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Abstract:

It 1s important in the design of highway bridges that adequate consideration is given to the
level of bridge excitation resulting from the dynamic components of a bridge-truck interaction
system. The concept of a dynamic amplification factor (DAF) is used to describe the ratio
between the maximum load effect when a bridge is loaded dynamically, and the maximum
load effect when the same load is applied statically to the bridge.

The Eurocode, EC1, Part 3, stipulates that a generalised DAF value be applied to the worst
static load case for a given bridge. This worst static load case can be obtained by using Monte
Carlo simulation to create a site-specific traffic load model based on weigh in motion (WIM)
data. For a medium span 2-lane bridge, this worst load case may consist of two heavy 5-axle
truck meeting at, or close to the mid-span of the bridge. However this approach is inherently
conservative as the DAF is provided based only on a few general parameters that ignore many
significant bridge and truck dynamic characteristics (in particular, in the Eurocode the
dynamic amplification factor depends on two parameters: bridge length and shape of the
influence line). As a result, unnecessary rehabilitation or replacement costs may be incurred.

In recent times research has been carried out into improving vehicle models, road surface
models and numerical models for the bridge-truck dynamic interaction. It is hoped to advance
the knowledge of the dynamic interaction between bridges and crossing trucks using a finite
element approach, whereby different load cases and simulation of critical load events can be
carried out, using complex models. Thus a more representative and site-specific value for
DAF may be obtained.

1. Introduction

The Eurocode normal traffic load model for bridges is derived by applying a Dynamic
Amplification Factor (DAF) to the worst static case obtained from extrapolating load effects
using free flowing traffic simulations and weigh-in-motion data. In the Eurocode, the
theoretical value of DAF for a particular bridge depends on the shape of its influence line and
one single variable, i.e., bridge length (O’Connor 2001). Since this method does not take into



account the dynamic characteristics of the bridge, truck, road profile or their interaction, DAF
values are conservative and they produce maximum dynamic effects that might not
necessarily correspond to the maximum static effects. This level of conservatism is acceptable
for new construction due to the low marginal cost of adding capacity and uncertainty about
future traffic loading growth. However more accurate assessment of the capacity of existing
structures may prevent needless expense in bridge rehabilitation.

By the modelling of, and simulation of critical bridge loading events, it may be possible to
define a more realistic design value for DAF, which may result in considerable savings in
bridge replacement and rehabilitation costs.

Chan and O’Connor (1990) define dynamic amplification as being “an increase in the design
traffic load resulting from the interaction of moving vehicles and the bridge structure and is
described in terms of the static equivalent of the dynamic and vibratory effects”. In this paper,
Dynamic Amplification Factor (DAF) is defined as:

DAE = Epyn (Eqn.1)
Estat

where & dyn is the maximum dynamic strain, and €t is the maximum static
strain.

The parameters affecting DAF are:

e Bridge-related: bridge natural frequencies and damping, road profile prior to and on
the bridge, the presence of bumps or potholes, support conditions etc.

e Vehicle-related: tyre stiffness, tyre damping, suspension stiffness, suspension
damping, truck mass and centre of gravity, velocity etc.

In this study bridge and truck dynamic finite element models are developed using the
MSC/NASTRAN (The MacNeal Schwendler Corporation 1997). The models are varied to
represent different loading cases based on statistical distributions of vehicle properties (axle
spacing, velocity etc.). Dynamic interaction between the truck models and the bridge model is
achieved using a Lagrange Multiplier technique developed by Gonzalez (2001).

2. Bridge Model

The proposed finite element approach used to simulate bridge loading has previously been
applied to simply supported slab bridges, and also to the bridge chosen for this study, the
Mura River Bridge in Slovenia. This bridge has been chosen as it has been modelled
previously, and experimentally validated by Brady et al. (2005). The bridge is 32m long and
has two lanes of bi-directional traffic flow. The bridge is of beam and slab construction, is
simply supported and forms part of a larger structure. Five concrete longitudinal beams
support a concrete slab, with a layer of asphalt acting as the road surface. Five concrete
diaphragm beams are also present, in the transverse direction. Fig.1 below shows a schematic
layout of the bridge, while Fig.2 shows the Nastran Finite Element bridge Model.
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Fig.1- Schematic Layout of Bridge Fig.2- Finite Element Bridge Model

Validation of the bridge-truck interaction was carried out by placing strain gauges on the
underside of the longitudinal beams, and subjecting the bridge to a series of loading events
using 2-axle and 3-axle of known dimensions and weights. The finite element bridge model
was then adjusted to replicate the response using 2-axle and 3-axle truck models. Fig 3(a)
below shows the comparison between the NASTRAN stress and experimental stress at the
centre of the bridge for a typical load event (3-axle truck crossing in lane 2 at 17.68km/hr).
Figs. 3(b-d) below show the first 3 mode shapes of the bridge model, which are consistent
with the mode shapes/natural frequencies of the actual bridge.
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Fig.3 (a) — 3-axle in lane 2 at 17.68km/hr. Fig.3 (b) - Mode Shape 1: 3.54 Hz.

Fig.3 (c) - Mode Shape 2: 4.634 Hz. Fig.3 (d) - Mode Shape 3: 13.35 Hz.

3. Truck Models

A database containing a number of different truck model configurations has been compiled
based on models first developed by Brady et al. (2005) and Gonzalez (2002). Suspensions and
tyres are modelled as spring dashpot systems as shown in Fig.4 below, using stiffness and
damping properties from the literature (Kirkegaard et al. 1997, Cebon 1999, Wong 1993).



The database contains models of 2-axle and 3-axle rigid bodied vehicles and a 5-axle
articulated vehicle (Gonzalez 2002), as shown in Figs. 5-7 below. The dimensions of each
truck model may be easily modified using MSC Nastran. Variations in axle weights are
obtained by modifying the magnitude and location of a point load, or point loads in the case
of the 5-axle vehicle, which are distributed throughout the frame of the truck.

T

Fig.5- 2-axle Truck Model

Fig.6- 3-axle Truck Model Fig.7- 5-axle Articulated Truck Model

From modal analysis the natural frequencies of vibration of the truck models are found to be
comparable to known values for similar trucks. Among these natural frequencies are the
frequencies of trailer body roll and twisting of tractor frame, pitching of tractor and trailer,
and the axle hop frequencies for the various individual axles. Using different combinations of
these models crossing the bridge model, it is possible to assess the response of the bridge
under different dynamic load conditions, including the critical loading event for a bridge of
this size; that is, the meeting of two heavy articulated vehicles at a location at or close to the
midspan of the bridge. It will be possible to assess the response of all the locations on the
bridge that are deemed important. The response in both transverse and longitudinal directions
can be obtained. It will also be possible to assess the importance of parameters such as
velocity and gross vehicle weight for DAF’s.

4. Bridge/Truck Dynamic Interaction

A program developed by Gonzalez (2001) is used to study the dynamic response of a bridge
when crossed by a truck/trucks. The formulation is based on a Lagrange multiplier technique
that represents the compatibility condition at the contact points using a set of auxiliary
functions (Cifuentes 1989). Manipulation of the method allows more complex problems to be



examined. The associated interaction forces can then be imported for analysis using the
Nastran (1997) software. The solutions obtained using this method have previously compared
favourably with experimentally obtained field results (Brady et al. 2002, Lutzenberger &
Baumgartner 1999).

The program requires the input of a number of data sets, each of which can be easily varied

depending on the analysis case required:

e The Finite Element bridge model.

e The Finite Element truck model(s), including all geometries, suspension and tyre
characteristics, velocities, approach length, path along bridge etc.

e The definition of a road profile, which is stochastically generated based on the
International Roughness Index (IRI).

The height of road irregularities (r) is generated from the formula (Yang & Lin 1995):
N
r) = ;,/4S(a)i)Aa) cos(ot—6,) (Eqn.2)

S(ax) :Power spectral density function,
aw;,  Circular frequency (rad/s),
6 : Independent random variable uniformly distributed in the range from 0 to 2.
N : Number of discrete frequencies.

All of the simulation results presented in the following pages have been obtained using a road
roughness defined as being ‘good’ with an a value of 16x10° m’/cycle, where a is the
roughness coefficient and is proportional to the power spectral density function S(e;) in Eqn.2
above.

5. Single Vehicle Events

For both the 3-axle and the 5-axle crossings, the bridge response for three different truck
velocities was analysed. The velocities chosen are 60, 80 and 100kph. Table 1 shows some of
the properties of the 3-axle and 5-axle truck models used in the simulations. The bridge
response at midspan due to a 5-axle truck crossing in direction 1 at 80km/h is shown in Fig. 8.
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Maximum strain takes place when the front axle is located close to 21 m from the start of the
bridge. Fig.9 shows the variation of maximum bending strain across the bridge section for
each beam and three longitudinal locations (8, 16 and 24 m from the bridge start). It can be
seen that the edge beam (at about —3.5 m from the bridge centreline) under the lane where the
traffic load runs over, will experience greatest strain. The maximum response (143.6 micro
strains) will occur at the mid-span longitudinal location. For this midspan location, maximum
strain varies transversely across the bridge, from 143.6 microstrain at beam 1 to 45.25
microstrain at beam 5. It can be seen that for a given longitudinal position, an approximately
linear relationship exists between maximum bending strain and transverse position on bridge.
These results are similar to those noted by Huang et al. (1993).

The trends encountered for simulations at different velocities and in direction 2, for both the
three-axle and the five-axle truck are similar to those of Fig.9. The magnitude of the results
will however vary, depending on, amongst other factors, vehicle weight. Fig.10 illustrates the
variation of maximum static strain across the bridge section for the five-axle truck at three
different velocities. For a given velocity, maximum strain varies approximately linearly
across the bridge section.
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Fig.9- Variation of strain with transverse Fig.10- Max. microstrain Vs transverse
location for 5-axle truck loading (v=80km/h) position for 5-axle truck at different velocities

It can be seen that the intermediate velocity of 80km/h results in the largest values for
maximum microstrain. It has been previously observed that different trucks have critical
velocities at which the effect of dynamics is greatest (Brady 2005).

Figs.11 & 12 show the variation in DAF transversely for both 3-axle and 5-axle trucks
travelling in directionl at different velocities (60, 80 and 100km/h). The DAF values are
calculated using Eqn.1.
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It can be seen from Figs.11 and 12 that the effect of dynamics will be greater for the three-
axle truck than for the five-axle truck. The intermediate velocity of 80km/h results in greatest
dynamic amplification for both trucks.

It is also evident from Figs.11 & 12 that the locations that experience greatest strain will have
a low dynamic component and vice versa. In other words the edge beam on the right hand
side in Fig.12, has the lowest maximum static strain in Fig. 10, but returns the peak DAF
values of 1.35 for the three-axle truck and 1.25 for the five-axle truck.

6. Multiple Vehicle Events

It has been suggested that for a span length of 32m the critical load event is that of two five-
axle trucks meeting at or near the mid-span location on the bridge. The worst meeting events
for the bridge considered are obtained using Monte Carlo traffic simulations based on Weigh
in Motion measurements collected on the Al near Ressons (France). One hundred worst
meeting events are compiled for both bending moment and shear force load effects. These
worst cases are defined based on the maximum static bending moment or shear force on a
one-dimensional beam model for the bridge lifetime. Figs 13 and 14 below show the ranking
of the meeting events. Each discrete point represents a particular meeting event that may
occur over the bridge's lifetime.
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The traffic model defines the trucks' axle spacings, axle-weights, and the meeting location on
the bridge, for each of the meeting scenarios. Truck velocities are randomly generated based
on statistical distributions and approach length modified accordingly to ensure the correct
meeting location is achieved. The trucks travel the same paths as outlined for the single
vehicle events.
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Fig.15- A Typical Critical Meeting Event for a 32m long, 2-lane bridge.




A schematic of a typical two-truck meeting event is shown in Fig.15, where one of the most
important considerations can be seen to be the locations of both trucks when they meet on the
bridge.

Using the data defined by the data sets each meeting event is individually modelled using
MSC Nastran, where axle spacings, axle weights etc. are modified. The interaction model
containing two 5-axle trucks about to cross the bridge model can be seen in Fig. 16 below.
The road surface profile and approach lengths for the trucks are also imported into the model.
Approach lengths are modified based on vehicle velocity to ensure that the trucks meet at the
location defined by the Monte Carlo traffic flow simulations.

Fig.16- Model of typical meeting event involving 2 5-axle trucks

The response at midspan (strain) is returned from the analysis of the meeting event. Both
dynamic and static simulations of each event are performed to allow calculation of the DAF,
using eqn.l, for each meeting event, at each transverse location. The static and dynamic
responses for a critical meeting event are shown below in Figs.17 and 18 respectively. The
figures show response at midspan for each of the 5 longitudinal beams.
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The variation between the dynamic and the static response is obvious from comparison of the
two figures. In the load case which corresponds to the above results, the truck travelling in
Direction 1 is over 20% heavier than the truck travelling in direction 2 and thus Beam 1
experiences the maximum strain, as expected. This effect can be better identified from Fig.19.
The consideration for dynamics allows more realistic analysis of the effects of multiple
vehicle loading and identifies that the amplification due to critical loading events is



significantly lower than specified design values, for example the DAF defined by the
Eurocode would be greater than 1.2 for a bridge of this length and type.
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Fig.19- Variation in Maximum Strain in Transverse Direction at Midspan

Fig.19 shows the transverse variation in maximum strain for a critical loading case, and the
corresponding DAF value for each of the 5 longitudinal beams. It can be seen that maximum
strain varies from a maximum in Beam 1 to a minimum in Beam 5. This is primarily due to
the ratio of GVW between the two trucks. The DAF values can be seen to vary between 1.11
and 1.00. However these values are case-specific and would be expected to increase if the
trucks had lower GVWs.

7. Conclusion/ Future Research

It can be seen that through complex finite element modelling, a greater understanding of the
response of a bridge to certain loading conditions can be obtained. By simulating critical
events the worst possible total effect for a specific bridge can be obtained, and a
corresponding characteristic value calculated. It is hoped in the future to develop, through a
range of dynamic loading events, a more site-specific value for DAF, which will incorporate
amongst other factors, the quality of the road surface present on the specific bridge and its
associated approaches. If a more accurate method of determination of DAF can be obtained,
then possible reduction in highway bridge maintenance/construction costs may ensue.
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