.5 1.408 0.356 1.891 2.168 1.076 0.064 1.170 1.196 
7 1.392 0.381 1.900 2.190 1.103 0.058 1.183 1.201 
7.5 1.357 0.300 1.690 1.898 1.069 0.049 1.135 1.149 
8 1.322 0.245 1.654 1.848 1.038 0.042 1.094 1.110 
8.5 1.281 0.178 1.526 1.586 1.027 0.042 1.080 1.099 
9 1.218 0.108 1.366 1.394 1.023 0.046 1.085 1.104 
9.5 1.162 0.108 1.314 1.345 1.030 0.046 1.087 1.119 
10 1.123 0.092 1.254 1.280 1.032 0.043 1.087 1.112 
10.5 1.102 0.068 1.198 1.221 1.037 0.044 1.100 1.120 
11 1.070 0.046 1.135 1.149 1.043 0.040 1.100 1.118 
11.5 1.070 0.035 1.114 1.129 1.048 0.037 1.093 1.114 
12 1.064 0.038 1.110 1.122 1.031 0.031 1.072 1.089 
12.5 1.051 0.041 1.111 1.122 1.027 0.029 1.063 1.078 
13 1.048 0.043 1.106 1.121 1.028 0.028 1.063 1.076 
13.5 1.036 0.035 1.083 1.096 1.029 0.027 1.064 1.077 
14 1.033 0.029 1.074 1.083 1.037 0.030 1.076 1.089 
14.5 1.026 0.026 1.061 1.068 1.041 0.029 1.080 1.090 
15 1.022 0.026 1.056 1.066 1.043 0.032 1.084 1.101 
15.5 1.026 0.026 1.057 1.074 1.044 0.032 1.087 1.104 
16 1.034 0.028 1.065 1.082 1.047 0.031 1.089 1.106 
16.5 1.042 0.033 1.079 1.108 1.043 0.030 1.082 1.098 
17 1.041 0.030 1.074 1.102 1.037 0.029 1.075 1.091 
17.5 1.038 0.030 1.072 1.092 1.030 0.027 1.066 1.081 
18 1.043 0.033 1.089 1.117 1.032 0.028 1.070 1.081 
18.5 1.046 0.029 1.083 1.103 1.032 0.026 1.066 1.077 
19 1.044 0.029 1.077 1.102 1.034 0.029 1.073 1.085 
19.5 1.048 0.031 1.077 1.101 1.032 0.029 1.073 1.086 
20 1.042 0.028 1.072 1.087 1.037 0.031 1.076 1.088 
20.5 1.048 0.030 1.081 1.107 1.038 0.031 1.078 1.087 
21 1.051 0.029 1.083 1.104 1.038 0.031 1.077 1.092 
23 1.033 0.025 1.068 1.080 1.036 0.031 1.077 1.093 
24 1.038 0.024 1.073 1.082 1.034 0.031 1.075 1.090 
25 1.042 0.025 1.074 1.089 1.036 0.031 1.080 1.091 
26 1.047 0.024 1.077 1.089 1.037 0.030 1.073 1.093 
27 1.050 0.027 1.090 1.097 1.035 0.028 1.069 1.082 
28 1.048 0.023 1.082 1.091 1.031 0.027 1.065 1.079 
29 1.051 0.025 1.087 1.094 1.032 0.027 1.067 1.082 
30 1.054 0.027 1.092 1.102 1.031 0.028 1.061 1.075 
31 1.051 0.024 1.085 1.091 1.034 0.029 1.072 1.088 
33 1.047 0.024 1.082 1.090 1.036 0.030 1.077 1.089 
34 1.050 0.025 1.086 1.098 1.036 0.032 1.078 1.096 
35 1.050 0.025 1.084 1.092 1.037 0.035 1.077 1.109 
36 1.047 0.022 1.076 1.085 1.038 0.033 1.085 1.101 
37 1.047 0.024 1.082 1.094 1.039 0.037 1.089 1.112 
38 1.045 0.024 1.076 1.087 1.042 0.037 1.092 1.115 
39 1.048 0.024 1.077 1.085 1.042 0.035 1.092 1.116 
40 1.044 0.023 1.075 1.085 1.047 0.042 1.104 1.130 
41 1.044 0.024 1.075 1.089 1.043 0.040 1.101 1.122 
42 1.044 0.026 1.080 1.094 1.042 0.040 1.093 1.120 
43 1.043 0.023 1.070 1.084 1.047 0.044 1.104 1.136 
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Table 5.7 - DAF for shear at end support versus span length (no bump prior to the 
bridge) 

 5-axle trucks Cranes 
Span 
(m) Mean Std. dev. 

90% 
confid.

95% 
confid. Mean Std. dev. 

90%  
confid. 

95% 
confid.

5 1.052 0.046 1.105 1.124 1.049 0.062 1.127 1.186 
5.5 1.032 0.042 1.084 1.102 1.033 0.057 1.126 1.147 
6 1.052 0.042 1.104 1.128 1.040 0.046 1.098 1.128 
6.5 1.045 0.044 1.099 1.126 1.052 0.051 1.129 1.146 
7 1.022 0.045 1.076 1.098 1.043 0.054 1.119 1.135 
7.5 1.027 0.041 1.076 1.100 1.030 0.042 1.086 1.104 
8 1.031 0.038 1.083 1.101 1.038 0.038 1.087 1.105 
8.5 1.035 0.035 1.084 1.107 1.033 0.044 1.088 1.110 
9 1.051 0.036 1.098 1.120 1.046 0.038 1.100 1.118 
9.5 1.045 0.038 1.096 1.106 1.041 0.033 1.080 1.095 
10 1.030 0.039 1.077 1.097 1.033 0.027 1.066 1.078 
10.5 1.030 0.034 1.073 1.088 1.040 0.028 1.082 1.094 
11 1.030 0.030 1.069 1.080 1.047 0.031 1.091 1.105 
11.5 1.032 0.028 1.067 1.079 1.038 0.032 1.081 1.096 
12 1.032 0.025 1.064 1.074 1.037 0.032 1.083 1.098 
12.5 1.034 0.026 1.067 1.076 1.045 0.039 1.101 1.115 
13 1.037 0.029 1.077 1.083 1.050 0.041 1.110 1.127 
13.5 1.038 0.029 1.078 1.094 1.045 0.037 1.096 1.116 
14 1.041 0.028 1.075 1.091 1.033 0.034 1.082 1.096 
14.5 1.042 0.028 1.079 1.088 1.033 0.032 1.077 1.094 
15 1.040 0.028 1.077 1.089 1.037 0.028 1.077 1.092 
15.5 1.039 0.027 1.078 1.090 1.033 0.030 1.072 1.093 
16 1.034 0.025 1.065 1.080 1.030 0.026 1.064 1.078 
16.5 1.038 0.024 1.068 1.082 1.032 0.028 1.067 1.080 
17 1.041 0.026 1.073 1.091 1.036 0.032 1.075 1.090 
17.5 1.045 0.025 1.074 1.091 1.039 0.031 1.079 1.099 
18 1.049 0.027 1.080 1.095 1.036 0.032 1.079 1.091 
18.5 1.042 0.024 1.074 1.082 1.039 0.033 1.085 1.101 
19 1.042 0.024 1.075 1.085 1.040 0.034 1.083 1.098 
19.5 1.043 0.024 1.077 1.087 1.037 0.034 1.083 1.095 
20 1.040 0.030 1.079 1.096 1.034 0.032 1.074 1.092 
20.5 1.036 0.025 1.072 1.083 1.034 0.029 1.075 1.090 
21 1.039 0.029 1.083 1.093 1.035 0.030 1.074 1.091 
23 1.023 0.025 1.055 1.066 1.027 0.027 1.061 1.077 
24 1.021 0.023 1.052 1.060 1.028 0.028 1.063 1.075 
25 1.018 0.022 1.045 1.052 1.020 0.030 1.058 1.070 
26 1.021 0.025 1.054 1.059 1.020 0.033 1.062 1.076 
27 1.020 0.024 1.050 1.060 1.015 0.032 1.055 1.067 
28 1.018 0.025 1.052 1.062 1.018 0.029 1.054 1.066 
29 1.016 0.023 1.047 1.053 1.017 0.028 1.053 1.064 
30 1.021 0.026 1.054 1.064 1.018 0.028 1.053 1.064 
31 1.020 0.025 1.052 1.060 1.021 0.027 1.058 1.070 
33 1.018 0.027 1.057 1.067 1.021 0.026 1.057 1.072 
34 1.025 0.027 1.064 1.074 1.023 0.026 1.055 1.067 
35 1.021 0.027 1.055 1.065 1.023 0.028 1.059 1.070 
36 1.026 0.029 1.064 1.074 1.018 0.027 1.052 1.069 
37 1.025 0.027 1.059 1.071 1.018 0.028 1.055 1.066 
38 1.028 0.028 1.065 1.083 1.017 0.029 1.054 1.070 
39 1.027 0.027 1.061 1.078 1.016 0.027 1.049 1.064 
40 1.022 0.024 1.052 1.061 1.018 0.026 1.052 1.065 
41 1.021 0.023 1.052 1.066 1.016 0.027 1.050 1.064 
42 1.019 0.021 1.045 1.055 1.019 0.029 1.055 1.069 
43 1.020 0.022 1.050 1.062 1.016 0.026 1.049 1.062 
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Table 5.8 - DAF for shear at end support versus span length (2 cms bump prior to the 
bridge) 

 5-axle trucks Cranes 
Span 
(m) Mean Std. dev. 

90% 
confid.

95% 
confid. Mean Std. dev. 

90%  
confid. 

95% 
confid.

5 1.206 0.109 1.319 1.364 1.057 0.062 1.140 1.193 
5.5 1.161 0.097 1.264 1.341 1.038 0.055 1.122 1.146 
6 1.200 0.100 1.331 1.385 1.046 0.044 1.107 1.133 
6.5 1.179 0.108 1.321 1.385 1.058 0.055 1.132 1.168 
7 1.144 0.101 1.276 1.345 1.045 0.051 1.118 1.133 
7.5 1.145 0.081 1.253 1.286 1.037 0.042 1.090 1.109 
8 1.137 0.080 1.245 1.282 1.042 0.039 1.092 1.107 
8.5 1.133 0.074 1.237 1.269 1.037 0.044 1.088 1.112 
9 1.129 0.072 1.242 1.266 1.051 0.043 1.099 1.128 
9.5 1.109 0.060 1.189 1.226 1.045 0.034 1.093 1.105 
10 1.084 0.054 1.156 1.190 1.037 0.030 1.073 1.087 
10.5 1.100 0.054 1.176 1.191 1.040 0.029 1.074 1.092 
11 1.092 0.055 1.164 1.181 1.048 0.030 1.087 1.103 
11.5 1.090 0.052 1.164 1.177 1.037 0.031 1.076 1.091 
12 1.079 0.044 1.143 1.164 1.037 0.034 1.082 1.104 
12.5 1.086 0.046 1.155 1.178 1.041 0.034 1.084 1.103 
13 1.077 0.039 1.133 1.162 1.049 0.036 1.101 1.116 
13.5 1.081 0.043 1.142 1.165 1.047 0.037 1.096 1.115 
14 1.078 0.051 1.156 1.189 1.034 0.032 1.074 1.089 
14.5 1.072 0.046 1.125 1.174 1.032 0.029 1.065 1.084 
15 1.076 0.048 1.140 1.190 1.039 0.031 1.081 1.101 
15.5 1.071 0.045 1.132 1.173 1.033 0.026 1.069 1.078 
16 1.072 0.046 1.120 1.175 1.031 0.027 1.065 1.080 
16.5 1.065 0.036 1.107 1.145 1.035 0.027 1.068 1.083 
17 1.068 0.039 1.130 1.152 1.036 0.029 1.073 1.088 
17.5 1.067 0.041 1.111 1.154 1.042 0.032 1.085 1.096 
18 1.072 0.043 1.139 1.175 1.040 0.033 1.086 1.102 
18.5 1.063 0.036 1.101 1.141 1.044 0.037 1.091 1.114 
19 1.064 0.037 1.104 1.139 1.042 0.033 1.089 1.098 
19.5 1.062 0.040 1.101 1.153 1.037 0.032 1.082 1.096 
20 1.060 0.043 1.108 1.154 1.037 0.030 1.075 1.089 
20.5 1.058 0.042 1.104 1.144 1.035 0.029 1.073 1.087 
21 1.056 0.037 1.097 1.112 1.033 0.029 1.071 1.085 
23 1.048 0.037 1.105 1.131 1.029 0.026 1.064 1.077 
24 1.049 0.038 1.088 1.131 1.027 0.030 1.065 1.075 
25 1.045 0.042 1.097 1.118 1.022 0.030 1.060 1.072 
26 1.043 0.038 1.085 1.120 1.022 0.030 1.060 1.073 
27 1.041 0.039 1.077 1.136 1.018 0.028 1.055 1.064 
28 1.041 0.035 1.082 1.117 1.020 0.030 1.058 1.073 
29 1.040 0.033 1.081 1.103 1.019 0.028 1.052 1.067 
30 1.038 0.031 1.070 1.092 1.018 0.028 1.053 1.064 
31 1.040 0.034 1.080 1.107 1.020 0.029 1.056 1.071 
33 1.042 0.032 1.080 1.095 1.023 0.028 1.057 1.070 
34 1.040 0.031 1.081 1.097 1.021 0.026 1.054 1.068 
35 1.044 0.030 1.089 1.095 1.021 0.025 1.056 1.066 
36 1.043 0.026 1.074 1.096 1.021 0.027 1.059 1.068 
37 1.047 0.028 1.077 1.101 1.021 0.026 1.053 1.064 
38 1.047 0.028 1.080 1.090 1.016 0.026 1.053 1.061 
39 1.046 0.027 1.080 1.093 1.018 0.027 1.054 1.068 
40 1.043 0.021 1.070 1.077 1.019 0.026 1.049 1.063 
41 1.040 0.024 1.072 1.085 1.017 0.028 1.052 1.063 
42 1.042 0.022 1.070 1.077 1.017 0.028 1.052 1.060 
43 1.042 0.021 1.070 1.080 1.021 0.026 1.055 1.065 
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Table 5.9 - DAF for shear at end support versus span length (4 cms bump prior to the 
bridge) 

 5-axle trucks Cranes 
Span 
(m) Mean Std. dev. 

90% 
confid.

95% 
confid. Mean Std. dev. 

90%  
confid. 

95% 
confid.

5 1.391 0.205 1.626 1.740 1.061 0.061 1.141 1.185 
5.5 1.339 0.201 1.598 1.775 1.051 0.058 1.131 1.166 
6 1.394 0.204 1.634 1.756 1.055 0.051 1.124 1.144 
6.5 1.348 0.198 1.589 1.720 1.059 0.052 1.128 1.167 
7 1.319 0.199 1.566 1.732 1.053 0.058 1.129 1.157 
7.5 1.331 0.155 1.539 1.602 1.038 0.045 1.097 1.115 
8 1.306 0.144 1.518 1.584 1.043 0.038 1.094 1.110 
8.5 1.303 0.148 1.504 1.561 1.037 0.044 1.094 1.111 
9 1.262 0.143 1.458 1.534 1.048 0.038 1.095 1.126 
9.5 1.224 0.124 1.399 1.446 1.047 0.035 1.087 1.104 
10 1.193 0.116 1.360 1.393 1.040 0.029 1.077 1.094 
10.5 1.183 0.110 1.348 1.369 1.043 0.030 1.081 1.096 
11 1.165 0.101 1.311 1.337 1.046 0.028 1.085 1.096 
11.5 1.157 0.085 1.267 1.332 1.039 0.029 1.076 1.087 
12 1.154 0.082 1.280 1.316 1.038 0.031 1.081 1.097 
12.5 1.149 0.084 1.266 1.327 1.041 0.034 1.085 1.098 
13 1.153 0.086 1.298 1.337 1.048 0.035 1.095 1.109 
13.5 1.145 0.084 1.283 1.329 1.047 0.036 1.101 1.113 
14 1.145 0.092 1.267 1.346 1.036 0.032 1.082 1.095 
14.5 1.134 0.079 1.249 1.325 1.033 0.029 1.068 1.079 
15 1.142 0.089 1.278 1.361 1.038 0.027 1.073 1.087 
15.5 1.128 0.076 1.236 1.291 1.036 0.030 1.074 1.089 
16 1.122 0.076 1.175 1.303 1.035 0.028 1.071 1.085 
16.5 1.130 0.081 1.239 1.304 1.037 0.030 1.076 1.089 
17 1.121 0.077 1.194 1.320 1.042 0.031 1.083 1.092 
17.5 1.124 0.077 1.227 1.297 1.045 0.032 1.086 1.103 
18 1.121 0.081 1.224 1.307 1.047 0.035 1.094 1.110 
18.5 1.114 0.078 1.209 1.314 1.044 0.036 1.092 1.107 
19 1.118 0.086 1.237 1.348 1.043 0.036 1.086 1.106 
19.5 1.103 0.072 1.148 1.273 1.041 0.033 1.084 1.100 
20 1.112 0.083 1.194 1.312 1.039 0.033 1.087 1.097 
20.5 1.108 0.084 1.192 1.334 1.039 0.030 1.083 1.095 
21 1.108 0.078 1.175 1.301 1.038 0.031 1.078 1.093 
23 1.108 0.074 1.208 1.276 1.030 0.028 1.064 1.074 
24 1.104 0.076 1.180 1.265 1.028 0.028 1.069 1.076 
25 1.098 0.075 1.185 1.282 1.024 0.030 1.063 1.074 
26 1.100 0.076 1.200 1.285 1.021 0.029 1.061 1.073 
27 1.101 0.075 1.160 1.289 1.022 0.028 1.057 1.069 
28 1.092 0.070 1.145 1.229 1.019 0.029 1.053 1.066 
29 1.094 0.066 1.171 1.240 1.020 0.026 1.052 1.065 
30 1.083 0.053 1.146 1.188 1.025 0.028 1.058 1.076 
31 1.087 0.064 1.150 1.219 1.023 0.026 1.058 1.070 
33 1.086 0.053 1.157 1.191 1.023 0.027 1.059 1.070 
34 1.084 0.046 1.152 1.172 1.024 0.028 1.062 1.071 
35 1.090 0.051 1.160 1.188 1.023 0.028 1.060 1.074 
36 1.086 0.046 1.153 1.167 1.024 0.028 1.060 1.077 
37 1.084 0.044 1.140 1.162 1.023 0.028 1.062 1.077 
38 1.091 0.051 1.162 1.189 1.020 0.027 1.056 1.068 
39 1.090 0.045 1.143 1.166 1.020 0.027 1.057 1.067 
40 1.095 0.048 1.159 1.185 1.023 0.028 1.063 1.073 
41 1.085 0.042 1.133 1.150 1.020 0.027 1.055 1.066 
42 1.084 0.039 1.140 1.159 1.020 0.027 1.053 1.066 
43 1.087 0.037 1.135 1.147 1.019 0.028 1.055 1.069 
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5.5.2 Meeting Events 

The same vehicles as in the previous section are analysed for a Monte Carlo simulation 
scheme with following variability: 

• Type vehicles involved in 1-1 meeting event (5axle / Nederhoff-crane) 
• Speed of vehicle 1 and vehicle 2 (different for each vehicle)   
• Meeting location 
• Road profile (ISO class ‘A’), different for each run 
• Bridge spans of 9, 12, 15, 18 and 21 m 
• Expansion joint depths of 0, 1, 2, 3 and 4 cm 

The total sampling population is 20371, therefore in following figures each point represents 
the mean value of more than 200 events (20371 events / 5 spans / 5 depths / 4 meeting event = 
203.7). The following figures show the results for Shear at the support and Bending Moment 
at midspan. 

 
Figure 5.36 Shear DAF; 5-axle and 5-axle meeting (Green = No damage; Blue = 2 cm 

damage; Red = 4 cm damage) 

 
Figure 5.37 Shear DAF; Crane and 5-axle meeting (Green = No damage; Blue = 2 cm 

damage; Red = 4 cm damage) 
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Figure 5.38 Shear DAF; Crane and Crane meeting (Green = No damage; Blue = 2 cm 

damage; Red = 4 cm damage) 

 
Figure 5.39 Bending Moment DAF; 5-axle and 5-axle meeting (Green = No damage; 

 Blue = 2 cm damage;  Red = 4 cm damage) 

 
Figure 5.40 Bending Moment DAF; Crane and 5-axle meeting (Green = No damage; 

 Blue = 2 cm damage; Red = 4 cm damage) 
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Figure 5.41 Bending Moment; Crane and Crane meeting (Green = No damage; Blue = 

2 cm damage; Red = 4 cm damage) 

The results clearly show that the highest shear and bending moment DAF values occur on 
shorter spans and that they are directly related to the damage severity of the expansion joint. 
Furthermore, massive rigid vehicles with a lot of axles like cranes, that could govern the as-
sessment of a bridge, are less influenced by large road discontinuities prior to the bridge and 
tend to produce significantly smaller dynamic increments than 5-axle trucks.  

 

5.6 Dynamic Allowance for Exceptionally Heavy Loads (i.e., cranes) 

VBI is often considered for the most common classes of vehicle such as the 5-axle articulated 
truck. However, the dynamic response of bridges to this type of trucks is quite different to the 
response to the vehicles more likely to feature in maximum-in-lifetime traffic loading events. 
This section focuses on large (> 100 tonne) cranes and crane-type vehicles that have been re-
corded at Weigh-in-Motion sites in Europe (Deliverable D08). The total bending moment due 
to these vehicles on short to medium span bridges is compared here to 5-axle articulated 
trucks. To account for the variability in vehicle characteristics, more than 40000 VBI events 
are computed using Monte Carlo simulation. 

5.6.1 Critical Vehicles 

WIM measurements were taken in 2005 at a heavily trafficked site near Woerden, 30 km east 
of the port of Rotterdam, the Netherlands. There are 77 weekdays for which a full record is 
available, giving a total of 546448 measured trucks. There are cameras at the WIM site which 
photograph unusually heavy trucks, and these photographs provide useful evidence to support 
the identification and classification of vehicle types. A significant feature of the gathered data 
is the high population of extremely heavy vehicles – cranes and low loaders – with a total of 
892 vehicles in excess of 70 t, daily occurrences of vehicles over 100 t, and a recorded maxi-
mum of 165 t.  

Heavy low loaders are characterised by a group of closely-spaced axles at the front of the ve-
hicle, followed by a gap of about 10 m and another group of axles at the rear. On the other 
hand, all axles on cranes are closely-spaced, and this concentration of weight over a much 
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shorter wheelbase produces significantly higher bending moments on the bridge spans under 
study in this paper Therefore only cranes are studied here. Figure 5.42 shows an example of a 
typical crane and a 5-axle truck of the type used for comparison. The 9-axle crane in Figure 
Figure 5.42(b) has a gross vehicle weight of 110.6 t and a wheelbase of 14.85 m.  Cranes are 
frequently accompanied by vehicles carrying ballast which have gross weights and axle lay-
outs which are very similar to the cranes.  These “crane-type” vehicles are included in this 
study.  

    
(a)      (b) 

Figure 5.42 Photo examples of recorded WIM trucks, a) 5-axle truck, b) crane 

5.6.2 Vehicle-Bridge Interaction Model 

Vehicle Model 
To describe the vertical forces applied by a vehicle to a bridge structure, an articulated 3-
dimensional truck model that allows for the definition of any number of axles on both, tractor 
and semitrailer, is built as represented in Figure 5.43. This model consists of a combination of 
rigid bodies and lump masses, representing the body and axle masses. These are linked to-
gether and to the profile by spring-dashpot systems, representing the tyres and suspensions. 

    
                    (a)                  (b) 

Figure 5.43 Vehicle model sketch, a) Side view, b) Front view 
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The vehicle model assumes constant speed, tyre-ground contact at one single point, vertical 
vehicle forces and linear stiffness and damping elements. Similar vehicle models are widely 
used in the literature (Wang et al 1992, Gillespie et al 1979) representing vehicle-bridge inter-
action with a good accuracy (Cebon 1993). Those vehicle models have been extended here to 
allow for a variable number of axles, making it possible to easily represent either 5-axle 
trucks or larger vehicles such as cranes. 

The vehicle parameters were obtained from a number of different sources: the body masses 
and axle spacing were calculated directly from the WIM measurements, the suspension me-
chanical properties for 5-axle trucks were taken from the large database provided by Fu & 
Cebon (2002) who provides a large suspension database, the tyre properties are those pro-
posed by Kirkegaard et al (1997b), the crane suspension properties are those recommended 
for a similar vehicle by Li (2006), and finally, the crane tyre properties are those found from 
extensive experimental tests by Lehtonen et al (2006). 

Bridge Model 
The bridge is represented as a simply supported orthotropic plate (Rowley 2007). The finite 
element bridge model consists of plate elements with 16 degrees of freedom, and it is solved 
using Kirchhoff thin plate theory. The bridge properties are listed in Table 5.10 and are typical 
of bridges with voided cross section (OBrien & Keogh 1999). A 3% structural damping is as-
sumed for both bridge spans. 

Table 5.10 - Bridge properties 

Span (m) Width (m) Depth (m) Density (kg/m3) 1st natural frequency (Hz) 
15 9 0.8 1929 6.9 
25 9 1.2 1562 4.12 

The finite element model allows to specify a non-uniform spacing and a finer mesh near 
midspan. The first four mode shapes of the modal analysis for the simply supported plate 
model are illustrated in Figure 5.44. 

 

  

Figure 5.44 First four mode shapes for simply supported plate 

Interaction Solution 
The solution of a vehicle moving at constant speed over a bridge with an uneven road profile 
is an iterative procedure (Green et al 1995). The calculations needed in the iteration process 
can be described in five steps: 



ARCHES-02-DE10 

134 

1) Calculate vertical forces of vehicle wheels due to movement over road profile (ig-
noring bridge) 

2) Calculate vertical displacements of bridge due to vehicle forces 

3) Add bridge deformations to the profile elevations 

4) Recalculate vertical forces for the new 'profile' 

5) Repeat steps 2 to 4 until convergence is reached 

The convergence criterion adopted in this paper is that the bending moment difference be-
tween two consecutive iterations becomes less than or equal to 1N·m. Figure 5.45 is an illus-
tration of the iterative process. 

 
Figure 5.45 Iterative process diagram 

The equations of motion of the vehicle are implemented and solved in Matlab by reducing the 
second order dynamic equations to a system of first order ordinary differential equations. 
These are solved using the Runge-Kutta numerical integration scheme, with the Dormand-
Prince pair (Shampine 1986). The plate differential equations are solved by means of modal 
superposition and the exponential matrix integration scheme (Busby & Trujillo 1995). The re-
sults obtained by this iterative process were found to agree with results from an experimen-
tally validated 3-dimensional vehicle-bridge-road profile interaction finite element model de-
veloped using MSc/NASTRAN software (Appendix B, González 2001, González et al 2008). 

5.6.3 Dynamic Analysis 

DAF is widely used in the literature either for theoretical studies (Ruíz-Terán et al 2006, 
Savin 2001, Harris et al 2007) or experimental results (Senthilvasan et al 2002, Naumoski et 
al 2004, Paultre et al 1992) to evaluate the dynamics of a vehicle-bridge system. This factor 
evaluates the increase of a certain load effect due to dynamics by comparing the total re-
sponse to the static response. In this section, the bending moment at mid-span is under con-
sideration, and DAF is defined as the ratio of total to static bending moment. 

Monte-Carlo Simulation 
From the WIM data described in Section 5.6.1, the 5-axle trucks and cranes that generate the 
daily maximum static bending moment were selected to be studied dynamically in a Monte 
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Carlo simulation. A total of 18 different vehicle parameters were varied within a realistic 
range of values, including speed, suspension mechanical properties (allowing for air and steel 
suspensions), tyre properties, axle masses and others. 

As the condition of the road profile is a major factor influencing the response of the bridge to 
a passing vehicle (DIVINE 1997), simulations have been carried out for three different pro-
files independently for each of the two bridge lengths considered. The profiles were generated 
using the recommendations of ISO8608 (1995). This is a stochastic process described by a 
power spectral density function that varies depending on the road class. Here only class ‘A’ 
profiles have been analysed, which are assumed to represent well maintained highway pave-
ments. 

Results 
Over 40000 dynamic simulations were performed within the Monte Carlo simulation scheme 
described previously. A fleet of 77 crane-type vehicles and 77 5-axle trucks were studied for 
both spans under consideration. Each single vehicle was studied for a variety of speed and 
vehicle characteristics combinations. The bridge response is quite sensitive to the road sur-
face. Due to the huge number of events gathered, the means and standard deviations of bend-
ing moment were found for each specific vehicle. The results, shown in Figure 5.46, corre-
spond to the mean DAF for one particular profile. However the conclusions drawn are the 
same for all three profiles under investigation. 

 
Figure 5.46 Mean DAF value for each vehicle on a simply supported plate model. 5-

axle & 15m (+), crane & 15m (×), 5-axle & 25m (□), crane & 25m(○) 

While there is considerable variation in DAF, it can be seen that the mean dynamic amplifica-
tions for the crane population are generally less than for the 5-axle truck fleet, and that a simi-
lar trend is observed for both bridge spans.  

Figure 5.47 gives the standard deviations of DAF for each vehicle and shows that the variabil-
ity in dynamic amplification due to vehicle properties is also smaller for cranes. Combining 
the results of Figure 5.46 and Figure 5.47 it is shown that any confidence interval for DAF 
will tend to be significantly less for cranes than for 5-axle trucks.  
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Figure 5.47 Standard deviation DAF value for each vehicle on a simply supported 

plate model. 5-axle & 15m (+), crane & 15m (x), 5-axle & 25m (□), crane 
& 25m(○) 

When assessing a structure for the effects of traffic loads, it is clearly the extremely heavy ve-
hicles that tend to govern, particularly cranes in the case of a simply supported bridge as the 
axle spacings are quite small. These results show that DAF for such extreme vehicles is con-
siderably smaller and also less variable than DAF for the more common 5-axle truck.  

In Figure 5.48 the results for the whole vehicle fleet are presented in histogram form, showing 
that the most frequent DAF values for cranes are smaller than for 5-axle trucks. In addition 
the smaller variability in crane values relates to the narrower shape of histograms. When re-
sults for both bridge spans are compared, there is greater scatter for the longer structure.  

 
(a)        (b) 

Figure 5.48 DAF histograms for cranes (Black) and 5-axle trucks (White): a) 15m 
span, b) 25m span 

Table 5.11 presents the mean DAF values for the whole vehicle fleet results showing a sig-
nificant reduction in dynamic amplification. Moreover, it shows that the value within a 95% 
confidence interval follows the same bias. 
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Table 5.11 - Mean and 95% confidence interval values of DAF 

 15m 25m 
 mean 95% mean 95% 
5-
axles 1.019 1.077 1.029 1.100 

Cranes 1.010 1.035 1.014 1.056 

 

Within the Monte Carlo simulation carried out in the investigation, typical values for air and 
steel suspensions were considered. Figure 5.49 gives DAF for the range of suspension stiff-
ness tested showing that softer suspensions originate smaller and less disperse dynamic ef-
fects on the bridge. 

 
Figure 5.49 DAF for 5-axle trucks on 25 m simply supported plate bridge model 

The analysis is extended to two more span lengths, 7.5 and 35 m, but this time with the 5-axle 
trucks and cranes running on a one-dimensional simply supported beam model to gather an 
idea of the overall bending moment at a section. Again, from Woerden WIM data the top 77 
vehicles that produced the maximum static load effect, in this case mid-span BM, were se-
lected. Two independent lists are generated, one for 5-axle vehicles, another for Crane type 
vehicles. The results for the four span lengths (7.5, 15, 25 and 35 m) are shown in Figure 5.50 
and Figure 5.51. DAFs due to 5-axle trucks and cranes are plotted in red and black respec-
tively. If one of the two vehicle types is selected, each cluster moving from left to right repre-
sents results on a different span (higher strain for longer spans). In this figure, each point 
represents the mean value for more than 100 events (Road profile –within class’ A’–, vehicle 
mechanical properties and speeds were changed for each run: a total of 65513 events/ 77 ve-
hicles/ 2 vehicle types/ 4 spans = 106.35) 

The results show that in general a beam model is a conservative estimation of vehicle bridge 
dynamics compared to a plate model. Figure 5.50 shows that for 5-axle trucks (Red) there is a 
slight average increase in mean DAF as the span increases. Therefore, the DAF for cranes is 
similar regardless the span length, i.e., the bridge is shorter than the wheelbase. 
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Figure 5.50 Mean Bending Moment DAF for 4 simply supported beam models (Red = 

5-axles; Black = Cranes) 

 
Figure 5.51 Standard deviation for Bending Moment DAF for 4 simply supported 

beam models (Red = 5-axles; Black = Cranes) 

In the figures that follow, the effect of changing boundary conditions of the plate bridge 
model is analysed. For this purpose, the top 77 list for 5-axle trucks and cranes are gathered 
for maximum load effects of mid-span and support static bending moment of a 7.5 m span 
bridge. The results of a 7.5 m simply supported and a 7.5 m fixed-fixed plate models are 
compared. So, in Figure 5.52, each point represents the mean value for more than 170 events 
(52629 / 77 vehicles / 2 vehicles / 2 boundary conditions = 170.8). Static BM at mid-span is 
clearly smaller for the fixed plate than for simply supported, and higher DAF values are ob-
tained for cranes (Black). This is due to the short span length.  

Figure 5.53 shows the mean DAF bending moment at the support. In this figure, each point 
represents the mean value for more than 180 events (29122 / 77 vehicles / 2 vehicles / 
1 boundary conditions = 189.1). The DAF for bending moment is smaller at the support than 
at midspan. 

Results corresponding to the top 77 vehicles (5-axle and Crane) are illustrated together for 7.5 
m fixed-fixed plate model, and 7.5, 15 and 25 m simply supported plate models in Figure 
5.54. For each analyzed span, three different Class ‘A’ road profiles are considered. Therefore 
all three profiles are presented together. No significant differences between profiles were 
found. As previously, variability is given to vehicle mechanical characteristics and velocity. In 
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the figure below, each points represents the mean value for more than 150 events (72858 
events / 77 vehicles / 2 vehicle types / 3 spans = 157.7). 

 
Figure 5.52 Fixed vs. Simply Supported- DAF for Mid-span Bending Moment for a 7.5 

m plate model (Red = 5-axles; Black = Cranes) 

 
Figure 5.53 DAF for Bending Moment at support for a 7.5 m fixed-fixed plate model 

(Red = 5-axles; Black = Cranes) 

 

Figure 5.54 Mean Midspan Bending Moment DAF for each vehicle for 4 plate models 
(Red = 5-axle trucks, Black = Crane type vehicles) 
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6. CONCLUSIONS AND FINAL RECOMMENDATIONS FOR 
DYNAMIC ALLOWANCE 

Site specific assessment of traffic loading has considerable potential to prove that bridges are 
safe which would otherwise have been rehabilitated or replaced. This is due to the conserva-
tism of bridge standards that cover a wide range of possible traffic loading conditions 
throughout the road network. ARCHES Deliverable D10 has shown how dynamic allowance 
for traffic loading on an existing bridge can be determined using validated VBI FE models 
(Chapter 3), but they require bridge drawings, measured bridge properties and road profile, 
and updated WIM data for the site. Alternatively, the dynamic allowance can be experimen-
tally derived from measured total load effects and the associated dynamic component using 
modern B-WIM technology (Chapter 4). A simpler approach is to adopt the large dynamic al-
lowance given in bridge codes (Chapter 2) that must cover for the many variables and uncer-
tainties associated to the VBI problem.  

There is clearly a considerable gap between the complex mathematical modelling and ex-
periments required for an accurate determination of dynamic allowance and the conservative 
values available at bridge codes. In order to reduce this gap, ARCHES proposes an intermedi-
ate solution based on the large amount of experimental tests and numerical simulations car-
ried out during the project. The quality of the road profile plays a role that becomes more 
dominant as the span length decreases, but in the case of very good road profiles (ISO class 
‘A’), the critical loading cases governing the maximum load effects typically produce dy-
namic amplification factors below 1.1. Nevertheless, the presence of a bump or a damaged 
expansion joint prior to the bridge may lead to higher values in short span bridges (Section 
5.5). Even so, it has been shown that exceptionally heavy vehicles representing critical load-
ing cases such as cranes, have a rigid configuration that generates smaller dynamics than typi-
cal 5-axle articulated trucks (Section 5.6). So, if the road profile of a bridge was maintained in 
a good condition, the dynamic amplification factor associated to the critical loading cases 
could be substantially reduced in relation to the values built within the Eurocode traffic load 
models.  

General recommendations are provided for assessment of 1-lane and 2-lane bridges (both 
moment and shear load effects) with ISO road classes ‘A’ and ‘B’ (Figure 6.1). The values 
provided in the recommendations represent an upper envelope that covers for a large amount 
of Monte-Carlo simulations varying road profile and traffic static and dynamic properties. 
These recommendations take into account the maximum total load effect for the entire bridge 
length (or FDAF as described in Section 5.4). For assessment of 1-lane and 2-lane bridges 
with a ISO road class ‘A’ (both moment and shear load effects), ARCHES recommends DAF 
values that varies linearly from 1.3 for a 5 m bridge to 1.15 for a 15 m bridge. Then, DAF re-
mains constant at 1.15. For ISO road class ‘B’, the DAF recommendation also varies linearly 
between 1.4 and 1.2 from 5 m to 15 m respectively. Then, it remains constant at 1.2. The rec-
ommended dynamic allowance represents a significant reduction with respect to the 1-lane 
values built within the Eurocode traffic load models for both road classes. For 2-lane bridges, 
the recommended values are also smaller than Eurocode values if the road profile was a class 
‘A’.  
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Figure 6.1 DAF recommandation versus Eurocode values 

As shown in Chapters 3 to 5, further reductions in dynamic allowance can be achieved if a 
better knowledge of the bridge response was acquired through numerical simulations and 
field tests. Most probably, measurements will show that DAF is considerably less than what is 
reflected in Figure 6.1. In fact, the analysis of bridge measurements collected during the 
ARCHES project (Sections 4.5 and 4.6) led to dynamic allowances close to 1.0 for the heavi-
est loading scenarios in different sites. However, the proposed envelope of dynamic effects of 
Figure 6.1 offers an inexpensive way to give a preliminary assessment of the dynamics of a 
bridge purely based on its length and the road class. DAF measurements can obviously favour 
the reduction of these values based on site-specific parameters such as a support condition 
closer to fixed-fixed than simply supported conditions, a critical traffic scenario inducing less 
dynamics, or a particular profile with an ideal distribution of irregularities within a given road 
class. 
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