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Abstract

This report summarizes the results that have been obtained within the frame of the DWTC research

project MD/01/040 'Study of determining factors for tra�c induced vibrations in buildings' (1 July

1998 - 30 June 2001). The main objective of the project is to obtain more insight in the relevant

physical phenomena and the relative importance of determining factors related to tra�c induced

vibrations.

Tra�c vibration nuisance in buildings is mainly due to heavy lorries that pass at relatively high speed

on a road with an uneven surface pro�le. Interaction between the wheels and the road surface causes

a dynamic excitation which generates waves that propagate in the soil and impinge on the foundations

of nearby structures.

As a part of this research project, a numerical model has been developed for the prediction of free �eld

tra�c induced vibrations. The model accounts for dynamic road-soil interaction (SSI) and includes a

wide range of parameters that characterize the vehicle, the road and the soil.

A parametric study shows that the shape and the dimensions of the road unevenness, the mass of

the vehicle's axles, the sti�ness of the tyres and the damping of the suspension system determine

the dynamic component of the axle loads. Compared to the characteristics of the soil, the road's

characteristics have a negligible inuence on the free �eld vibrations.

The numerical model has been validated by the results of two measurement campaigns where the

truck's and the free �eld response have been measured during the passage on an arti�cial unevenness.

Given the wide range of parameters and the uncertainty on these parameters, the model predicts the

free �eld vibrations well, with a maximum ratio of 2 between the predicted and the measured signals.
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Chapter 1

Introduction

1.1 Problem outline and motivation

Ground-borne tra�c induced vibrations in buildings are a matter of growing environmental concern.

The increasing volume of road tra�c, the higher vehicle speeds and the increasing axle loads are

generally referred to as the cause for the increasing hindrance due to vibrations induced by road

tra�c. Considering rail tra�c, vibration nuisance is related to increasing train speeds and increasing

freight loads. Belgium is an important link in the European high speed train network.

Foreign norms and guidelines recognize discomfort to people, malfunctioning of sensitive equipment

and damage to buildings as possible consequences of vibrations. An extensive survey by Morton-

Williams et al. [1] of Social and Community Planning Research in the UK has shown that 37 % of

the population is bothered by ground-borne vibrations, while 8 % is seriously bothered. Whereas

90 % of the respondents reports nuisance due to noise, the number of people seriously bothered by

vibrations (8 %) has the same order of magnitude as the number of people seriously bothered by noise

(9 %). In the MIRA-2 report, 7 % of the people is estimated to be seriously bothered by vibrations.

Road tra�c is the most important source (65 %), whereas other sources are railway tra�c (16 %),

industrial activities (15 %) and building construction (4 %). Between 1995 and 2000, the Department

of Environment and Infrastructure of the Ministry of the Flemish Community that is responsible for

the maintenance of the regional road network in Flanders has performed a total of 51 measurements

to evaluate nuisance and the possibility for damage due to tra�c induced vibrations [2].

The existing gap in knowledge regarding the physical interpretation of in situ measurements, the

formulation of norms and guidelines de�ning allowable vibration levels and the estimation of the

e�ciency of vibration isolating measures justify continuing scienti�c research.

Tra�c vibration nuisance in buildings is mainly due to heavy lorries that pass at relatively high speed

on a road with an uneven surface pro�le. Interaction between the wheels and the road surface causes

a dynamic excitation which generates waves that propagate in the soil and impinge on the foundations

of nearby structures. After attenuation at the foundation level, vertical vibration components can be

ampli�ed at the resonance frequencies of exible oors, while the horizontal components are ampli�ed

over the height of the building. Dominant frequencies are typically situated in a low frequency band

between 8 and 20 Hz.

1
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1.2 The aim of the present research

The objective of the DWTC research project MD/01/040 'Study of determining factors for tra�c

induced vibrations in buildings' is to obtain more insight in the relevant physical phenomena and the

relative importance of determining factors related to tra�c induced vibrations. Within the frame of

the 'Sustainable Mobility' programme of the Prime Minister's Services of the Belgian Federal O�ce

for Scienti�c, Technical and Cultural A�airs, only the present research project deals with the problem

of tra�c induced vibrations.

As a part of this research project, a numerical model is developed for the prediction of tra�c induced

vibrations. The model accounts for dynamic soil-structure interaction (SSI) and includes a wide

range of parameters that characterize the vehicle, the road unevenness, the road and the soil. In situ

measurements are used to perform an experimental validation and demonstrate the predictive qualities

of the numerical model. Furthermore, the model will be used to perform an extensive parametric study

that allows to identify the determining factors ("pressures") for tra�c induced vibrations in buildings

and the measures ("responses") that can be taken to diminish or avoid problems related to ground-

borne vibrations. The development of the numerical model and the results support the development

of other numerical models for the prediction of railway induced vibrations or the vibrations induced

by underground metro or tram tra�c.

Compared to the project proposal, considerably more e�ort has been put in the development and the

experimental validation of the source module. As a result, less attention has been spent to the study

of the interaction of the incident wave �eld and structures nearby the road. Preliminary results [3],

however, have been obtained during a 6 months post-doctoral stay of Dr. Anita Uscilowska of the

Institute of Mathematics of the Poznan University of Mathematics in Poznan (Polen) within the frame

of the DWTC programme 'Scienti�c and Technology Cooperation with Central and Eastern Europe'.

For a medium long period, the results of the research project support the development of a sustainable

mobility policy. The insight that has been gained can be used to formulate national or international

guidelines for nuisance due to tra�c induced vibrations. Furthermore, the results of the extensive

parametric study show the e�ectiveness of measures such as a limitation of the gross vehicle weight,

a speed limit, an alternative design of a tra�c plateau and an adjustment of the road's structure.

These results are not only of great importance to the administrations that are responsible for the

maintenance of the road network, but also to contractors or consulting engineers that are confronted

with problems related to tra�c induced vibrations.

In the following, the state of the art that has been achieved in the experimental and theoretical study

of road tra�c induced vibrations is briey revised. Special emphasis goes to studies in which the

link between structural damage and ground-borne vibrations is investigated and to a description of

existing theoretical models.

1.3 The state of the art

Experimental research

The Transport and Road Research Laboratory (TRRL) in Crowthorne, Berkshire (UK) has performed

a lot of experimental research related to tra�c induced vibrations in the past twenty years. Several

surveys were carried out to investigate the causes and the relation between the degree of nuisance

experienced by residents and their exposure to tra�c noise and vibrations [4, 5]. At a particular site,

the dynamic properties of the vehicle's suspension system, the vehicle speed and the elevation of the
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road surface unevenness determine the vibration levels [6]. Heavy goods vehicles and buses are found

to produce the most perceptible vibrations. Discrete irregularities in the road surface dominate the

more continuous vibrations induced by the global road unevenness. The TRRL has also performed

tests to determine the discomfort experienced by people both in vehicles and nearby houses due to

road humps and speed control cushions [7]. The results of these tests have been translated by the

Department of the Environment, Transport and Regions in the UK into practical guidelines in several

advisory leaets [8, 9].

Based on experimental observations, Al-Hunaidi et al. [10, 11] have found that the axle hop frequency

of the Montr�eal city buses is close to the �rst natural frequency of the soil at this site. It was therefore

concluded in this study that the level of vibration nuisance can be reduced when the properties of the

suspension system of the buses are modi�ed to achieve an axle hop frequency that is below the cut-o�

frequency of the soil.

In order to con�rm the experimental observations, a numerical model that incorporates the vehicle,

the road and the soil is indispensible.

Damage due to tra�c induced vibrations

The results of a questionnaire [5] by the Transport and Road Research Laboratory (TRRL) in the UK

indicate that an important cause for people to be bothered by tra�c induced vibrations is the fear

that these vibrations damage their property. In several surveys by the TRRL [12, 13, 14], the possible

link between vibrations and damage to heritage buildings is investigated. In all cases, however, it

is found that the observed structural damage is due to other site-related factors rather than tra�c

induced vibrations.

Sutherland [15] has performed a detailed investigation of possible structural damage due to vibrations

induced by trolley buses in the city of Winnipeg, Canada in 1949. Arti�cial ramps with a height

of 0.03 m to 0.08 m and a length of approximately 0.30 m have been installed on roads to generate

vibration levels in buildings that are exceptionally high. The vibration levels, however, are still much

lower than the treshold values reported for minor structural damage as plaster cracking. Sutherland

indicates that the treshold for human perception is much lower than the one for damage and concludes

that vibrations that would barely cause plaster cracking can already be very uncomfortable to people.

Bocquenet [16] discusses 4 practical cases of structural damage due to road tra�c induced vibrations

between 1950 and 1960. In two of these cases, the vibrations have caused fatigue e�ects of brittle

materials [17]. In the two other cases, the damage is due to settlements that are presumably caused

by tra�c induced vibrations [18]. Heller [19] has also found that vibrations induced by railway or

tramway tra�c lead to a compaction of sandy soils in the immediate vicinity of the railway track.

Peak particle velocities upto 2 mm/s at the foundation level are reported.

At the TRRL, the possibility of building damage due to vibration induced soil densi�cation has been

investigated experimentally [20]. During four months, a two-storey house, founded on a medium to

low density dry sand layer, has been subjected to vibrations induced by a hydraulic vibrator, mounted

on a small area of exible pavement surface. The house was subjected to 888000 vibrator pulses

with a fundamental frequency of 12 Hz and a duration of 1 s, equivalent to the passage of 4 vehicle

axles. At the foundation level, peak particle velocities (PPV) have been measured between 2.5 mm/s

close to the source and 1 mm/s at larger distances. Although a settlement of 22 mm was measured

under the vibrator pad, no signi�cant building settlements have been recorded. Furthermore, only a

small amount of additional plaster cracking at wall-ceiling junctions has been observed. Similar to the

observations by Sutherland, it is concluded that, for any risk of damage to exist at all, considerable

hindrance has to be experienced.
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House gives an extensive overview of criteria that are used to evaluate the possibility for damage [21].

Compared to the treshold value of 0.3 mm/s for human perception, much higher values are reported

for structural damage. For minor damage to buildings, such as plaster cracking, the treshold value of

the peak particle velocity equals 5 mm/s at a frequency of 10 Hz [21]. House indicates that a further

investigation of the generation and propagation of the waves in the free �eld and the relation between

the incident wave �eld and the building response is required. An experimentally validated numerical

prediction model is a well suited instrument for this task.

Even when the mechanisms and the possibility for damage are not entirely clear, Watts [1] conludes

that the nuisance by tra�c induced vibrations justi�es the development of prediction tools to determine

whether a road surface defect is likely to cause problems related to hindrance.

Empirical models

Empirical prediction models formulate the experimental experience into practical rules of thumb.

These models account in an approximating way for the attenuation of the vibrations with distance

and resulting from soil-structure interaction.

The extensive database of measurements that has been collected by the TRRL leads to the development

of a formula [1, 14] that predicts the PPV as:

PPV = 0:028H

�
v

48

�
sp

�
r

6

�n
(1.1)

where H represents the maximum height or depth of a surface unevenness (in mm), v the vehicle speed

(in km/h), p is a factor that indicates wether the defect is present in one (p = 0:75) or both (p = 1)

wheel paths and r is the distance between the source and the receiver. s and n are two parameters

that characterize the soil. The value of s follows from the modulus of the ground transfer function at

a distance of 6 m and a frequency of 12 Hz, while the value of n determines the attenuation with the

distance from the source. Both parameters have been experimentally determined at several sites with

di�erent soil characteristics, where free �eld vibrations are generated on a road with a falling weight

device (FWD) [22]. For an unevenness with a height H of 10 mm in both wheel paths (p = 1), a speed

v = 50 km/h and an average value of 1 for s, the predicted PPV at 6 m is 0.3 mm/s, corresponding

to the treshold level for human perception. The empirical model has been used to develop guidelines

for the minimum distance between a road hump and a building as a function of the type of subsoil

[9]. Based on the range of moduli and attenuation coe�cients, predictions can di�er by a factor of 4

for a single soil type, however.

Jakobsen presents an empirical model for the prediction of the vibration level inside a building from

the one third-octave spectrum of the free �eld response close to a railway line [23]. For each one third-

octave band, an experimentally determined constant value is added to predict the attenuation with

distance and the attenuation that results from the interaction between the building and the subsoil.

It is indicated that the predictions can di�er upto 10 dB, or a factor of 3, from the actual vibration

levels. Other empirical models make use of an experimental transfer function between the source and

the receiver [24]. This approach o�ers the advantage that all relevant phenomena in the transmission

path are implicitly accounted for.

Empirical models, however, do not clarify the mechanisms involved, are not suited for parametric

studies and cannot be used for an extrapolation to more complex situations.
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Theoretical models

Theoretical models contain elements that are related to the source, the transmission path and the

receiver. These models are well suited to investigate the physical phenomena related to tra�c induced

vibrations, as put forward by House [21], Hill [25], Watts [14] and Block [26].

The study of tra�c induced vibrations is a three-dimensional (3D), dynamic soil-structure interaction

problem, where wave propagation in the soil couples the source and the receiver. Three subproblems

can be distinguished: the characterization of the source, wave propagation in the soil and the inter-

action of the incident wave �eld and the structure. At present, there are no coupled models that

incorporate both the source and the receiver. The following discussion is therefore restricted to the

prediction of free �eld vibrations. The models that are presently used for road and railway induced

vibration have important common elements and are therefore discussed simultaneously.

Tra�c induced vibrations are generated by the moving axle loads of the vehicle. A distinction can be

made between the static component that follows from the distribution of the weight of the vehicle and

the dynamic component that is determined by the interaction between the vehicle and the substruc-

ture. The contribution of the static component is referred to as the quasi-static excitation, which is

important in the near �eld and when the vehicle speed is close to or larger than the wave velocities in

the soil.

The dynamic component of the axle loads is induced by the road surface unevenness that subjects the

vehicle to vertical oscillations. The dynamic axle loads are determined by the vehicle characteristics,

the vehicle speed, the road unevenness and the deformations of the road. However, as the road is much

sti�er than the vehicle's suspension or tyres [27, 28, 29, 30, 31, 32], the calculation of the dynamic

axle loads can be uncoupled from the calculation of the soil response in a �rst approximation. The

vehicle models that are used to describe the dynamic behaviour of a vehicle are composed of discrete

masses, springs, friction elements and dampers [27, 33, 34, 31, 35, 36]. In the case where a linear

vehicle model is used, vehicle frequency response functions (FRF) facilitate the calculation of the axle

loads [27, 37, 33]. Local road unevenness is described by a deterministic function that represents

the deviation of the traveled surface from a true planar surface. Global road unevenness can also

be described in a stochastic way by a power spectral density (PSD) [38, 39]. Although the global

road unevenness is frequently taken into account in theoretical studies [40, 33], practical vibration

problems are seldomly related to the global road unevenness. Discrete irregularities that produce

impact-like forces are more important [41, 14]. Very recently, prediction models for free �eld tra�c

induced vibrations have been used in the UK [7] and the Netherlands [42, 43, 44, 45] to estimate the

vibration nuisance from road humps and speed regulators.

The calculation of the response to moving loads is often based on the dynamic reciprocity theorem

[46] or a Galilean coordinate transformation to a moving frame of reference. M�uller [47] and M�uller

and Huber [48] have solved the problem of a layered visco-elastic halfspace subjected to a moving

load in the frequency-wavenumber domain. In an analogous way, de Barros and Luco [49, 50] have

studied the steady-state response of a layered visco-elastic halfspace due to a constant moving load.

For a problem geometry that is invariant in the direction in which the vehicle moves, Clouteau [51]

and Aubry et al. [52] have proposed an e�cient solution procedure where the longitudinal coordinate

is transformed to the longitudinal wavenumber.

The contact forces between the road or the track and the soil are determined by the dynamic interaction

between the substructure and the soil. A thin layer method has been applied by Mamlouk and Davis

[53] to simulate the dynamic response of a pavement. Hardy and Cebon [29, 54] have modelled the

road as a beam on a Winkler foundation. A comprehensive overview of road-soil interaction models

is given by Cebon [27]. For the prediction of the vibrations in the free �eld, however, the presence of

the road is often disregarded and the axle loads are applied directly to the soil [55, 40, 56, 57].
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1.4 Outline of the text

In this report, the study of the determining factors of ground-borne vibrations due to road tra�c is

discussed.

Chapter 2 deals with the numerical model that has been developed. The free �eld vibrations are

predicted in two stages. In chapter 3, the numerical model is used to study the importance of a

wide range of parameters that characterize the shape and the dimensions of the road unevenness, the

dynamic vehicle characteristics, the road's section, the soil's strati�cation and the material damping in

the soil. In chapter 4, it is shown how in situ measurements are used for the experimental validation

of the numerical model. Both the prediction of the vehicle's response and the free �eld response

are validated. The results are summarized �nally in chapter 5. Furthermore, it is indicated how

further research can additionally contribute to a further understanding of the relevant phenomena.

In appendix A, it is shown how the experience and the knowledge that have been gained within the

project are distributed at both the national and international level.



Chapter 2

The numerical model

2.1 Introduction

In the following, a numerical model for the prediction of free �eld road tra�c induced vibrations is

presented. The prediction is performed in two stages. First, the dynamic axle laods are calculated

from the road unevenness and the vehicle dynamics. Next, the dynamic Betti-Rayleigh reciprocal

theorem is applied to calculate the free �eld vibrations from the axle loads and a transfer function

between the road and a point in the free �eld. The calculation of the transfer function requires the

solution of the dynamic road-soil interaction problem for the case where a pulse load is applied at the

road's surface.

2.2 The dynamic axle loads

The vehicle's vertical axle loads are composed of a static and a dynamic component. The static

component follows from the distribution of the vehicle weight over the vehicle axles. The dynamic

component is induced by the road unevenness that subjects the vehicle to vertical oscillations. It

depends on the road unevenness, the vehicle characteristics and the vehicle speed. In the case where

the vehicle speed is low compared to the wave velocities in the soil, the contribution of the static

component to the free �eld vibrations is negligible. In this chapter, it is shown how vehicle frequency

response functions are used to predict the dynamic component of the vertical interaction forces between

the vehicle and the road.

2.2.1 The road surface unevenness

The road unevenness is de�ned as the deviation of a traveled surface from a true planar surface

with characteristic dimensions that a�ect ride quality, vehicle dynamics, dynamic pavement loads and

pavement drainage [58]. Road unevenness can be either local or global. Local road unevenness is only

present at a limited distance along the road, while global road unevenness corresponds to the overall

unevennes along the road. For a 2D vehicle model, only the longitudinal unevenness pro�le uw=r(y)

that represents the deviation at a point y along the road is considered.

Road unevenness is measured by two general types of equipment: pro�lometers, which measure the

unevenness in a straight-forward way and response-type devices, which measure the unevenness in an

indirect way as the dynamic response of the measuring equipment [58].

7
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Local as well as global unevenness can be described by a deterministic function uw=r(y). Tra�c

plateaus, poorly �lled trenches and joints in a road surface are examples of local road unevenness

pro�les that generate vibrations in buildings during the passage of heavy tra�c [59, 60, 61].

Class Range

Microtexture �y < 5� 10�4 m

Macrotexture 5� 10�4 m < �y < 5� 10�2 m

Megatexture 5� 10�2 m < �y < 0.5 m

Uneveness 0.5 m < �y < 50 m

Table 2.1: Classi�cation of road roughness.

A forward Fourier transformation of the coordinate y along the road to the wavenumber ky reveals

the wavenumber content ~uw=r(ky) of the unevenness pro�le uw=r(y). Table 2.1 shows a classi�cation

of road roughness according to the wavelength �y = 2�=ky of the road irregularities [62]. The range of

road unevenness which is important for vehicle dynamics is characterized by wavelengths �y between

0.5 m and 50 m. The largest wavelengths are only relevant at high vehicle speeds.

The global road surface unevenness is a standard example of a random process. In a classical paper by

Dodds and Robson [38], it is shown how the road surface roughness is described as a two-dimensional

Gaussian random process with a single power spectral density as a function of a wavenumber ky =

2�=�y . In the case where the road shows discrete or periodic irregularities, such as joints or potholes,

a description by a PSD is not suitable. The approach by Dodds and Robson was proposed for the

International Standard ISO/TC108/WG9 and resulted in the ISO 8608 [39] norm that deals with the

classi�cation of road surface pro�les. The classi�cation is based on a comparison of the measured,

single-sided PSD and eight categories labelled from A to H, that are de�ned by a range of arti�cal

PSD of the following form:

Sw=r(ky) = Sw=r(ky0)

 
ky

ky0

!
�w

(2.1)

where w equals 2 and the value of Sw=r(ky0) depends on the unevenness class, as de�ned in table

2.2. The wavenumber content decreases with an increasing wavenumber or a smaller wavelength. It is

indicated in the ISO 8608 norm that the pro�les in table 2.2 can be used as the input for theoretical

parametric studies. As an alternative to the single-sided PSD function in equation (2.1), a double-

sided PSD function can be used. The amplitude of the latter has half the value of the amplitude for

a single-sided PSD.

Compared to local road unevenness, however, the practical importance of global road unevenness

is low for road tra�c induced vibrations [63]. The Transport and Road Research Laboratory has

investigated several sites where nuisance occurs due to road tra�c induced vibrations [12, 13]. In each

of these cases, the vibrations are generated by the passage of heavy tra�c on a discrete irregularity

of the road surface. Al-Hunaidi [41] has observed experimentally that the vibration levels due to

local irregularities are ten times larger than the levels due to the global road unevenness. Several case

studies by the Structural Mechanics Division [59, 60, 61] have con�rmed these observations. The focus

in the following will therefore be on local irregularities.
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Roughness class Sw=r(ky0)[�10
6m3]

Minimum Mean Maximum

A 0 1 2

B 2 4 8

C 8 16 32

D 32 64 128

E 128 256 512

F 512 1024 2048

G 2048 4096 8192

H 8192 16384 32768

Table 2.2: ISO 8608 road roughness classi�cation (ky0 = 1 rad/m).

2.2.2 The vehicle dynamics

The basic mathematical models for the simulation of the vehicle ride behaviour are also used to

predict the dynamic axle loads for the study of the response of roads or bridges subjected to a vehicle

passage [27, 33, 34, 31, 35, 36]. These vehicle models are composed of discrete masses, springs, friction

elements and dampers (�gure 2.1). The vehicle body and axles are modelled as rigid inertial elements.

The inuence of the vibrations of continuous structural elements as the vehicle frame is small and is

therefore neglected [27]. The vehicle body is connected to the axles through the suspension system,

which isolates the body from the vibrations induced by the road unevenness. The vehicle body is

therefore referred to as the sprung mass, whereas the vehicle's axles are the unsprung masses. A

parallel connection of springs, dampers and friction elements is used to represent the suspension

system, while a spring-dashpot system represents the tyres.

Figure 2.1: 2D 4 DOF model for a passenger car.

The vehicle models for the prediction of the vehicle comfort or safety can have a high number of

degrees of freedom (DOF). Such complex models are not required for the estimation of the axle loads

and the prediction of tra�c induced vibrations. Complex vehicle models can be reduced to simpler

ones with fewer DOF by distinguishing between master and slave DOF and applying an Irons-Guyan

reduction to the system matrices [64]. In the European standard for tra�c loads on bridges [36], it is

indicated how these models can be further simpli�ed as a succession of quarter car models, neglecting

the coupling of the vehicle's axles through the frame.

Either 2D or 3D vehicle models can be used. 2D vehicle models only account for the motion of

the vehicle in the vertical plane, while 3D vehicle models include e�ects as vehicle rolling. Under
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normal driving conditions, when no discrete irregularities are encountered in a single wheelpath, the

contribution of vehicle rolling to the axle loads is small [27].

Linear vehicle models do not account for non-linear e�ects such as the loss of contact between the

vehicle and the road or non-linear suspension characteristics. The loss of contact occurs for empty

trucks that encounter large discrete irregularities at a high vehicle speed [65]. Leaf-spring suspension

systems exhibit a non-linear characteristic due to the inter-leaf friction [65, 35]. Elaborate tests are

required for the characterization of the suspension system by a parallel connection of a spring, a

damper and a friction element [35]. The use of these validated vehicle models, however, allows for a

good prediction of the vehicle ride behaviour. Drosner [65] has compared the axle loads for a model

that incorporates a friction element and a linearized vehicle model. For a relatively low friction, the

inter-leaf friction contributes to the energy dissipation in the vehicle's suspension system. A large

inter-leaf friction locks the suspension system and cancels the isolation of the vehicle body. This leads

to a lightly damped motion, accompanied by high dynamic loads. This phenomenon only occurs in

the case of roads with a smooth surface [27].

Since the size p of the footprint of the tyre typically varies between 100 mm and 350 mm and is small

with respect to the relevant range of wavelengths between 0.5 m and 50 m, the contact between the

tyre and the road can be approximated as a point contact. For very small wavelengths, the unevenness

to which the vehicle is subjected is �ltered by the �nite contact area [66, 67]. This phenomenon is

known as the tyre enveloping e�ect [27, 68]. In the case of railway tra�c, Knothe and Grassie [66]

approximate this e�ect by a �lter that is applied on the roughness pro�le of the rails and wheels to

suppress the spurious components at small wavelengths or large wavenumbers.

2.2.3 The equations of motion of the vehicle

The equilibrium equations of motion are written in a general form that is valid for an arbitrary linear

vehicle model [30]:
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where the vectors ub and ua collect the displacement components of the car body and the axles,

respectively, while the vectors Fext
b and Fext

a contain external forces that are applied directly to the

car body and the wheel axles. Maa and Mbb represent the mass matrix of the vehicle body and the

axles. K and C are the sti�ness and damping matrix, where the superscript p and t refer to the

contribution of the primary suspension and the tyres. uw=r and ur collect the road unevenness and

the road's deformations at the contact points between the vehicle and the road.

These equations illustrate that the suspension system connects the vehicle body to the axles, while the

tyres are the link between the axles and the road. The damping Ct
aa of the vehicle tyres is generally

small compared to the damping of the suspension system Cp
aa [65, 35], that accounts for most of the

energy dissipation.

The real eigenmodes of the vehicle are calculated through the solution of the undamped eigenvalue

problem corresponding to equation (2.2):

(

"
K

p
bb K

p
ba

K
p
ba
T

Kp
aa +Kt

aa

#
� !

2

"
Mbb 0

0 Maa

#
)

(
Ub

Ua

)
= 0 (2.3)
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These equations are solved for a 4DOF vehicle model (�gure 2.1) of a Volvo FE7 truck that has

been derived from a larger 17 DOF vehicle model by means of Irons-Guyan reduction [64]. The

following vehicle characteristics have been found: mb = 13280 kg, Ib = 60397 kgm2, ma1 = 1250 kg,

ma2 = 650 kg, l1 = �1:775m, l2 = +2:225m, kp1 = 1:26(1 + 0:80i) � 106 N/m, cp1 = 8000Ns/m,

kp2 = 0:66(1 + 0:20i) � 106N/m, cp2 = 0Ns/m, kt1 = 2:80 � 106 N/m, ct1 = 4200Ns/m, kt2 =

1:40 � 106N/m and ct2 = 2100Ns/m. The real values for kp1 and kp2 are used for the calculation of

the sti�ness matrix.

Description of mode Eigenfrequency Eigenmode

ub 'b ua1 ua2

[Hz] [m] [rad] [m] [m]

Pitch and bounce front 1.3 0.0047 0.0034 -0.0004 0.0040

Pitch and bounce rear 1.7 0.0072 -0.0022 0.0036 -0.0008

Axle hop front axle 9.0 0.0006 0.0003 -0.0009 -0.0390

Axle hop rear axle 9.1 0.0009 -0.0003 -0.0280 -0.0012

Table 2.3: Eigenmodes of the 4DOF Volvo FE7 model.

For this 4-DOF vehicle model, 4 eigenmodes are found: 2 pitch and bounce modes and 2 axle hop

modes (table 2.3 and �gure 2.2a). The low eigenfrequencies correspond to a pitch and bounce motion

of the front or the rear part of the vehicle (�gure 2.2), accompanied by a smaller in-phase axle motion.

These modes involve a weakly coupled motion between the front and the rear part of the vehicle. The

higher eigenfrequencies correspond to the axle hop modes (�gure 2.2b) and involve a motion of the

rear or the front axle, accompanied by a small out-of-phase body motion.

(a) (b)

Figure 2.2: Eigenmodes of the 2D 4-DOF model for a passenger car: (a) pitch and bounce motion

mode; (b) axle hop mode.

The same groups of eigenmodes are found for other 2D vehicle models. The pitch and bounce fre-

quencies are generally situated in a frequency range between 0.8 Hz and 3 Hz, while the axle hop

frequencies occur between 8 Hz and 15 Hz. The eigenfrequencies of the vehicle model can also be

roughly estimated from the following equations for the pitch and bounce and the axle hop frequencies,

respectively [65]:

fpb =
1

2�

s
kpk + ktk

mbk

fah =
1

2�

s
ktk

mak
(2.4)
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where mbk is the part of the vehicle weight that is carried by the axle k. These equations indicate that

the pitch and bounce frequencies are determined by the weight of the vehicle body and the sti�ness

of the suspension and the tyre, while the axle hop frequencies are determined primarily by the weight

of the axle and the tyre sti�ness.

2.2.4 The vehicle-road interaction problem

The general equilibrium equations (2.2) can also be written as a function of the interaction forces Fint
w=r

between the vehicle and the road:

"
Mbb 0

0 Maa

#(
�ub
�ua

)
+

"
C

p
bb C

p
ba

C
p
ba
T

Cp
aa

#(
_ub
_ua

)
+

"
K

p
bb K

p
ba

K
p
ba
T

Kp
aa

#(
ub
ua

)

=

(
Fext
b

Fext
a

)
+

(
0

�Fint
w=r

)
(2.5)

The interaction forces Fint
w=r depend on the di�erence between the axle displacements ua and the sum

of the irregularities uw=r of the road surface and the road displacements ur:

Fint
w=r = Kt

aa

h
ua � (ur + uw=r)

i
+Ct

aa

h
_ua � ( _ur + _uw=r)

i
(2.6)

These equations illustrate that the interaction between the vehicle and the road is a coupled problem.

As a result, the equations of motion of the vehicle and the road should be solved simultaneously.

The motion of the contact point between the vehicle and the road presents an extra di�culty. In the

literature on vehicle-bridge interaction, various solution procedures are presented [69, 70, 71].

For the study of vehicle-bridge interaction or train-track interaction, the inuence of the displacements

of the substructure ur on the dynamic axle loads is taken into account. For the study of the vehicle-

road interaction problem, the inuence of the road's response on the vehicle's response is generally

not taken into account due to the high sti�ness of the substructure with respect to the vehicle's

suspension and tyres [27, 28, 31, 32]. A preliminary study, based on the model of a beam on a Winkler

foundation for the road has con�rmed this assumption [30]. This allows for the use of a two-stage

solution procedure, where the calculation of the vehicle's response is decoupled from the substructure's

response. First, the dynamic axle loads are calculated from the equations of motion (2.2), where the

inuence of the road response ur is neglected. Next, these axle loads are applied to the road. The

transfer functions between the road and the soil are used to calculate the free �eld response by means

of the dynamic reciprocity theorem. In the following, the equations of motion of the vehicle (2.2) are

used to derive frequency response functions for the calculation of the dynamic axle loads.

2.2.5 The vehicle frequency response functions

The distribution of n axle loads on the road is written as the summation of the product of a Dirac

function that determines the position of the force and a time-dependent function gk(t):

�bj(x; t) =
nX

k=1

�(x� xS)�(y � yk � vt)�(z)gk(t)�3j (2.7)

yk is the initial position of the k-th axle load that moves with the vehicle speed v along the y-axis.
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The uncoupling of the equations of motion of the vehicle and the road and the use of a linear vehicle

model allow to calculate the time history gk(t) of a single axle load from the contribution of all n

vehicle axles and the road surface pro�le:

gk(t) =
nX
l=1

Z t

�1

hfkul(t� �)ulw=r(�) d� (2.8)

The contribution of axle l is calculated as the convolution integral of an impulse response function

hfkul(t), representing the time-history of the kth axle load when a unit impulse excitation is applied

to axle l, and the road unevenness ulw=r(t) experienced by axle l. The latter is calculated from the

road surface pro�le uw=r(y):

u
l
w=r(t) = uw=r(yl + vt) (2.9)

The representation of the interaction force ĝk(!) in the frequency domain results from the Fourier

transform of equation (2.8):

ĝk(!) =
nX
l=1

ĥfkul(!)û
l
w=r(!) (2.10)

ĥfkul(!) is the frequency response function (FRF) of the axle k due to an imposed displacement at

axle l [27, 37, 33]. The FRF's are obtained by solving the equations of motion of the vehicle (2.2) in

the frequency domain, where the external forces are set to zero and ûw=r(!) represents a vector with

a unit harmonic displacement applied to axle l. The FRF's are calculated by means of equation (2.6)

in the frequency domain, where the road's deformations ur are neglected:

ĥfkul(!) = (ktk + i!ctk)(ûak(!)� �kl) (2.11)

with �kl the Kronecker delta. The frequency content û
l
w=r(!) in equation (2.10) follows from the

forward Fourier transform ûw=r(!) of the road unevenness experienced by an axle at a zero initial

position:

û
l
w=r(!) = ûw=r(!) exp (i!

yl

v
) (2.12)

ûw=r(!) can also be calculated from the wavenumber domain representation ~uw=r(ky) of uw=r(y):

ûw=r(!) =
1

v
~uw=r

�
�
!

v

�
(2.13)

This expression shows how the vehicle speed v couples the wavenumber content ~uw=r(ky) of the un-

evenness pro�le to the frequency content ûw=r(!) of the signal that is applied to each axle of the

vehicle. An unevenness component with a wavelength �y corresponds to a harmonic excitation of

the vehicle at a frequency v=�y. For regular vehicle speeds between 8 m/s and 20 m/s, the range

of wavenumbers that corresponds to an excitation in the range of axle hop frequencies between 8 Hz

and 15 Hz is roughly situated between 2.5 rad/m and 12 rad/m. This corresponds to the range of

wavelengths between 0.5 m and 2.5 m.

Equation (2.13) illustrates that the quasi-static value of the frequency content of the signal that is

applied to the vehicle decreases as the vehicle speed increases, while the frequency content shifts to

higher frequencies.
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Using equations (2.10) and (2.12), the contribution of all axles to a single axle load is collected in a

single FRF ĥfku(!):

ĝk(!) = ûw=r(!)
nX
l=1

ĥfkul(!) exp (i!
yl

v
) = ûw=r(!)ĥfku(!) (2.14)

ĥfku(!) represents the axle load at an axle k for a harmonic excitation of the entire vehicle by an

unevenness pro�le with a wavelength �y = v=f . The vehicle FRF ĥfku(!) account for the time delay

between the input at the vehicle's axles and depend on the vehicle speed v.

2.3 The road-soil interaction problem

2.3.1 Introduction

In the past, the presence of the road has often been disregarded for the calculation of the free �eld

road tra�c induced vibrations. In this case, the dynamic axle loads are directly applied to the soil.

This assumption is only valid if the wavelength in the soil is large with respect to the area of the

road-soil interface that accounts for the transmission of the forces to the soil. The distribution of the

contact forces is determined by the dynamic interaction between the road and the soil.

In the following, it is shown how a substructure approach is applied to study the interaction between

the road and the soil. First, the equations of motion of the road are considered. These equations

account for bending as well as torsional deformations of the road. A transformation of the horizontal

coordinate y along the road to a horizontal wavenumber ky allows for an e�cient solution procedure

in the frequency-wavenumber domain. The computation of the soil's impedance for the bending and

torsional modes requires the calculation of the modal soil tractions. The latter are calculated with a

boundary element method, that is based on the formulation of the integral equations.

2.3.2 The equations of motion of the road

Figure 2.3: The road-soil interaction problem.
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The road is assumed to be located at the soil's surface and to be invariant with respect to the longi-

tudinal direction y (�gure 2.3). The width of the road is equal to 2B. Furthermore, it is assumed that

the road's cross section is rigid. The vertical road displacements urz(x; y; t) are therefore independent

of the vertical coordinate z and can be written as a function of the vertical translation ucz(y; t) of the

cross section's centre of gravity and the rotation �cy(y; t) about this centre:

urz(x; y; t) = ucz(y; t) + x�cy(y; t) = �r(x)�r(y; t) (2.15)

The displacement modes of the rigid cross section are collected in a vector �r = f1; xgT , while the

vector �r collects the displacement ucz and the rotation �cy. The latter can be interpreted as unknown

modal coordinates of the deformation modes of the rigid cross section.

For the calculation of the road-soil transfer function, the case is considered where a concentrated pulse

�(x � xS)�(y)�(z � zS)�(t) is applied at a point fxS ; 0; zSg
T of the road's surface. The kinematical

assumptions result in the following equilibrium equations for the road, which govern the longitudinal

bending and torsional deformations, respectively:

+EIx
@
4
ucz

@y4
+ �A

@
2
ucz

@t2
= �(y)�(t) + f

e
cz (2.16)

�GC
@
2
�cy

@y2
+ �Ip

@
2
�cy

@t2
= xS�(y)�(t) +m

e
cy (2.17)

In these equations, A is the road's cross section, Ix the moment of inertia with respect to x, C the

torsional moment of inertia and Ip the polar moment of inertia; E is the Young's modulus, G the shear

modulus and � the density of the road. The �rst terms at the right hand side of equations (2.16) and

(2.17) represent the contribution from the concentrated pulse. The vertical force per unit length f
e
cz

and the torsional moment per unit length m
e
cy are exerted by the soil on the road along the interface

�rs. These terms follow from the equilibrium at the interface �rs between the road and the soil:

f
e
cz = �

Z +B

�B
tsz(us)(x; y; z = 0; t) dx

m
e
cy = �

Z +B

�B
xtsz(us)(x; y; z = 0; t) dx (2.18)

where tsz(us)(x; y; z; t) represents the vertical component of the soil tractions ts = �sn on a boundary

with a unit outward normal n for a displacement �eld us.

In equations (2.16) and (2.17), the road's bending and torsional sti�ness and inertia are represented by

a single term. For a uniform rectangular cross section with a width b and a height h, EIx = Ebh
3
=12

and �A = �bh. If the height h is relatively small with respect to the width b, the torsional sti�ness

GC can be approximated as Gbh3=3. The torsional inertia �Ip = �(bh3=12 + b
3
h=12). In practice,

however, the road section is a horizontally layered structure, where a top asphalt or concrete layer is

supported by a foundation. In this case, the material properties Ei, �i and the height hi of each layer

are used to calculate equivalent bending and torsional properties for the layered road structure.

A double forward Fourier transformation is performed to transform the time t to the circular frequency

! and the longitudinal coordinate y to the horizontal wavenumber ky. The latter is allowed as the road

and the soil are invariant in the y-direction. The displacement decomposition (2.15) for the vertical

road displacements becomes:

~urz(x; ky; !) = ~ucz(ky; !) + x~�cy(ky; !) = �r(x)~�r(ky; !) (2.19)
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The road's deformations �r(x) ~�r(ky; !) correspond to a bending or a torsional wave with a phase

velocity Cy = !=ky. The equilibrium equations (2.16) and (2.17) are formulated in the frequency-

wavenumber domain:

 "
EIxk

4
y 0

0 GCk
2
y

#
� !

2

"
�A 0

0 �Ip

#!(
~ucz
~�cy

)
=

(
1

xS

)
+

(
~f ecz
~me
cy

)
(2.20)

These equations can alternatively be written in matrix-vector notation:

�
~Kr � !

2 ~Mr

�
~�r = ~f �c +

~f ec (2.21)

with ~Kr the sti�ness matrix and ~Mr the mass matrix of the road. The road's impedance ~Kr �!
2Mr

is singular for free bending waves with a wave velocity Cb =
4
p
EIx!

2=�A and free torsional waves

with a wave velocity Ct =
q
GC=�Ip. It is assumed that no damping is present in the road and as

a result, the road's impedance is real. ~f �c is the force vector related to the Dirac load. The vector ~f ec
follows from equation (2.18), that expresses the equilibrium at the road-soil interface �rs:

~f ec = �

Z +B

�B
�r(x)~tsz(~us)(x; ky ; z = 0; !) dx (2.22)

~tsz(~us) is the representation of tsz(us) in the frequency-wavenumber domain. The displacements ~us in

the horizontally layered soil are decomposed on the basis of the scattered elastodynamic wave �elds,

radiated by the bending and torsional modes of the road:

~us(x; ky ; z; !) = ~�s(x; ky; z; !)~�s(ky; !) (2.23)

The vector ~�s(x; ky; z; !) collects the scattered wave �elds in the soil, while the vector ~�s(ky;!) collects

the modal coordinates. The following displacement continuity conditions are imposed on the interface

�rs:

~ur(x; ky ; !) = ~us(x; ky; z = 0; !) (2.24)

The vertical pulse on the road generates horizontal and vertical tractions at the road-soil interface.

However, only the vertical tractions have a non-zero resultant. When the loaded area is small com-

pared to the wavelength in the soil, the horizontal tractions have a small inuence on the free �eld

displacements. Under these conditions, a frictionless contact between the road and the soil can be as-

sumed and no restrictions are imposed on the displacements in the x- and y-direction. This approach

corresponds to the application of relaxed boundary conditions, whereas the continuity conditions in

equation (2.24) are referred to as welded boundary conditions.

The following continuity condition prevails for the vertical displacement component:

~urz(x; ky; !) = ~usz(x; ky; z = 0; !) (2.25)

Equation (2.25) can be further elaborated if the displacement decompositions (2.19) and (2.23) are

introduced:

�r(x)~�r(ky; !) = ~�sz(x; ky ; z = 0; !)~�s(ky; !) (2.26)
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At the road-soil interface �rs, the vertical components of the scattered wave �elds ~�sz(x; ky ; z = 0; !)

are equal to the displacement modes �r(x) of the road for each frequency ! and wavenumber ky, so

that:

~�r(ky ; !) = ~�s(ky; !) (2.27)

As a result, the subscript r or s in the modal coordinates ~� can be omitted. Using the displacement

decomposition in equation (2.23) together with the result of equation (2.27), the force vector in

equation (2.22) can be elaborated as:

~f ec = �

Z +B

�B
�r(x)~tsz(

~�s)(x; ky ; z = 0; !)~�(ky; !) dx (2.28)

The equilibrium equation (2.21) becomes:

h
~Kr � !

2 ~Mr + ~Ks

i
~� = ~f �c (2.29)

where ~Ks represents the soil's impedance:

~Ks =

Z +B

�B
�r(x)~tsz(�s)(x; ky ; z = 0; !) dx (2.30)

This equation shows that the calculation of the soil's impedance ~Ks requires the computation of the soil

tractions ~tsz(�s)(x; ky ; z = 0; !) for the road's bending and torsional modes �r(x). The o�-diagonal

elements of ~Ks represent the coupling that occurs between the bending and torsional modes. ~Ks(1; 2)

is the vertical force that follows from the tractions due to a unit rotation of the interface, while ~Ks(2; 1)

represents the torsional moment that results from the tractions due to a uniform vertical displacement.

As both elements are zero, the soil's impedance ~Ks is a diagonal matrix and the deformation modes

are uncoupled. The imaginary part of the impedance corresponds to the loss of energy that takes

place through material and radiation damping in the soil [72, 73, 74].

The solution of the system of equations (2.29) gives the complex modal coordinates ~�(ky; !). The soil

tractions ~tsz(~us)(x; ky ; z = 0; !) at the road-soil interface are calculated from the modal coordinates:

~tsz(x; ky; z = 0; !) = ~tsz(~�s)(x; ky; z = 0; !)~�(ky; !) (2.31)

These soil tractions are used to calculate the free �eld displacements for a concentrated unit pulse on

the road, representing to the transfer function between the road and a point in the free �eld. The

unknown soil tractions ~tsz(�s)(x; ky ; z = 0; !) for the road's deformation modes �r(x) are calculated

by means of a boundary element method [64], that is based on a discretization of the road-soil interface

and an interpolation of the �eld variables by means of global shape functions.

2.3.3 The road-soil transfer function

The road-soil transfer function represents the soil displacements due to a concentrated unit pulse

applied at the road. In this subsection, the free �eld soil displacements are calculated from the

vertical soil tractions at the road-soil interface.

Accounting for the invariance of the soil in the horizontal direction and the invariance of the road in

its longitudinal direction, it can be shown, by means of the Betti-Rayleigh reciprocal theorem, that
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the following expression holds in the frequency-wavenumber domain:

~hzi(�1; ky; �3; !) =

Z +B

�B

~tsj(x; ky; 0; !)~u
G
ji(�1 � x; ky; �3; !) dx (2.32)

In this equation, ~uGji(x; !) is the Green's function of a linear elastic layered halfspace that represents

the free �eld displacements in a point x in a direction ei due to a unit pulse in a direction ej in

the origin. The Green's functions are elements of a 3 by 3 tensor. The evaluation of equation (2.32)

requires the computation of the full 3 by 3 Green's displacement tensor. If a relaxed contact is assumed

in the horizontal direction, the horizontal soil tractions are zero and:

~hzi(�1; ky; �3; !) =

Z +B

�B

~tsz(x; ky ; 0; !)~u
G
zi(�1 � x; ky; �3; !) dx (2.33)

In this case, the calculation of the transfer function from the tractions at the interface only requires

the computation of the third row ~uGzi(x; ky; z; !) of the Green's tensor.

2.4 The response to moving loads

In the following, the dynamic Betti-Rayleigh reciprocal theorem [75] is used for the calculation of the

response for a deterministic moving load. The use of this theorem allows to compute the free �eld

response from the transfer function between the road and a point in the free �eld and the time history

of the dynamic axle loads.

Based on the invariance of the road-soil system in the longitudinal y-direction, the following expression

is derived for the displacement usi(�1; �2; �3; t) at a point f�1; �2; �3g
T in a direction ei by means of the

Betti-Rayleigh reciprocal theorem:

usi(�1; �2; �3; t) =

Z t

�1

gk(�)hzi(�1; �2 � yk � v�; �3; t� �) d� (2.34)

The response is calculated as a convolution integral where the integrand represents the contribution

of the elementary impulse gk(�)d� at a time � . The contribution is calculated as the product of the

elementary impulse and the transfer function hzi(�1; �2 � yk � v�; �3; t� �), evaluated at the position

of a receiver that moves in the opposite direction of the load.

The transfer function for a concentrated pulse that is applied at a time t = 0 is zero for t � � < 0.

As a result, the upper limit of the integral in equation (2.34) can be extended from t to +1. The

frequency content of the response is calculated as the forward Fourier transform from the time t to

the circular frequency !:

ûsi(�1; �2; �3; !) =

Z +1

�1

Z +1

�1

gk(�)hzi(�1; �2 � yk � v�; �3; t� �) d� exp (�i!t) dt (2.35)

In the right hand side of this equation, the exponential term exp (�i!t) is replaced by the equivalent

term exp [�i!(t� �)] exp (�i!�), while the order of integration is changed:

ûsi(�1; �2; �3; !) =Z +1

�1

gk(�)

�Z +1

�1

hzi(�1; �2 � yk � v�; �3; t� �) exp [�i!(t� �)] dt

�
exp (�i!�) d�

(2.36)
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The bracketed term represents the Fourier transform of the transfer function, so that:

ûsi(�1; �2; �3; !) =

Z +1

�1

gk(�)ĥzi(�1; �2 � yk � v�; �3; !) exp (�i!�) d� (2.37)

The response in the wavenumber-frequency domain is obtained as the forward Fourier transform of

the horizontal coordinate �2 to the wavenumber ky:

~usi(�1; ky; �3; !) =Z +1

�1

Z +1

�1

gk(�)ĥzi(�1; �2 � yk � v�; �3; !) exp (�i!�) d� exp (+iky�2) d�2 (2.38)

After a change of the order of integration and a change of variables according to �2 = � + yk+ v� , the

following expression is found:

~usi(�1; ky; �3; !) =Z +1

�1

gk(�)

�Z +1

�1

ĥzi(�1; �; �3; !) exp (+iky�) d�

�
exp [+iky(yk + v�)] exp (�i!�) d�

(2.39)

The bracketed term is the wavenumber domain representation of the transfer function:

~usi(�1; ky; �3; !) =

Z +1

�1

gk(�)~hzi(�1; ky; �3; !) exp [+iky(yk + v�)] exp (�i!�) d� (2.40)

The exponential functions that depend on the variable � are collected as follows:

~usi(�1; ky; �3; !) =

�Z +1

�1

gk(�) exp [�i(! � kyv)�)] d�

�
~hzi(�1; ky; �3; !) exp (+ikyyk)

(2.41)

The bracketed term represents the frequency-shifted Fourier transform of the time-dependent ampli-

tude of the moving load:

~usi(�1; ky; �3; !) = ĝk(! � kyv)~hzi(�1; ky; �3; !) exp (+ikyyk) (2.42)

This equation shows that the response in the frequency-wavenumber domain is the product of the

transfer function and the frequency content of the source, provided that the latter is shifted by kyv.

For a limiting small velocity v, the shift kyv tends to zero and the solution for the case of a load at a

�xed position is recovered.

The representation ûsi(�1; �2; �3; !) of the response in the frequency domain is found from the inverse

wavenumber domain transform:

ûsi(�1; �2; �3; !) =
1

2�

Z +1

�1

ĝk(! � kyv)~hzi(�1; ky; �3; !) exp [�iky(�2 � yk] dky (2.43)

The frequency content ĝk(! � kyv) can alternatively be written as ĝk[!(1 � v=Cy)], where Cy is the

phase velocity in the y-direction. The frequency content of the response at a circular frequency ! is

emitted by the source at a frequency ~! = !(1� v=Cy). For a positive phase velocity Cy, an increasing

speed v reduces the emitting ~!. For a negative phase velocity Cy, the emitting circular frequency
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~! increases with the source speed. It is more convenient, however, to apply a change of variables

according to ky = (! � ~!)=v. This change of variables moves the frequency shift from the frequency

content of the moving loads, to the wavenumber content of the transfer function:

ûsi(�1; �2; �3; !) =
1

2�v

Z +1

�1

ĝk(~!)~hzi(�1;
! � ~!

v
; �3; !) exp

�
�i

�
! � ~!

v

�
(�2 � yk)

�
d~!

(2.44)

The frequency content ĝk(~!) of the source and the displacement ûsi(�1; �2; �3; !) at the receiver are

coupled through the wavenumber at which the transfer function is evaluated. For a limiting large

velocity v, the wavenumber (! � ~!)=v tends to zero and the solution for the 2D case of a line load

along the path of the moving source is obtained.

If the distance between the source and the receiver in the y-direction is much larger than the distance in

the x-direction, the response is dominated by waves in the positive y-direction. In this case, the phase

velocity Cy is close to the dominant wave velocity C in the soil. A circular frequency ~! emitted at the

source results in a higher frequency ! = ~!=(1�v=C) at the receiver. When the source approaches the

receiver, the waves propagate in the x-direction as well and the phase velocity Cy tends to in�nity.

Under these conditions, ! tends to ~!. When the source has passed the receiver, the phase velocity Cy

tends to �C and the frequency ~! emitted by the source results in a lower frequency ! = ~!=(1 + v=C)

at the receiver. This phenomenon is known as the Doppler e�ect.

The response in the time domain is �nally obtained as the inverse Fourier transform of the previous

expression:

usi(�1; �2; �3; t) =
1

2�

Z +1

�1

ûsi(�1; �2; �3; !) exp (+i!t) d! (2.45)

In the case where the global road unevenness is described by a power spectral density as a function

of the wavenumber ky as in the ISO8608 standard [38, 39], the vehicle transfer functions can be used

to calculate the PSD of the axle loads [64]. In this case, the deterministic solution procedure is not

applicable and a stochastic solution procedure is required to calculate the statistical properties of the

response. Due to the motion of the random load, however, the response is non-stationary and the

statistical properties of the response are time-dependent. The calculation therefore requires the use

of non-stationary solution methods. A neglection of the motion of the random loads enables the use

of simple stationary methods, as they are frequently used for the calculation of the PSD of the free

�eld vibrations [40, 56]. Within the frame of the DWTC project, however, a stochastic method has

been developed to calculate the response for a set of moving random loads [76, 64]. The Wigner-Ville

method [77, 78, 79, 80] is applied to calculate the time-dependent statistical properties of the response

at each time t during the passage of the random source.



Chapter 3

Parametric study

3.1 Introduction

In the previous chapter, a numerical prediction model for road tra�c induced vibrations has been

presented. The free �eld vibrations are calculated in two stages. First, the dynamic axle loads are

calculated from the longitudinal road unevenness and the vehicle frequency response functions. Next,

the dynamic Betti-Rayleigh reciprocal theorem is used to compute the free �eld vibrations from the

axle loads and the transfer functions between the road and a point in the free �eld.

Within the frame of the present project, a preliminary parametric study has been performed by Dom

[81]. In this chapter, the results of a more elaborate parametric study are discussed. First, the

wavenumber content of the longitudinal pro�le of various tra�c bumps and a joint in a road surface is

discussed. Next, the inuence of the vehicle characteristics on the vehicle frequency response functions

is studied for a Volvo FE7 truck. The dynamic axle loads are calculated for the passage of the truck

on a plateau with sine-shaped ramps and a joint in a road surface, respectively. In both cases, the

free �eld response is computed for a road supported by a homogeneous halfspace. Furthermore, the

inuence of the thickness of the road section and the soil's material damping on the free �eld vibrations

is discussed. Finally, the results of an elaborate study of the inuence of the soil's strati�cation on the

free �eld vibratons are recapitulated. The inuence of the vehicle speed is extensively demonstrated

in the next chapter, where the experimental validation of the numerical model is discussed.

3.2 The longitudinal road unevenness

In Belgium, pro�les for tra�c bumps and plateaus are prescribed in the Royal Decree of 9 October

1998 [82], which is in force since 28 October 1998.

For a sine-shaped tra�c bump with a height H and a length L, the longitudinal road unevenness

pro�le uw=r(y) is:

uw=r(y) =
H

2

�
1 + cos

�
2�y

L

��
�
L

2
< y <

L

2
(3.1)

The Royal Decree prescribes a height H = 0:12 m and a length L = 4:80 m. Figure 3.1a shows the

longitudinal unevenness pro�le.

21



22 Parametric study

−10 −5 0 5 10
0

0.05

0.1

0.15

y [m]

R
oa

d 
un

ev
en

ne
ss

 [m
]

a. uw=r(y)

0 5 10 15
0

0.05

0.1

0.15

0.2

0.25

0.3

Wavenumber [rad/m]

R
oa

d 
un

ev
en

ne
ss

 [m
2 /r

ad
]

b. ~uw=r(ky)

Figure 3.1: The longitudinal road pro�le of a sine-shaped tra�c bump (a) as a function of the coor-

dinate y along the road and (b) in the wavenumber domain.

The wavenumber content of the pro�le is calculated analytically as:

~uw=r(ky) =
HL

2
sinc

�
kyL

2

�264 1

1�
�
kyL
2�

�2
3
75 (3.2)

The quasi-static value at ky = 0 is equal to HL=2 or the area under the surface of the pro�le (�gure

3.1b). As the pro�le uw=r(y) is real and symmetric with respect to y = 0, the wavenumber content

is real and symmetric with respect to ky = 0 as well. The wavenumber content ~uw=r(ky) is inversely

proportional to k3y for a limiting large wavenumber ky, or a limiting small wavelength �y. The presence

of the sinc function results in lobes with zeros at wavenumbers k
0
yn = 2�n=L. The �rst zero at

k
0
y1 = 2�=L cancels the pole of the bracketed term and is not visible. The wavenumber content is

mainly situated in the range below 2.5 rad/m that, at mean vehicle speeds, does not contribute to the

frequency content of the signal experienced by the axles in the range of the axle hop frequencies.

At a crossing for pedestrians, a tra�c plateau with two ramps and a at mid section can be installed.

Depending on the shape of the ramp, a distinction is made between two types of plateaus. The �rst

type has a trapezoidal form and is described by the following function:

uw=r(y) =

8><
>:

H jyj < L
2

H

h
1� jyj�L=2

l

i
L
2 < jyj < L

2 + l

0 jyj > L
2 + l

(3.3)

where L is the length of the at mid section, l is the length of both ramps and H is the height. The

Royal Decree prescribes a length L that is larger than 5 m, a length l of the ramps that varies between

0.7 m and 5.0 m and a height H that ranges from 0.10 m to 0.15 m. The recommended values depend

on the type of tra�c. Figure 3.2a shows the longitudinal unevenness pro�le of a plateau with a height

H = 0:12 m, a length L = 10 m and ramps with a length l = 1:20 m.

The wavenumber content of the pro�le equals:

~uw=r(ky) = H(L+ l)sinc

�
ky(L+ l)

2

�
sinc

�
kyl

2

�
(3.4)

The quasi-static value at ky = 0 is equal to H(L+ l) (�gure 3.2b). The wavenumber content ~uw=r(ky)

shows small lobes that are related to the mean length L+l of the pro�le with zeros at k0yn = 2�n=(L+l).
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Figure 3.2: The longitudinal road pro�le of a tra�c plateau with a trapezoidal form (a) as a function

of the coordinate y along the road and (b) in the wavenumber domain.

The large lobes that depend on the length l of the ramps with zeros at k0yn = 2�n=l are not visible

on �gure 3.2b. For a limiting large wavenumber ky, ~uw=r(ky) tends to zero inversely proportional to

k
2
y . Compared to the wavenumber content of the sine-shaped bump (�gure 3.1b), the contribution at

wavenumbers ky larger than 2.5 rad/m is much larger due to the steeper slopes of the ramps of the

plateau.

For a tra�c plateau with sine-shaped ramps, the road surface pro�le uw=r(y) is represented by the

following function:

uw=r(y) =

8><
>:

H jyj < L
2

H
2

h
1� cos

�
2�(jyj�L=2+l)

2l

�i
L
2 < jyj < L

2 + l

0 jyj > L
2 + l

(3.5)

The length L of the at mid section is larger than 5 m, while the length l of the ramps varies between

0.85 m and 3.8 m and the height H ranges from 0.10 m to 0.15 m. Compared to the trapezoidal

plateau, the recommended length l of the ramps is smaller for a plateau with sine-shaped ramps.

Figure 3.3a shows the longitudinal unevenness pro�le of a sine-shaped plateau with a height H = 0:12

m, a length L = 10 m and ramps with a length l = 1:20 m.
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Figure 3.3: The longitudinal road pro�le of a tra�c plateau with sine-shaped ramps (a) as a function

of the coordinate y along the road and (b) in the wavenumber domain.
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The wavenumber content of the pro�le is:

~uw=r(ky) = H(L+ l)sinc

�
ky(L+ l)

2

�264 1

1�
h
kyl
�

i2
3
75 cos

�
kyl

2

�
(3.6)

As the area under the surface of the trapezoidal and the plateau with sine-shaped ramps are equal,

the quasi-static value H(L+ l) at ky = 0 is the same (�gure 3.3b). The wavenumber content decreases

and has small lobes with zeros at k0yn = 2�n=(L+ l) and large lobes at k0yn = (2n� 1)�=l that are not

visible on �gure 3.3b. The �rst zero k
0
y1 of the large lobes cancels the pole at ky = �=l.
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Figure 3.4: A comparison of the factor that distinguishes the wavenumber content of a plateau with a

trapezoidal form (dash-dotted line) from a plateau with sine-shaped ramps (solid line) for ramps with

a length l = 1:20 m.

The wavenumber content of both versions of the tra�c plateau has a common part that is related

to its height H and mean length L + l. The factor that distinguishes between both shapes of the

ramps only depends on the length l of the ramps. Figure 3.4 shows this factor for ramps with a

length l = 1:20 m. At limiting large wavenumbers, the factor tends to zero, inversely proportional

to ky for the straight ramps and inversely proportional to k
2
y for the sine-shaped ramps. For ramps

with a smoother shape, the wavenumber content is therefore situated at lower wavenumbers or at

larger wavelengths. For wavenumbers ky larger than a value of 5�=2l that is situated between the �rst

zero of the plateau with straight ramps and the �rst zero of the plateau with sine-shaped ramps, the

wavenumber content ~uw=r(ky) of the trapezoidal plateau is generally larger. If the length l is smaller

than 0.5 m, the corresponding wavelength �y = 4l=5 is smaller than the relevant range of wavelengths.

The TRRL has performed practical tests to determine the free �eld vibration levels due to the passage

of heavy vehicles on road humps and speed control cushions [7]. These tests have shown that for a

plateau with a at mid section L = 6 m and ramps with a length l = 1 m, the vibration levels that

are generated by the passage on a plateau with sine-shaped ramps are slightly less than for a pro�le

with straight ramps [8, 9]. The pro�les with the steepest slopes cause the highest vibration levels in

the free �eld. It can therefore be concluded that, more than the shape of the ramps, the slope of the

ramps is the predominant factor for the generation of tra�c induced vibrations. The wavenumber

content of the sine-shaped bump (�gure 3.1b) shows that, for standard heights, ramps with a length

l larger than 2.40 m are advantageous to avoid problems related to tra�c induced vibrations.

Joints in a rigid concrete road surfacing are modelled in an approximating way as a step function with

a height H:

uw=r(y) =

(
�H=2 y < 0

+H=2 y > 0
(3.7)
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Figure 3.5 shows the longitudinal pro�le for a joint with a height H = 0:02 m. Compared to equation

(3.7), a vertical shift of H=2 has been applied to the unevenness uw=r(y).

The wavenumber content is equal to:

~uw=r(ky) =
iH

ky
(3.8)

The wavenumber content ~uw=r(ky) has an in�nite value for ky tending to zero. Due to the fact that

the pro�le is real and uneven with respect to y = 0, the wavenumber content is purely imaginary.
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Figure 3.5: The longitudinal road pro�le of a joint with a height H = 0:02 m (a) as a function of the

coordinate y along the road and (b) in the wavenumber domain.

Figure 3.5 shows the longitudinal unevenness pro�le of the joint in the wavenumber domain. Compared

to the wavenumber content (�gure 3.1b) for a sine-shaped bump with a much larger height H = 0:12

m, the values in �gure 3.5b are relatively large for wavenumbers ky � 2:5 rad/m or wavelengths

�y � 2:5 m. This is due to the fact that, for a limiting large wavenumber ky, ~uw=r(ky) tends to zero

inversely proportional to ky in the case of the joint and k
2
y in the case of the bump. For wavelengths

�y smaller than the footprint p of the tyre or at wavenumbers ky � 2�=p, the assumption of a point

contact between the road and the vehicle is no longer valid [27, 68]. In this case, a �lter can be

applied to the wavenumber content to suppress the spurious components at small wavelengths or large

wavenumbers [66, 67].

If the wavenumber content ~uw=r(ky) = iH=ky of a step with a height H is introduced in equation

(2.13), it follows that the frequency content ûw=r(!) = iH=v(�v=!) = �iH=! is not inuenced by

the vehicle speed v. For a linear vehicle model, the vehicle speed has no inuence on the free �eld

vibrations that are generated by the passage of each axle of the vehicle on a joint in the road surface.

The total response is a�ected, however, by the fact that the time between the passage of each axle

depends on the vehicle speed. This is con�rmed by test results of Sutherland, who measured the

vibrations in a timber frame house during the passage of two types of buses on articial pro�les with a

height H from 0.03 m to 0.08 m and a total length of 0.33 m [15]. The pro�les are only sloped at the

ends and it can be assumed that the length of the ramps is small enough to approximate the slopes

as a step function. For one type of bus, the vibration levels do not vary at all with the vehicle speed,

while for the other type, the vibration levels increase with a factor of 1.5 for an increase of the vehicle

speed v from 16 km/h to 64 km/h. The increase is attributed to the fact that, at higher vehicle speeds,

the e�ect of the loss of contact between the vehicle and the road becomes more important [15].
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3.3 The vehicle FRF

3.3.1 The vehicle FRF's for a Volvo FE7 truck model

In the previous chapter, the eigenfrequencies and mode shapes of a 2D 17DOF Volvo FE7 truck model

have been calculated. In the following, the vehicle FRF's of the same vehicle model are discussed.

Furthermore, it is shown how the characteristics of the suspension system and the tyres and the vehicle

body and axle mass inuence the FRF's.
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Figure 3.6: The vehicle FRF's ĥfkul(!) of the 4 DOF Volvo FE7 truck model.

Figure 3.6 shows the FRF's ĥfkul(!) of the 4 DOF Volvo FE7 truck model. The functions ĥfkuk(!)

represent the frequency content of the axle load at axle k for an impulse excitation at the same axle

and exhibit a peak value at the axle hop frequency. Compared to the FRF ĥfkuk(!), the FRF ĥfkul(!)

for an excitation at an axle l 6= k are much smaller due to the weak coupling of the suspension systems

at di�erent axles. A peak value is obtained at the pitch and bounce frequency. Due to reciprocity, the

FRF ĥfkul = ĥfluk . At limiting high frequencies, the FRF ĥfkuk(!) tend to kt + i!ct, where kt and ct

are the tyre sti�ness and damping coe�cient respectively, while the FRF ĥfkul(!) tend to zero.

3.3.2 The inuence of the suspension characteristics

Figure 3.7 compares the vehicle FRF's of the original 4DOF Volvo FE7 truck model and the same

model with the sti�ness coe�cient kp2 of the front suspension multiplied by a factor of 1.5. As the

FRF's ĥf1u2(!) and ĥf2u1(!) are identical, only the �rst one is shown. Figure 3.7a shows that the

FRF ĥf1u1(!) of the rear axle is una�ected . The modulus of the small FRF ĥf1u2(!) is considerably

larger, but remains relatively small. Figure 3.7c shows that an increase of the suspension sti�ness

shifts both the pitch and bounce and the axle hop frequency to a higher value. This is con�rmed by

the approximating equation (2.4) for the pitch and bounce and the axle hop frequencies. At the pitch

and bounce frequency the modulus of ĥf2u2(!) increases, while at the axle hop frequency it decreases.
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Figure 3.7: The vehicle FRF's of the original 4DOF Volvo FE7 truck model (solid line) and the

same model whith the sti�ness coe�cient kp2 of the front suspension multiplied by a factor of 1.5

(dash-dotted line).
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Figure 3.8: The vehicle FRF's of the original 4DOF Volvo FE7 truck model (solid line) and the same

model with the damping coe�cient cp2 of the front suspension multiplied by a factor of 1.5 (dashed

line).

Figure 3.8 shows similar results for the case where the damping coe�cient cp2 of the front suspension

is multiplied by a factor of 1.5. The FRF's ĥf1u1(!) and ĥf1u2(!) are una�ected. An increase of the

damping coe�cient cp2 of the front suspension, however, has a considerable inuence on ĥf2u2(!). The

modulus of the FRF increases at relatively low frequencies, while it decreases in the range of the axle

hop frequency.

It can be concluded that a change of the characteristics of the suspension system of a particular axle

of the vehicle only a�ects the FRF of the same axle.

3.3.3 The inuence of the tyre characteristics

Figure 3.9 compares the vehicle FRF's of the original 4DOF Volvo FE7 truck model and the same

model with the sti�ness coe�cient kt2 of the front tyre multiplied by a factor of 1.5. The FRF's

ĥf1u1(!) (�gure 3.9a) and ĥf1u2(!) (�gure 3.9b) remain una�ected. An increase of the tyre stifness

kt2 only shifts the axle hop frequency of the front axle to a higher value (equation 2.4), as illustrated

in �gure 3.9c. The modulus of ĥf2u2(!) increases strongly at frequencies higher than the axle hop

frequency.

Figure 3.10 shows similar results for the case where the damping coe�cient ct2 of the front tyre is

multiplied by a factor of 1.5. The increase has no inuence on the FRF's ĥf1u1(!) (�gure 3.10a) and
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a. ĥf1u1(!)

0 10 20 30 40 50
0

1

2

3

4

5

6

7

8
x 10

6

Frequency [Hz]

M
od

ul
us

 o
f F

R
F
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Figure 3.9: The vehicle FRF's of the original 4DOF Volvo FE7 truck model (solid line) and the same

model with the sti�ness coe�cient kt2 of the front tyre multiplied by a factor of 1.5 (dashed line).
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Figure 3.10: The vehicle FRF's of the original 4DOF Volvo FE7 truck model (solid line) and the same

model with the damping coe�cient ct2 of the front tyre multiplied by a factor of 1.5 (dashed line).

ĥf1u2(!) (�gure 3.10b). The inuence on ĥf2u2(!) (3.10c) is small as well, which is due to the low

value of the damping coe�cient of the tyre with respect to the damping coe�cient of the suspension

system. The FRF has a smaller modulus at the axle hop frequency and a larger modulus at higher

frequencies.

3.3.4 The inuence of the mass of the vehicle body and the axles
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Figure 3.11: The vehicle FRF's of the original 4DOF Volvo FE7 truck model (solid line) and the same

model with the mass mb of the vehicle body multiplied by a factor of 1.5 (dashed line).



The dynamic axle loads 29

Figure 3.11 compares the vehicle FRF's of the original 4DOF Volvo FE7 truck model and the same

model with the mass mb of the vehicle body multiplied by a factor of 1.5. An increase of the mass

mb of the vehicle body lowers the pitch and bounce frequencies of both the front and the rear axle.

The modulus of ĥf1u2(!) increases, but remains relatively small, while the peak values of the moduli

of ĥf1u1(!) and ĥf2u2(!) are almost una�ected.
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Figure 3.12: The vehicle FRF's of the original 4DOF Volvo FE7 truck model (solid line) and the same

model with the mass ma2 of the front axle multiplied by a factor of 1.5 (dashed line).

Figure 3.12 shows similar results for the case where the mass ma2 of the front tyre is multiplied by a

factor of 1.5. The FRF's ĥf1u1(!) (�gure 3.12a) and ĥf1u2(!) (�gure 3.12b) remain una�ected. The

increase of ma2, however, shifts the axle hop frequency of the front axle to a higher value and increases

slightly the modulus at the axle hop frequency.

The results suggest that the gross vehicle weight (GVW) does not play a large role in the generation

of tra�c induced vibrations. These observations are con�rmed by experiments by the Transport and

Road Research Laboratory (TRRL), where a comparison between the vibrations generated by an

empty and a laden truck with an air suspension system did not show a signi�cant di�erence [8]. The

same experiment with a truck with a steel leaf suspension, however, showed that the unladen vehicle

generates larger vibrations than the laden vehicle. This is due to the loss of contact between the road

and the vehicle [8], a non-linear e�ect that is not taken into account in the present study. Although

the di�erence between the vibrations generated by unladen and laden vehicles is not always clear, the

heavier vehicle types are still responsible for the generation of the highest vibration levels.

3.4 The dynamic axle loads

In the following, the vehicle FRF of the 4DOF Volvo FE7 truck model (�gure 3.6) are used in two

examples for the prediction of the dynamic vehicle loads during the passage on a tra�c plateau and

the passage on a joint in a road surface, respectively.

3.4.1 A sine-shaped plateau

Figure 3.13 illustrates the calculation of the rear axle load during the passage of the Volvo FE7 truck

on a tra�c plateau with sine-shaped ramps at a vehicle speed v = 14 m/s. The plateau has a height

H = 0:12 m, a at mid section with a length L = 10:0 m and sine-shaped ramps with a length l = 1:20

m. At a time t = 0, the front axle of the vehicle is located at the centre of the plateau (y2 = 0). The

frequency content of the signal that is applied to the vehicle (�gure 3.13a) is calculated with equation

(2.13) from the wavenumber content in equation (3.6) (�gure 3.3). It is calculated upto 50 Hz, with a
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Figure 3.13: (a) Frequency content ûw=r(!) of the unevenness, (b) FRF ĥf1u(!), (c) frequency content

ĝ1(!) and (d) time history g1(t) of the predicted rear axle load for the passage of the Volvo FE7 truck

on a tra�c plateau.

step �f = 0:0488 Hz (N = 2048), corresponding to a period T = 20:48 s and a time step �t = 0:01

s. As the circular frequency ~! = �vky, the separation between the lobes is proportional to the ratio

of the vehicle speed v and the mean length L+ l.

The vehicle FRF ĥf1u(!) is composed of the FRF's ĥf1u1(!) and ĥf1u2(!), according to equation

(2.14). The contribution of the FRF ĥf1u2(!) is small.

The frequency content ĝ1(!) of the rear axle load in �gure 3.13c is the product of the frequency content

ûw=r(!) of the unevenness signal (�gure 3.13a) and the FRF ĥf1u(!) (�gure 3.13b). The frequency

content is mainly situated below 15 Hz and is dominated by both the pitch and bounce mode and the

axle hop mode of the rear axle.

An inverse Fast Fourier Transform (FFT) algorithm is used for the calculation of the time history

g1(t) of the rear axle load (�gure 3.13d). The time at which the axles mount and descend the tra�c

plateau can be estimated from the dimensions of the pro�le, the vehicle speed v, the wheel base w

of the vehicle and the initial position y2 = 0 of the front axle. The mounting of the front axle at

t = �0:44 s, does not generate a large impact. The peaks at t = �0:16 s and t = 0:64 s correspond to

the mounting and descending of the rear axle on the plateau, respectively. The descending is followed

by a free vibration that is dominated by the pitch and bounce mode.

3.4.2 A joint in the road surface

Compared to the case of the tra�c plateau, the wavenumber content ~uw=r(ky) for a joint in a road

surface (�gure 3.5b), decreases slowly with the wavenumber ky. As a result, the wavenumber content

~uw=r(ky) is relatively large at wavelengths �y smaller than the footprint p of the tyre or at wavenumbers

ky � 2�=p. At these small wavelengths, however, the assumption of a point contact between the road
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Figure 3.14: (a) Second order Chebyshev low-pass �lter with a cut-o� wavenumber ky = 2�=0:3

rad/m and (b) comparison of the original (dash-dotted line) and �ltered (solid line) wavenumber

content ~uw=r(ky) of the unevenness pro�le of a joint in a road surface.

and the vehicle is no longer valid [27, 68]. In the case of railway tra�c, Knothe and Grassie [66]

apply a �lter on the roughness pro�le of the rails and wheels to suppress the spurious components

at small wavelengths or large wavenumbers. Following the same approach, the wavenumber content

~uw=r(ky) of the unevenness pro�le is �ltered with a second order Chebyshev low-pass �lter with a

cut-o� wavenumber ky = 2�=p, which is equal to 20.9 rad/m for a footprint p with an estimated

length of 0.3 m (�gure 3.14a). Similar as the �lter described by M�uller and Knothe [67] for the rail

unevenness, the modulus of the �lter has a value of nearly one for wavenumbers that are much smaller

than ky = 2�=p, decreases for higher wavenumbers and almost vanishes at ky = 4�=p. Figure 3.14b

shows how the �lter preserves the contribution at small wavenumbers, while for wavenumbers larger

than ky = 2�=p, the wavenumber content decreases fast with increasing ky.
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Figure 3.15: (a) Frequency content ûw=r(!) of the unevenness, (b) FRF ĥf1u(!), (c) frequency content

ĝ1(!) and (d) time history g1(t) of the predicted rear axle load for the passage of the Volvo FE7 truck

on a joint in a road surface.
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Figure 3.15 illustrates the calculation of the rear axle load during the passage of the Volvo FE7 truck

on a joint in a road surface with a height H = 0:02 m at a vehicle speed v = 14 m/s. At a time t = 0,

the front axle is located at the joint in the surface (y2 = 0). The �ltered wavenumber content ~uw=r(ky)

in �gure 3.14b is used for the calculation of the frequency content ûw=r(!) of the signal that is applied

to the vehicle (�gure 3.15a). The frequency content is calculated upto 100 Hz, with a step �f = 0:0488

Hz (N = 4096), corresponding to a period T = 20:48 s and a time step �t = 0:005 s. Equation (2.13)

shows that the cut-o� wavenumber ky = 2�=0:3 rad/m corresponds to a cut-o� frequency ! = �vky
or f = 46:7 Hz. The suppressed frequency range above 50 Hz is generally irrelevant for road tra�c

induced vibrations. Compared to the frequency content of the plateau in �gure 3.13a, the relative

importance of the contribution at higher frequencies is still larger. The same conclusion holds for the

frequency content of the rear axle load in �gure 3.15c. The time history in �gure 3.15 shows a sharp

peak at the passage of the rear axle on the joint. Although the height of the joint is much smaller

than the height of the plateau, the peak value of the axle load in �gure 3.15d has the same order of

magnitude as the axle load in �gure 3.13d. The free vibration is dominated by both the axle hop and

the pitch and bounce mode of the rear axle.

3.5 The free �eld vibrations

3.5.1 Introduction

In the following, the dynamic axle loads that have been calculated in �gures 3.13 and 3.15 are used

to predict the free �eld vibrations for the passage of a Volvo FE7 truck on a tra�c plateau with

sine-shaped ramps and a joint in a road surface, respectively.

layer type d � � E

[m] [-] [kg/m3] [�106N/m2]

1 asphalt 0.14 1/3 2100 15000

2 lean concrete 0.20 1/3 1750 15000

3 granular subbase 0.25 1/2 1800 200

Table 3.1: Road section.

The road has a width 2B=3 m and is supported by a homogeneous halfspace. The road is composed

of an asphalt top layer with a thickness of 0.14 m, a lean concrete layer of 0.20 m and a granular

subbase of 0.25 m (table 3.1). The following equivalent characteristics are used for the calculation of

the road's impedance (2.20): EI = 1:611 � 108Nm2, �A = 3:282 � 103 kg/m, �Ip = 2:605 � 103 kgm

and GC = 2:032 � 108 Nm2.

The soil is modelled as a homogenous halfspace with a density � = 1800 kg/m3, a shear wave velocity

Cs = 150m/s, a dilatational wave velocity Cp = 300m/s and a hysteretic material damping ratio

� = 0:025 in shear and volumetric deformation. The ratio s of the body wave velocities Cs and Cp is

equal to
p
(1� 2�)=(2 � 2�) and only depends on the Poisson's ratio �; s is equal to 0.5 if � = 1=3.

3.5.2 A sine-shaped plateau

The free �eld velocities are calculated by means of equation (2.44) for three receivers, located at the

soil's surface (z = 0 m) at a distance of 8 m, 24 m and 40 m from the road's axis. For the case of the

plateau with sine-shaped ramps, the frequency content v̂si(x; y = 0; z = 0; !) of the free �eld velocity

is calculated upto a frequency f = 50 Hz, with �f = 0:0488 Hz (N = 2048), corresponding to a period
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Figure 3.16: Time history of the free �eld velocity vsi(x; y = 0; z = 0; t) at a distance x, equal to 8, 24

and 40 m due to the passage of a Volvo FE7 truck on a tra�c plateau with sine-shaped ramps.

T = 20:48 s and a time step �t = 0:01 s. The time history of the free �eld velocity is calculated by

means of an inverse FFT algorithm.

Figure 3.16 shows the free �eld velocity vsi(x; y = 0; z = 0; t) during the passage of the Volvo FE7

truck on the plateau with sine-shaped ramps. Each signal is denoted by a label FFij, where FF denotes

the free �eld, i the distance x from the source and j the displacement component. The time at which

the front axle mounts is estimated as t = �0:44 s, while at t = 0:64 s, the front axle descends the

pro�le. The separation in time between both impacts is more pronounced at a small distance x from

the road centre. When the time of arrival and the amplitude of the free �eld vibrations with increasing

distance x are compared, it is observed that wave propagation in the soil delays and attenuates the

response. The free �eld velocity components vsx and vsz have the same order of magnitude. At a

large distance x with respect to the dimensions of the plateau, vsy approximates the zero out-of-plane

component of the generated waves.

The vertical peak particle velocity (PPV) equals 1.6 mm/s, 0.6 mm/s and 0.4 mm/s at a distance

x equal to 8 m, 24 m and 40 m, respectively. At 8 m from the centre of the road, the ascending

generates slightly higher vibration levels than the descending. At larger distances from the road, the

di�erence between the vibration levels at both impacts becomes smaller. This is due to the fact that

the distance travelled by the contact point between the road and the vehicle is small compared to

the distance x between the contact point and the receivers. From the time history of the rear axle

load (�gure 3.13), the duration td of the impact load at the mounting is estimated as 0.4 s. This

corresponds to a distance vtd = 5:6 m that is travelled by the rear axle. For a receiver at a large

distance compared to vtd, the moving impact load seems applied at a �xed position. In this case, both

impacts generate similar vibration levels and the horizontal components of the free �eld response can

be decomposed into an in-plane and a zero out-of-plane component.
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The empirical formula of the Transport and Road Research Laborotory in equation (1.1) is used to

estimate the vertical PPV. In this case, the height H = 120 mm, the speed v = 50:4 km/h, p = 1

(the unevenness is present in both wheel paths) and the distance r =
p
(x� 0:75)2 + 6:202. For a

sandy soil with a medium value of the sti�ness, the ground scaling factor s = 0:94 and the power

coe�cient n = �0:74. The empirically predicted peak particle velocities equal 2.4 mm/s, 1.2 mm/s

and 0.8 mm/s, respectively, and agree reasonably well with the previously computed values. In order

to check the predictive qualities of the empirical model, both methods are compared once again in the

next subsection for the passage of the vehicle on the joint.
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Figure 3.17: Frequency content of the free �eld velocity v̂si(x; y = 0; z = 0; !) at a distance x, equal to

8, 24 and 40 m due to the passage of a Volvo FE7 truck on a tra�c plateau with sine-shaped ramps.

Figure 3.17 shows the frequency content v̂si(x; y = 0; z = 0; !) of the free �eld velocity. The lobed

behaviour is related to the mean length L+ l of the pro�le and the vehicle speed v. Whereas the pitch

and bounce mode dominate the frequency content of the axle loads (�gure 3.13), the axle hop modes

dominate the free �eld response. The contribution at higher frequencies is damped out more severely

with an increasing distance from the source.
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3.5.3 A joint in the road surface
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Figure 3.18: Time history of the free �eld velocity vsi(x; y = 0; z = 0; t) at a distance x, equal to 8, 24

and 40 m due to the passage of a Volvo FE7 truck on a joint in the road surface.

For the case of a joint in the road surface, the frequency content v̂si(!) of the free �eld velocity is

calculated upto a frequency f = 100 Hz, with �f = 0:0488 Hz (N = 4096), corresponding to a period

T = 20:48 s and a time step �t = 0:005 s. Figure 3.16 shows the time history vsi(x; y = 0; z = 0; t)

of the free �eld velocity during the passage of the Volvo FE7 truck on the joint. The impacts during

the passage of the front and the rear axle of the vehicle result in sharp peaks that are well separated

in time. The vertical PPV equals 2.3 mm/s, 0.8 mm/s and 0.4 mm/s at a distance x equal to 8

m, 24 m and 40 m, respectively. As in the case of the tra�c plateau, the distance that is travelled

by the vehicle during the impact is relatively small and the source appears to be applied at a �xed

position for the receivers at a large distance x from the road. As a result, vsy(t) approximates the zero

out-of-plane horizontal component. Although the ramps of the tra�c plateau are at a larger distance

from the receiver than the joint, it can still be expected that the peak particle velocity in both cases

has the same order of magnitude. This is due to the fact that in the relevant range of wavenumbers

ky between 2.5 rad/m and 2.5 rad/m, both types of unevenness have a wavenumber content of the

same order of magnitude.

The empirical formula of the Transport and Road Research Laborotory in equation (1.1) is used once

again to estimate the vertical PPV. Only the height H = 20 mm and the distance r = x�0:75 between

the source and the receiver are di�erent from the values in the �rst case. The predicted vertical PPV's

are 0.5 mm/s, 0.2 mm/s and 0.1 mm/s, respectively, and are signi�cantly lower than the previously

computed values. Whereas in the �rst case, the empirical formula overestimates the PPV, the PPV's

are seriously underestimated in this case. This is due to the fact that the formula does not account

for the shape of the longitudinal unevenness.

Figure 3.19 shows the frequency content v̂si(x; y = 0; z = 0; !) of the free �eld velocity. The frequency
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Figure 3.19: Frequency content of the free �eld velocity v̂si(x; y = 0; z = 0; t) at a distance x, equal to

8, 24 and 40 m due to the passage of a Volvo FE7 truck on a joint in the road surface.

content is modulated at a wheel base frequency fw = v=w = 3:5 Hz, where w is the wheel base of the

truck. As in the case of the tra�c plateau, the axle hop modes dominate the frequency content of the

free �eld response. The fast decrease of the frequency content at x = 8 m for frequencies f � 50 Hz, is

due to the use of the Chebyshev �lter for the wavenumber content of the unevenness pro�le. At x = 40

m, however, the inuence of the latter is negligible, as the response at relatively high frequencies is

attenuated considerably with increasing distance x.
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3.5.4 An alternative sine-shaped plateau

The wavenumber content of a sine-shaped bump (�gure 3.1b) with a length L = 4:80 m is much lower

for wavenumbers ky � 2:5 rad/m than in the case of a plateau with sine-shaped ramps with a length

l = 1:20 m (�gure 3.3b). This is due to the fact that the slopes of the bump are less steep than the

ramps of the plateau. It is therefore interesting to calculate the free �eld vibrations for the passage

of a Volvo FE7 truck on a plateau with the same mean length L + l and height H, but with longer

ramps with a length l = 2:40 m. This results in a at mid section with a length L = 8:80 m.

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF08x

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF08y

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF08z

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF24x

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF24y

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF24z

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF40x

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF40y

−1 0 1 2 3
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]
FF40z

Figure 3.20: Time history of the free �eld velocity vsi(x; y = 0; z = 0; t) at a distance x, equal to 8, 24

and 40 m due to the passage of a Volvo FE7 truck on a plateau with sine-shaped ramps with a length

l = 1:20 m (dash-dotted line) and l = 2:40 m (solid line).

Location 8 m 16 m 24 m 32 m 40 m

l = 1:20 m 1.6 0.9 0.6 0.5 0.4

l = 2:40 m 0.4 0.3 0.2 0.1 0.1

Table 3.2: Vertical peak particle velocity (mm/s) for the passage of a Volvo FE7 truck on a sine-shaped

plateau with ramps with a length l = 1:20 m and l = 2:40 m.

Figure 3.20 compares the time history of the free �eld vibrations generated by the passage of a Volvo

FE7 truck on a sine-shaped plateau with ramps with a length l = 1:20 m and l = 2:40 m. In the �rst

case, the mean slope of the ramp is 10 %, whereas in the second case it is 5 %. Table 3.2 compares

the vertical peak particle velocity as a function of the distance from the road's centre. These results

show a very signi�cant reduction of the free �eld vibrations that are generated by the passage of the

truck. The transient signals in the free �eld do not show sharp peaks and the peak particle velocity
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is reduced by a factor of 3 to 4.
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Figure 3.21: Frequency content of the free �eld velocity v̂si(x; y = 0; z = 0; !) at a distance x, equal

to 8, 24 and 40 m due to the passage of a Volvo FE7 truck on a plateau with sine-shaped ramps with

a length l = 1:20 m (dash-dotted line) and l = 2:40 m (solid line).

Figure 3.21 compares the frequency content of the free �eld velocity in both cases. At low frequencies,

the frequency content coincides. This is due to the fact that, at low wavenumbers, the wavenumber

content of the pro�le is mainly determined by the height H and the mean length L+ l of the pro�le.

As a result, the same parameters determine the frequency content of the unevenness, the axle loads

and the free �eld vibrations at low frequencies. At higher wavenumbers the inuence of the length l

of the ramps becomes more important. For a �xed mean length L+ l, the wavenumber content shifts

to lower wavenumbers for a larger length l. A larger length l will therefore also reduce the frequency

content of the free �eld vibrations at higher frequencies. As a result, the frequency content of the free

�eld vibrations at 10 Hz is reduced by a factor of 6 for a length l = 2:40 m, compared to the case

where l = 1:20 m.

It is concluded that for situations where hindrance due to tra�c induced vibrations is expected, a

mean slope of 5 % is advisable. This corresponds to the regulations in the Belgian Royal Decree of

9 October 1998, where a slope of 5 % is imposed for roads that are frequently used by buses and

heavy tra�c. Equations (2.13) and (3.6) indicate that, for a �xed mean length L + l, the ratio v=l

determines the frequency content of the unevenness. If the length l of the ramps doubles, the same

vibration levels are generated for a passage of the vehicle at a double vehicle speed v.
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3.5.5 The inuence of the road's structure

In order to investigate the inuence of the road's structure, the previous computation of the free �eld

vibrations is recapitulated for a road with a di�erent cross section. As experiments that have been

carried out in the past [15, 22] indicate that the inuence of the road's structure on the free �eld

vibrations is small, a rather unrealistic case is considered, where the thickness of the layers of the

road section in table 3.1 is multiplied by a factor of 3. The alternative road section is composed of an

asphalt top layer with a thickness of 0.42 m, a lean concrete layer of 0.60 m and a granular subbase

of 0.75 m (table 3.3). The following equivalent characteristics are computed: EI = 43:50 � 108Nm2,

�A = 9:846 � 103 kg/m, �Ip = 11:26 � 103 kgm and GC = 49:43 � 108Nm2. The section in table 3.1

is referred to as section 1, whereas the section in table 3.3 is referred to as section 2.

layer type d � � E

[m] [-] [kg/m3] [�106N/m2]

1 asphalt 0.42 1/3 2100 15000

2 lean concrete 0.60 1/3 1750 15000

3 granular subbase 0.75 1/2 1800 200

Table 3.3: Road section 2.
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Figure 3.22: Time history of the free �eld velocity vsi(x; y = 0; z = 0; t) at a distance x, equal to 8,

24 and 40 m due to the passage of a Volvo FE7 truck on a tra�c plateau with sine-shaped ramps for

road section 1 (dash-dotted line) and road section 2 (solid line) where the thickness of the layers of

section 1 is multiplied by a factor of 3.

Figure 3.22 compares the time history of the free �eld vibrations generated by the passage of a Volvo

FE7 truck on a tra�c plateau with sine-shaped ramps for the case where the road is composed of
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Location 8 m 16 m 24 m 32 m 40 m

Section 1 1.6 0.9 0.6 0.5 0.4

Section 2 1.3 0.9 0.7 0.5 0.4

Table 3.4: Vertical peak particle velocity (mm/s) for the passage of a Volvo FE7 truck on a tra�c

plateau for road section 1 and road section 2 where the thickness of the layers of section 1 is multiplied

by a factor of 3.

the section in table 3.1 and for the alternative section presented in table 3.3. Table 3.4 compares

the vertical peak particle velocity as a function of the distance from the road's centre. Although the

thickness of the layers of the alternative road section has an unrealistic high value and the sti�ness

and inertial terms are much larger, the vibration levels do not di�er a lot. Only at 8 m from the centre

of the road, the free �eld velocities di�er signi�cantly.
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Figure 3.23: Frequency content of the free �eld velocity v̂si(x; y = 0; z = 0; !) at a distance x, equal

to 8, 24 and 40 m due to the passage of a Volvo FE7 truck on a tra�c plateau with sine-shaped ramps

for road section 1 (dash-dotted line) and road section 2 (solid line) where the thickness of the layers

of section 1 is multiplied by a factor of 3.

Figure 3.23 compares the frequency content. Only at 8 m from the road's centre, the frequency

content di�ers signi�cantly. At low frequencies, where the wavelength in the soil is large compared to

the dimensions of the road, the results coincide. At higher frequencies, the frequency content of the

vibrations that are generated by the passage on section 2 becomes smaller than for the section 1. The

di�erence between the results diminishes for an increasing distance from the road, as the contribution

at higher frequencies is attenuated more rapidly.

The foregoing observations are con�rmed by test results of Sutherland, who investigated the vibrations
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induced by the passage of two types of buses on articial pro�les with a height H ranging from 0.03

m to 0.08 m and a total length of 0.33 m [15]. At the same site, the pro�les have been installed on

two neighbouring driving lanes of the same road. At the �rst and outer driving lane, the road has

a thickness of 0.27 m, while at the second, centre driving lane, the thickness of the road is 0.66 m.

The vibration levels in a nearby timber frame house do not di�er signi�cantly in both cases. At the

Transport and Road Research Laboratory, a lot of measurement campaigns have been performed to

measure the transfer function between the road and a point in the free �eld. A comparison between

the value of the transfer function at a distance of 6 m and at a frequency of 12 Hz for a rigid road

with an upper concrete layer of 0.26 m and a road with an asphalt top layer of 0.21 m, located at the

same site, showed no signi�cant di�erences [22].

3.5.6 The inuence of the soil's material damping

The soil's strati�cation and its dynamic sti�ness properties can be experimentally determined by

means of a spectral analyses of surface waves (SASW) test or a seismic cone penetration test (SCPT).

The soil's material damping, however, is a parameter that is much harder to determine. It has a large

inuence on the response at a large dimensionless distance from the source and at high frequencies.

In order to illustrate its inuence, the free �eld vibrations during the passage of the Volvo FE7 truck

on the plateau with sine-shaped ramps have been recalculated for the case where the soil's hysteretic

material damping ratio � equals 0.050 in shear and volumetric deformation.
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Figure 3.24: Time history of the free �eld velocity vsi(x; y = 0; z = 0; t) at a distance x, equal to 8, 24

and 40 m due to the passage of a Volvo FE7 truck on the tra�c plateau with sine-shaped ramps for

the case where the soil's hysteretic damping ratio � equals 0.025 (dash-dotted line) and 0.050 (solid

line).

Figure 3.24 compares the time history of the free �eld vibrations generated by the passage of the Volvo
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Location 8 m 16 m 24 m 32 m 40 m

� = 0:025 1.6 0.9 0.6 0.5 0.4

� = 0:050 1.4 0.8 0.5 0.4 0.3

Table 3.5: Vertical peak particle velocity (mm/s) for the passage of a Volvo FE7 truck on a tra�c

plateau for the case where the soil's hysteretic damping ratio � equals 0.025 and 0.050.

FE7 truck on the tra�c plateau for the case where the soil has a material damping ratio � equal to

0.025 and 0.050, respectively. Table 3.5 compares the vertical peak particle velocity as a function of

the distance from the road's centre. Figure 3.24 and table 3.5 illustrate that the inuence of the soil's

material damping increases with the distance from the source.
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Figure 3.25: Frequency content of the free �eld velocity v̂si(x; y = 0; z = 0; !) at a distance x, equal

to 8, 24 and 40 m due to the passage of a Volvo FE7 truck on the tra�c plateau with sine-shaped

ramps for the case where the soil's hysteretic damping ratio � equals 0.025 (dash-dotted line) and

0.050 (solid line).

Figure 3.25 shows that the contributions at high frequencies are relatively more a�ected by an in-

crease of �. These results demonstrate that the soil's material damping has a large inuence at large

dimensionless distances, or distances that are large compared to the dominant wavelength in the soil.

3.5.7 The inuence of the soil's strati�cation

In the following, the results of an extensive study [83] of the inuence of the soil's strati�cation are

briey recapitulated. The free �eld vibrations generated by the passage of the Volvo FE7 truck on
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the plateau with sine-shaped ramps, as in the previous examples, are calculated for three cases of the

soil's strati�cation:

Case (a): a homogeneous halfspace with a density � = 1800 kg/m3, a shear wave velocity Cs =

150m/s, a dilatational wave velocity Cp = 300m/s and a hysteretic material damping ratio

� = 0:025 in shear and volumetric deformation.

Case (b): a layer built in at its base with the material properties of the halfspace in case (a) and a

thickness d = 5m.

Case (c): a layer with the same material properties as the halfspace in case (a) and a thickness d = 5m,

supported by a halfspace with a density � = 1800 kg/m3, a shear wave velocity Cs = 300m/s

and a dilatational wave velocity Cp = 600m/s.

The road has a width 2B = 3m; it is composed of a bituminous top layer, a granular subbase and a

foundation (table 3.6). As the load is applied at the centre of the road (xS = 0), only the road's bending

deformations are accounted for. The following equivalent characteristics are used for the calculation

of the road's impedance from equation (2.20): EI = 1:63 � 107 Nm2 and �A = 2:44 � 103 kg/m.

(a) (b) (c)
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Figure 3.26: Time history of the vertical free �eld velocity vsz(x; y = 0; z = 0; t) at a distance x, equal

to 8, 24 and 40 m due to the passage of a Volvo FE7 truck on a tra�c plateau with sine-shaped ramps

for a road supported by (a) a homogeneous halfspace, (b) a layer built in at its base and (c) a single

layer on a halfspace.

Figures 3.26a and 3.27a show the time history and the frequency content of the vertical free �eld

velocity at a distance of 8 m, 24 m and 40 m to the centre of the road for the case of the homogeneous
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layer d E � �

[m] [�106N/m2] [-] [kg/m3]

asphalt 0.08 25000 0.3 2100

granular 0.17 500 0.5 2000

foundation 0.17 200 0.5 1800

Table 3.6: Road pro�le.
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Figure 3.27: Frequency content of the vertical free �eld velocity v̂sz(x; y = 0; z = 0; !) at a distance x,

equal to 8, 24 and 40 m due to the passage of a Volvo FE7 truck on a tra�c plateau with sine-shaped

ramps for a road supported by (a) a homogeneous halfspace, (b) a layer built in at its base and (c) a

single layer on a halfspace.

halfspace. When the time of arrival and the amplitude of the ground vibrations are compared, it can

be observed that wave propagation in the soil delays and attenuates the signals for increasing distance

to the source. The arrival time increases linearly for larger distances to the road. The frequency

content of the ground vibrations is mainly situated below 20 Hz and is dominated by the pitch and

bounce modes (at approximately 2 Hz) and the axle hop modes (between 9 Hz and 10 Hz) of the

vehicle.

Figures 3.26b and 3.27b show the vertical free �eld velocity for the layer built in at its base. Compared

to the case of the homogeneous halfspace, the PPV is smaller, while the resonance of the beam on

top of the layer dominates the time history. The noise that appears in the time history before the

vehicle mounts the tra�c plateau at t = �0:44 s is due to an insu�ciently small frequency resolution
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�f for the calculation of the transfer function. A cut-o� frequency appears near the �rst vertical

eigenfrequency Cp=4d = 15 Hz of the layer built in at its base and dominates the frequency content.

The soil exhibits the characteristics of a high-pass �lter and the eigenfrequencies of the vehicle, which

are situated below 10 Hz, are no longer observable. This phenomenon has also been observed by

Al-Hunaidi and Rainer who suggested to shift the axle hop frequency of the buses in Montr�eal to

a frequency that is below the cut-o� frequency of the site in order to reduce the level of vibration

nuisance [10].

Figures 3.26c and 3.27c show the vertical free �eld velocity for the case of the layer on a halfspace. The

dispersive nature of the wave propagation in the layered halfspace is noticed when the arrival time is

compared for the receivers at di�erent distances from the source. At low frequencies, the wavelength

is large and the frequency content of the response is lower than in the case of a homogeneous halfspace

with the same material properties as the top layer. At frequencies higher than the �rst vertical

eigenfrequency of the layer built in at its base, the frequency content of the free �eld velocity in cases

(a) and (c) is very similar.

These results con�rm that the predominant frequencies of tra�c induced vibrations are determined

by the vehicle characteristics, the unevenness pro�le and the soil strati�cation, as has been observed

experimentally [10].

3.6 Conclusion

The presented parametric study allows to identify the key factors for the generation of free �eld tra�c

induced vibrations. Two groups of parameters are studied. The �rst group is related to the source

mechanism of the vibrations and contains parameters that determine the road unevenness and the

vehicle dynamics. A second group of parameters is related to the transmission of the vibrations and

characterize the road and the soil. The results are compared to the vibration levels that are predicted

by means of an empirical formula [1, 14].

The following conclusions can be drawn:

� A study of the longitudinal unevenness pro�le in the wavenumber domain reveals the relevant

content within the range of wavenumbers ky between 2.5 rad/m and 12 rad/m or the range

of wavelengths �y = 2�=ky between 0.5 m and 2.5 m that is of primary importance for the

generation of tra�c induced vibrations. In this range, the wavenumber content of a joint in the

road surface with a limited height has the same order of magnitude as the pro�le of a tra�c

bump with a much larger height. The parameter study further shows that the height and the

slope of the ramps are the predominant factors. The wavenumber content increases linearly with

the height, while steep ramps result in a disadvantageous high wavenumber content. The shape

of the ramps is only of secundary importance.

� An excitation of the axle hop modes is responsible for the generation of the free �eld vibrations

in a frequency range between 8 Hz and 15 Hz. A study of the vehicle FRF shows that, more

than the gross vehicle weight, the masses of the individual axles are important. Heavy vehicles

will therefore generate, both in laden and unladen state, the largest vibrations. The sti�ness of

the tyres and the damping of the suspension system are the parameters that a�ect the FRF's in

an equally important way.

� The free �eld vibrations generated by the passage of a vehicle on a tra�c plateau and a joint in

the road surface, respectively, have the same order of magnitude. The slope of the ramps of a

tra�c plateau has a dominant inuence on the vibrations that are generated in the free �eld.
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� Previous simulations show that, for the passage of a vehicle on a tra�c plateau, the free �eld

vibration levels can increase with a factor of 3 when the vehicle speed increases from 8 m/s to 20

m/s [64]. The vehicle speed has no large inuence, however, on the vibrations that are generated

during the passage on a joint in the road surface.

� The parameters that are related to the road section do not play an important role.

� For the receivers that are at a large dimensionless distance from the source, the soil's material

damping is very important. For a homogeneous halfspace, the vibration levels are inversely

proportional to the soil's sti�ness. In the case where the soil is strati�ed, however, the nature of

the strati�cation determines at which frequencies the response is attenuated or ampli�ed. The

dynamic soil properties have to be determined upto a su�ciently large depth in order to predict

accurately the low frequency content of the response.

� Compared to the use of simple empirical models, an elaborated numerical model, that is based

on the physical nature of the problem, has the advantage that it provides insight and allows to

make predictions in the case where parameters as the shape of the unevenness, the soil's material

damping and the soil's strati�ciation are di�erent.



Chapter 4

Experimental validation

4.1 Introduction

In the past ten years, a considerable e�ort has been made to develop numerical models for the predic-

tion of tra�c induced vibrations. Relatively few models, however, have been experimentally validated.

The validation is complex due to the large number of parameters that are related to the source and

the transmission path of the vibrations.

Within the frame of the present research project, an arti�cial unevenness has been developed for the

experimental validation. The unevenness has been used for experiments at two sites. During these

measurements both the vehicle and the free �eld response have been measured simultaneously. The

measurement of the vehicle's response facilitates the interpretation of the �eld data, can be used to

determine the dynamic vehicle characteristics and allows to check the accuracy of the vehicle's response

predictions.

Figure 4.1: The passage of a DAF FT85 truck and trailer on the arti�cial unevenness at the DAF test

circuit in Sint-Oedenrode (The Netherlands).

A �rst measurement campaign has been performed at the test circuit of the truck manufacturer DAF

in Sint-Oedenrode (the Netherlands) [84]. With the cooperation of DAF, the truck and the free �eld

47
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response have been measured simultaneously during the passage of a DAF FT 85 truck with trailer on

the arti�cial pro�le (�gure 4.1). A limited number of channels have been used for the measurement of

the free �eld response. The experimental validation has demonstrated that the vehicle's speed and the

dynamic soil characteristics have an important inuence on the prediction of the free �eld vibrations

and the experimental validation [85].

A more elaborate measurement campaign has been performed at the 'de Hemptinne site' of the Belgian

Army in Heverlee (Belgium) within the frame of the 'OROS European University Millennium Award'

project: "Vehicle response measurements as a validation tool for a prediction model for free �eld tra�c

induced vibrations" [86, 87]. The truck's response and the free �eld response have been measured

during the passage of a Volvo FL6 truck on the arti�cial unevenness. Extensive tests have been

performed to determine the parameters of the vehicle, the road and the soil.

In the following, only the results of the second measurement campaign are discussed. First, it is shown

how the arti�cial unevenness has been designed. The experimental set-up is briey recapitulated

[88, 86]. Next, it is shown how the parameters that are used in the numerical model are determined.

Finally, these parameters are used to validate the numerical model. Both the prediction of the vehicle's

response and the free �eld vibrations are discussed.

4.2 Design of the experiment: the arti�cial unevenness

For the validation of the numerical model, measured and predicted free �eld vibrations are compared.

In this case, it is advantageous to make use of a local, arti�cial unevenness for the generation of the

free �eld vibrations. The passage of a vehicle on a local road unevenness generates a transient signal

in the �eld that can be easily recognized and compared with the predicted signal. Furthermore, an

arti�cial road unevenness with limited dimensions can be easily installed on a private road, avoiding

problems related to the use of public roads for the experiments. Finally, the shape and the dimensions

can be chosen freely [89]. For a particular site, vehicle and unevenness, the vehicle speed is the only

parameter that can be varied within the experiments. The design is therefore based on the variation

of the frequency content of the unevenness with the vehicle speed [89].

Figure 4.2: Top and side view of the arti�cial pro�le.

The arti�cial unevenness has the shape of a tra�c plateau with straight ramps and is composed of two

three-ply boards. Each board has a total height H of 0.054 m, a at top part with a length L = 1:30

m, slopes with a length l = 0:20 m and a width of 1 m (�gure 4.2).
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Figure 4.3: The longitudinal pro�le of the arti�cial unevenness (a) as a function of the coordinate y

along the road and (b) in the wavenumber domain.

For the calculation of the vehicle's response, the bottom plate of the pro�le is assumed to have sloping

ends, resulting in a length l of 0.30 m for the slopes. The base length L+2l now equals 1.90 m, while

the mean length L + l = 1:60 m. Figure 4.3a shows the longitudinal unevenness pro�le uw=r(y) as a

function of the coordinate y along the road. For the prediction of the free �eld response, the global

road unevenness is neglected. Equation (3.4) is used to calculate the wavenumber content ~uw=r(ky) of

the arti�cial unevenness (�gure 4.3b). The wavenumber content is mainly situated at wavenumbers

ky below 20 rad/m or wavelengths �y = 2�=ky larger than 0.30 m. The separation between the

lobes is inversely proportional to the mean length L+ l of the pro�le. The zero values correspond to

k
0
yn = 2�n=(L+ l), while local maxima occur at approximately k

max
yn = 3�n=(L+ l)
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Figure 4.4: The unevenness experienced by the vehicle at a speed (a) v = 30 km/h, (b) v = 50 km/h

and (c) v = 70 km/h.

The frequency content ûw=r(!) of the signal that is applied to the vehicle's axles is calculated from

the representation in the wavenumber domain as ~uw=r(�!=v)=v. For a �xed vehicle speed v, the

contribution is zero at frequencies f0n = nv=(L+ l). Local maximuma occur at fmax
n = 3nv=2(L + l).

Figure 4.4 illustrates that, for increasing vehicle speeds, the quasi-static value of the signal decreases

and the frequency content shifts to higher frequencies. In the frequency range where the axle hop

frequencies are situated, there is a large variation of the signal, which will subsequently a�ect the

frequency content of the axle loads.

4.3 The experimental con�guration and data acquisition

The arti�cial unevenness has been installed on a road with a smooth asphalt surface at the 'de

Hemptinne' site (�gure 4.5) of the Belgian Army in Heverlee, using one three-ply board for each wheel

path. The pro�le is �xed to the road with bolts and plugs. The response of the truck and the soil are
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Figure 4.5: The pro�le installed at the test site.

measured during 26 passages of a Volvo FL6 truck on the arti�cial unevenness. The vehicle speed is

varied with steps of 5 km/h from 25 km/h upto 60 km/h, with an average of 3 passages per vehicle

speed. The data acquisition has been discussed in detail elsewhere [86]. In the following, only the

elements that are essential for the validation are recapitulated.

4.3.1 The truck's response

The truck is a two-axle Volvo FL6 truck with a wheel base w = 5:20 m (�gure 4.5). The truck has a

leaf-spring suspension system at the front and the rear axle. The experimental con�guration for the

measurements of the vehicle response consists of 4 accelerometers and a mobile OROS OR25 PcPackII

Model 304 data acquisition system, connected to a portable PC.

The accelerations of the truck are measured on the right hand side of the vehicle, at both the front

and the rear part of the vehicle frame and on the vehicle's axles, using PCB accelerometers with a

sensitivity of 0.1 V/g.

Figure 4.6 shows the accelerometers at the front part of the vehicle. The accelerometers are mounted

on small steel plates, which are glued to the frame and the axles of the truck.

The A/D conversion is performed at a sampling rate fs = 512Hz; the corresponding Nyquist frequency

thus equals fNyq = 256Hz. An anti-aliasing �lter with a low-pass frequency at 200 Hz is applied. 4

consecutive blocks of 1024 data points, corresponding to a period T = 8 s, have been recorded for each

vehicle passage. The resolution in the frequency domain equals �f = 0:125Hz.

Preliminary test runs have shown a severe loss of contact between the rear axle and the road during

the passage on the arti�cal unevenness. It was therefore decided to load the truck for the experiments.

Although it was not observed on the site, the measurements still show a loss of contact between the

rear axle of the loaded truck and the road. Furthermore, it was also observed that the quality of

the data of the frame response was low [86]. As the dynamics of vehicle's axles, rather than the

vehicle body, play a crucial role in the generation of ground vibrations, this was not considered to be

problematic. The validation of the vehicle's response is therefore restricted to a comparison between

the predicted and the measured axle response.

During the experiments, a GATSO 24 radar has been used by the Department of Environment and
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Figure 4.6: The accelerometers on the front part of the vehicle body and the front axle.

Infrastructure of the Ministry of the Flemish Community for the measurement of the vehicle speed.

A comparison between the intended and the measured vehicle speed shows di�erences upto 3 km/h,

which con�rms the need for an independent measurement of the vehicle speed.

4.3.2 The soil's response

The experimental con�guration for the measurement of the free �eld vibrations consists of 14 PCB

seismic accelerometers, a KEMO VBF 35 unit and a 16 bit Daqbook 216 data-acquisition system,

coupled to a portable PC.

The measurement line is situated perpendicular to the road (�gure 4.7). For the de�nition of the

measurement directions, a right-handed Cartesian frame of reference is chosen. The origin of the

reference frame is located in the middle of the road, the x-axis is perpendicular to the road, the y-axis

is parallel to the road and the z-axis is pointing upwards.

Figure 4.7: Position of the measurement line and the accelerometers.

The measurement points are located along the measurement line at a distance of 4 m, 8 m, 12 m, 16

m, 24 m, 32 m, 40 m and 48 m from the centre of the road. The vertical acceleration is measured in all
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Figure 4.8: View from the end of the measurement line towards the road.

these points; at 8 m, 16 m and at 24 m, the horizontal accelerations in both directions are measured

as well. Each accelerometer is mounted on a separate aluminium stake (�gure 4.9) with a cruciform

cross section to minimize dynamic soil-structure interaction.

Figure 4.9: The accelerometers FF2y, FF2z and FF2x (from left to right) mounted on aluminium

stakes with a cruciform cross section.

The A/D conversion is performed within an amplitude range of�1:25 V at a sampling rate fs = 500Hz;

the corresponding Nyquist frequency thus equals fNyq = 250Hz. An anti-aliasing �lter with a low-pass

frequency at 125 Hz is applied. 4096 data points, corresponding to a period T = 8:192 s, have been
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recorded for each vehicle passage. The resolution in the frequency domain equals �f = 0:122Hz.

For each channel, the velocity is computed by an integration of the acceleration. A fourth order

Chebyshev band-pass �lter with a high-pass frequency fh = 2 Hz and a low-pass frequency fl = 125

Hz is employed. The high-pass frequency is used to remove the DC-component and to avoid drifting

of the signal. The resulting signals are decimated by a factor of 2, reducing the sampling frequency

from 500 Hz to 250 Hz and the Nyquist frequency from 250 Hz to 125 Hz.

4.4 The numerical prediction model

4.4.1 The vehicle model

The Volvo FL6 truck (�gure 4.5) has been weighed in both empty and full loading state (table 4.1).

The sum of the rear axle mass and the front axle mass is not equal to the total mass of the vehicle

due to measurement errors.

Truck loading state Front axle mass Rear axle mass Total mass

[kg] [kg] [kg]

Empty 2880 3360 6220

Laden 2960 7000 10040

Table 4.1: Front axle mass, rear axle mass and total mass in empty and full loading state.

An unevenness that is present in both wheel paths mainly excites two sets of eigenmodes of the vehicle.

The pitch and bounce modes have an eigenfrequency between 1 Hz and 3 Hz and involve an important

motion of either the front or the rear part of the vehicle body. At higher frequencies between 8 Hz

and 15 Hz, the axle hop modes dominate the vertical response of either the front or the rear axle. A

peak-picking method is applied to estimate the pitch and bounce and the axle hop frequencies from

the measured truck's response (table 4.2) [86].

Next, a stochastic subspace identi�cation (SSI) method is applied to the measured data [90, 91]. This

method �ts an experimental model of a dynamic system through measured data. Figure 4.10 shows

the stablization diagram, which contains the identi�ed poles as a function of the experimental system

order. The error criteria for stabilization are 1 % for frequencies, 2 % for damping ratios and 1 % for

the participation vector correlations. This �gure shows that, in the low frequency range, no stable

poles are found; the pitch and bounce modes are not detected with the SSI method. In the frequency

range between 10 Hz and 15 Hz, the axle hop modes are detected, although there is a large scatter on

these data. For the passages at speeds higher than 35 km/h, the quality of the identi�cation is even

worse. The mean values for vehicle speeds between 25 km/h and 35 km/h are listed in table 4.2. The

results from both methods correspond fairly well for the axle hop frequencies.

Peak-picking SSI 4DOF model

Axle hop front axle 11.3 10.9 10.8

Axle hop rear axle 12.6 10.9 12.4

Pitch and Bounce front 1.8 - 1.9

Pitch and Bounce rear 1.6 - 1.4

Table 4.2: Estimated and predicted eigenfrequencies of the Volvo FL6 truck.
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Figure 4.10: Stabilization diagram with the SSI method. The symbols in this diagram represent

respectively: '�' a stable pole; '.v' a pole with a stable frequency and vector; '.d' a pole with a stable

frequency and damping; '.f' a pole with a stable frequency and '.' a new pole.

In the following, a 2D 4DOF linear vehicle model (�gure 2.1) is used to predict the dynamic axle

loads. The vehicle body and the vehicle's axles are modelled as rigid inertial elements. The suspension

system and the tyres are represented by linear spring damper connections. Non-linear e�ects as the

loss of contact between the vehicle and the road and non-linear suspension characteristics are not

incorporated. The parameters of the vehicle model are determined by means of the truck weighings

(table 4.1), data provided by the truck manufacturer and a �t of the measured and calculated response.

Vehicle characteristics

ma1 600 kg

ma2 400 kg

kp1 0:34 � 0:61� 106 N/m

kp2 0:32 � 106N/m

kt1 2:68 � 3:00� 106 N/m

kt2 1:34 � 1:50� 106 N/m

Table 4.3: Vehicle data provided by the truck manufacturer for the Volvo FL6 truck.

The truck manufacturer has provided data for the rear axle mass ma1 and the front axle mass ma2, as

well as a range of values for the spring constants kp1 and kp2 of the suspension system and the spring

constants kt1 and kt2 of the tyres (table 4.3). The mass mb and the position of the centre of gravity

of the vehicle are calculated from the total mass (table 4.1) and the axle's masses.

The rotational inertia Ib and the values for kp1, kt1 and kt2 are used to tune the eigenfrequencies of

the 4DOF model to the identi�ed values. The sti�ness coe�cients are equal to the maximum values

within the range speci�ed in table 4.3. The measured and the calculated eigenfrequencies agree well

(table 4.2).

The damping coe�cients ct1 and ct2 of the rear and the front tyre are assumed to be zero. The
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damping coe�cients cp1 and cp2 of the front and rear suspension system are estimated through a �t of

the predicted and measured frequency content of the response at the axle hop frequencies for a vehicle

speed v = 30 km/h. This relatively low vehicle speed has been chosen as the inuence of the loss of

contact on the response increases for higher vehicle speeds.

The following values are found for the parameters of the 4DOF Volvo FL6 vehicle model: mb =

9000 kg, Ib = 35000 kgm2, ma1 = 600 kg, ma2 = 400 kg, l1 = �1:49m, l2 = 3:72m, kp1 = 0:61 �

106 N/m, kp2 = 0:32 � 106 N/m, kt1 = 3:00 � 106 N/m, kt2 = 1:50 � 106 N/m, cp1 = 16000Ns/m,

cp2 = 10050Ns/m, ct1 = 0Ns/m and ct2 = 0Ns/m.
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Figure 4.11: Modulus of the FRF ĥfkul(!) for the 2D 4 DOF vehicle model of the Volvo FL6 truck.

Figure 4.11 shows the modulus of the frequency response functions (FRF) ĥfkul(!) of the vehicle

model. The functions ĥfkuk(!) represent the frequency content of the axle load at axle k for an

impulse excitation at the same axle. A maximum is obtained at the axle hop frequency. The FRF

ĥfkuk(!) have a larger amplitude than the FRF ĥfkul(!) for an excitation at a di�erent axle l. The

latter have a maximum at the pitch and bounce mode.

4.4.2 The road model

The road has a total width 2B = 6:20m and is composed of two asphalt top layers and a foundation

that is composed of a crushed stone layer and a crushed concrete layer. Table 4.4 presents the road

pro�le as it has been designed. The asphalt layers have a total thickness of 0.11 m, while the road

foundation has a total thickness of 0.44 m.

In December 2000, the Laboratory of Soil Mechanics of Ghent University has applied a spectral

analysis of surface waves (SASW) test to determine the road's strati�cation and the dynamic road

characteristics [92]. A hammer impact is used to generate surface waves in the road. The response

is measured with two geophones in a common mid-point con�guration (�gure 4.12). The distance

between both geophones is equal to the distance between the �rst geophone and the source. In four

di�erent set-ups, the response is measured with the �rst geophone at a distance of 0.10 m, 0.20 m, 0.40
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layer type d

[m]

1 asphalt Ia 0.05

2 asphalt IIIa 0.06

3 crushed stone 0.19

4 crushed concrete 0.25

Table 4.4: Road section.

m and 0.80 m from the source. Nazarian's method is applied to determine the experimental dispersion

points.

Figure 4.12: Experimental con�guration with two geophones in a common mid-point con�guration

with a distance of 0.80 m between the geophones.
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Figure 4.13: The experimental dispersion points as obtained by the SASW test on the road.

Figure 4.13 shows the mean values of the experimental dispersion points. In an inversion procedure,

the di�erence between the experimental and theoretical dispersion curve of the �rst surface wave is
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minimized. For the calculation of the theoretical dispersion curve, the road is modelled as a horizon-

tally layered, linear elastic halfspace. Each layer is characterized by its thickness d, the modulus of

Young E, the Poisson's ratio � and the density �. As the inversion procedure is relatively insensitive

to the values of the density � and the Poisson's ratio �, these values are not changed in the inversion

procedure.

An inversion procedure with the pro�le of a single layer on a halfspace reveals the presence of a sti�

layer with a thickness of 0.15 m and a shear wave velocity Cs = 1600 m/s on top of a halfspace

with a shear wave velocity Cs = 250 m/s [92]. An inversion procedure with more layers on top of

a halfspace does not result in a re�nement of this pro�le. The characteristics of the halfspace are

therefore also inuenced by the presence of the road's foundation under the asphalt top layer. The

results indicate that the thickness of the asphalt layer is approximately 0.15 m instead of 0.11 m. For an

estimated asphalt density � = 2100 kg/m3 and a Poisson's ratio � = 1=3, the Young's modulus equals

E = 14340�106 N/m2. The Young's modulus of asphalt is very sensitive to the temperature however.

During the free �eld vibration measurements in June, the temparature was about 20 oC, while during

the SASW test in December, the temparature was 5 oC. An approximating relation E = 10(a+bT ) [93],

with b = �0:013, is used, resulting in an estimate E = 9150 � 106N/m2 at a temparature of 20 oC.

This corresponds well with values that are reported in literature for the modulus of Young of asphalt

during spring and summer [94]. The dynamic characteristics of the road's foundation are estimated

[94]. These values are insensitive for the temperature.

layer type d � � E

[m] [-] [kg/m3] [�106N/m2]

1 asphalt 0.15 1/3 2100 9150

2 crushed stone 0.19 1/2 2000 500

3 crushed concrete 0.25 1/2 1800 200

Table 4.5: The theoretical road pro�le.

Table 4.5 summarizes the layer thickness d, the Poisson's ratio �, the density � and the Young's

modulus E. The value of the Poisson's ratio for the crushed stone and concrete layer corresponds

to the value of an incompressible material. This choice is relatively unimportant, however, as in the

numerical model, the road is not modelled as a continuum, but as a beam with a rigid cross section.

The equivalent characteristics are calculated as in appendix A: EI = 7:83�107 Nm2, �A = 7099 kg/m,

�Ip = 2:33 � 104 kgm and GC = 3:08� 107 Nm2.

4.4.3 The soil model

The soil at the 'de Hemptinne' test site is mainly composed of loam. An arti�cially �lled up top layer

with a thickness of 0.30 m is present. Both a spectral analysis of surface waves (SASW) test and a

seismic cone penetration test (SCPT) have been performed to determine the soil's strati�cation and

the dynamic soil characteristics. The results of the SASW test reveal the dynamic characteristics of

the upper soil layers, whereas the results of the SCPT provide information at larger depths.

In June 2000, a SASW test has been performed [88]. A transient excitation is generated with a

falling weight device (FWD), where a mass of 110 kg is dropped from a height of 0.9 m on a square

(0:7m � 0:7m) steel foundation with a mass of 600 kg. A dashpot is used to control the frequency

content of the loading and to prevent rebound of the mass. The vertical response is measured in

10 points at the surface at a distance from 2 m to 48 m from the source. Next, Nazarian's method

[95, 96] is used to determine the experimental dispersion curve, through which a �fth order polynomial

is �tted (�gure 4.14).
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Figure 4.14: The experimental dispersion points and the experimental dispersion curve.

The inversion procedure minimizes the di�erence between the experimental and theoretical dispersion

curve of the �rst surface wave. For the calculation of the theoretical dispersion curve [97] the soil is

modelled as a horizontally layered, linear elastic halfspace. Each layer is characterized by its thickness

d, the modulus of Young E, the Poisson's ratio �, the density � and the material damping ratios �s
and �p for the shear and the longitudinal waves, respectively. As the inversion procedure is relatively

insensitive to the values of the density �, the Poisson's ratio � and the material damping ratios �s and

�p, these values are estimated from experience as: � = 1650 kg/m3, � = 0.33 and �s = �p = 0:005 and

remain constant in the inversion procedure. The inversion procedure is performed with an increasing

number of layers on top of a halfspace. For the case of two or more layers, the deviation between the

experimental and the theoretical dispersion curve is no longer observable.

layer d Cs

[m] [m/s]

1 0.46 106

2 0.67 162

3 1.35 210

4 1 234

Table 4.6: Final pro�le after an inversion procedure with 3 layers on a halfspace.

Table 4.6 shows the results of the inversion procedure for the case where 3 layers on a halfspace are

used to represent the soil pro�le. The soil's sti�ness or the shear wave velocity Cs increases with the

depth z. For a larger number of layers in the inversion procedure, the increase with the depth z is

more detailed [88].

In December 2000, a SCPT has been performed by the Laboratory of Soil Mechanics of Ghent Univer-

sity at this site to determine the dynamic soil characteristics [92]. An electrical cone is equipped with

a seismic module that includes two triaxial geophones at a distance of 1 m (�gure 4.15). Each time

the cone is driven 0.5 m deeper into the soil, both a horizontal and a vertical impact are generated

at the soil's surface. The shear wave velocity is estimated from the time delay between the response

at the geophones for the horizontal impact, while the longitudinal wave velocity is estimated from

the response for the vertical impact. The SCPT has been performed on the measurement line, at a

distance of 12 m and 36 m from the road's axis. Due to technical problems, only the results of the
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Figure 4.15: The cone and the hydraulic press.

�rst SCPT are reliable. At both locations, a sti� layer at a depth of 8.20 m could not be penetrated.

0 200 400 600 800
−12

−10

−8

−6

−4

−2

0

Shear wave velocity [m/s]

D
ep

th
 [m

]

a. Shear wave velocity.

0 500 1000 1500 2000
−12

−10

−8

−6

−4

−2

0

Longitudinal wave velocity [m/s]

D
ep

th
 [m

]

b. Longitudinal wave velocity.

Figure 4.16: (a) The shear wave velocity pro�le as determined by means of the SASW method (dash-

dotted line), the SCPT method (crosses) and the theoretical pro�le (solid line) and (b) the longitudinal

wave velocity pro�le as determined by means of the SCPT method (crosses) and the theoretical pro�le

(solid line). On �gure (a), the results of the SASW test and the theoretical pro�le coincide upto a

depth of 8.20 m.

Figure 4.16a shows, on the same graph, the shear wave velocity pro�le as obtained with the SASW

test and the SCPT. At intermediate depths, the results correspond well. The results of the SASW test

are more detailed at the soil's surface, while the results of the SCPT indicate the presence of a sti�
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layer at a depth of 8.20 m. The higher shear wave velocities at smaller depths are probably due to

wave refraction. Figure 4.16b shows the longitudinal wave velocity pro�le as obtained with the SCPT.

The relation between the shear wave velocity and the longitudinal wave velocity allows to estimate

the Poisson's ratio. For the top layers, a Poisson's ratio of 1/3 is found, while at a depth larger than

2.3 m, it is equal to 0.47. This high value reveals the presence of ground water.

The theoretical shear wave velocity follows the results of the SASW test for the top layers (�gure

4.16a). At a depth of 8.20 m, a layer with a sti�ness that is arbitrarily taken as four times the sti�ness

of the fourth layer is introduced. The SCPT results are followed for the determination of the Poisson's

ratio of the theoretical soil pro�le (�gure 4.16b). The soil's density � is estimated as 1900 kg/m3 for

dry loam and 2000 kg/m3 for the saturated loam layers.

layer d � � E Cs Cp �

[m] [-] [kg/m3] [�106N/m2] [m/s] [m/s] [-]

1 0.46 1/3 1900 57 106 212 0.0500

2 0.67 1/3 1900 133 162 324 0.0375

3 1.35 1/3 1900 223 210 420 0.0250

4 5.72 0.47 2000 322 234 984 0.0250

5 1 0.47 2000 1288 468 1968 0.0250

Table 4.7: The theoretical soil pro�le.

Table 4.7 summarizes the layer thickness d, the Poisson's ratio �, the density � and the Young's

modulus E. The hysteretic material damping ratio � has a large inuence on the response at distances

from the source that are large with respect to the dominant wavelength in the soil. However, it has

not been included in the inversion process for the determination of the soil characteristics from the

SASW data. The material damping is estimated as 0.050 for the �rst layer, 0.0375 for the second layer

and 0.025 for the deeper layers. This agrees with the experimental observation that material damping

decreases with depth. Within the frame of a research project in cooperation with the Laboratory of

Soil Mechanics of Ghent University, the estimation of the material damping from geophysical tests as

the SASW and the SCPT is presently studied.

4.5 The validation of the vehicle's response

4.5.1 The predicted axle loads

Figures 4.17 and 4.18 illustrate the prediction of the front axle load at a vehicle speed v equal to

30 km/h and 58 km/h, respectively. A time scale is chosen where the time t = 0 corresponds to the

time at which the front axle of the vehicle is located at the middle of the pro�le.

Figures 4.17a and 4.18a show the frequency content ûw=r(!) of the unevenness as it is experienced by

the rear axle. As has been shown in �gure 4.4, the frequency content shifts to higher frequencies while

the quasi-static value decreases for an increasing vehicle speed v. Figures 4.17b and 4.18b represent

the FRF ĥf2u(!) for the front axle load. Figures 4.17c and 4.18c show the frequency content ĝ2(!)

of the front axle load, which is obtained as the product of the frequency content of the experienced

unevenness ûw=r(!) and the FRF ĥf2u(!). Whereas the frequency content of the axle load is mainly

situated below 30 Hz for a vehicle speed of 30 km/h, this upper limit shifts to 60 Hz for a vehicle

speed of 58 km/h. The dominant frequency, however, remains approximately constant and is mainly

determined by the axle hop frequency of the rear axle. The contribution at the pitch and bounce

frequencies is relatively small.
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Figure 4.17: (a) Frequency content ûw=r(!) of the experienced unevenness, (b) FRF ĥf2u(!), (c)

frequency content ĝ2(!) and (d) time history g2(t) of the predicted front axle load for a passage of the

Volvo FL6 truck on the arti�cial pro�le at a vehicle speed v = 30 km/h.

0 20 40 60 80 100
0

0.005

0.01

0.015

Frequency [Hz]

R
oa

d 
un

ev
en

ne
ss

 [m
2 /r

ad
]
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Figure 4.18: (a) Frequency content ûw=r(!) of the experienced unevenness, (b) FRF ĥf2u(!), (c)

frequency content ĝ2(!) and (d) time history g2(t) of the predicted front axle load for a passage of the

Volvo FL6 truck on the arti�cial pro�le at a vehicle speed v = 58 km/h.

Figures 4.17d and 4.18d �nally show the time history g2(t) of the front axle load, which is obtained

through an inverse FFT. The duration of the signal can be estimated from the mean length L+l = 1:60
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m of the pro�le, the wheel base w = 5:20 m of the truck and the vehicle speed v. At a speed v = 30

km/h, a transient signal with a duration of 0.82 s is expected. At a time t = �0:10 s, the front

axle ascends the pro�le, while at t = 0:10, the front axle descends. At t = 0:53 s and t = 0:72

s, the ascending and descending of the rear axle can hardly be observed, which illustrates that the

interaction between the axles is small. After the passage of the axle on the pro�le, a free vibration

at the pitch and bounce frequency is observed. At a speed v = 58 km/h, the time delay between the

ascending and the descending is only 0.10 s. The peak axle load increases slightly for higher vehicle

speeds. Analogous conclusions can be drawn from the results for the rear axle load.

4.5.2 Time history and frequency content of the axles' response

In the following, the accelerations of the axles are referred to by a label TIAz, where the character

I indicates the location of the accelerometer at the front (F) or the rear (R) part of the truck. The

characters A and z indicate that the acceleration of the axle in the vertical direction is considered.

1.5 2 2.5 3 3.5

−200

−100

0

100

200

Time [s]

A
cc

el
er

at
io

n 
[m

/s
2 ]

TFAz

0 20 40 60 80 100
0

5

10

15

20

Frequency [Hz]

A
cc

el
er

at
io

n 
[m

/s
2 /H

z]

TFAz

1.5 2 2.5 3 3.5

−200

−100

0

100

200

Time [s]

A
cc

el
er

at
io

n 
[m

/s
2 ]

TFAz

0 20 40 60 80 100
0

5

10

15

20

Frequency [Hz]

A
cc

el
er

at
io

n 
[m

/s
2 /H

z]

TFAz

Figure 4.19: Predicted (solid line) and measured (dash-dotted line) time history (left hand side) and

frequency content (right hand side) of the acceleration of the front axle for vehicle speeds v = 30 km/h

(top) and v = 58 km/h (bottom).

Figure 4.19 shows the time history and the frequency content of the predicted and the measured

accelerations of the front axle for vehicle speeds of 30 km/h and 58 km/h. Compared to �gures 4.17

and 4.18, a time shift has been applied to the predicted results to plot both signals on the same

horizontal time scale.

The time between the ascending and descending of one axle on the pro�le decreases from 0.19 s for a

vehicle speed v of 30 km/h to 0.10 s for v = 58 km/h. The impact at the ascending and descending

is only visible at the lowest vehicle speed. After the axle descends the pro�le, a free vibration at the

axle hop frequency occurs. The duration of the transient signal is well predicted, whereas the peak

acceleration is underestimated. The underestimation increases with the vehicle speed v. The frequency

content of both the predicted and the measured acceleration is dominated by the axle hop frequencies

and shifts to higher frequencies for an increasing vehicle speed. As the parameters of the 2D vehicle

model have been tuned using the vehicle's response at a speed of 30 km/h, it is not surprising that the

axle's response at this vehicle speed is very well predicted. At higher vehicle speeds, the contribution
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at the axle hop frequency is underestimated.
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Figure 4.20: Predicted (solid line) and measured (dash-dotted line) time history (left hand side) and

frequency content (right hand side) of the acceleration of the rear axle for vehicle speeds v = 30 km/h

(top) and v = 58 km/h (bottom).

Figure 4.20 shows the time history and the frequency content of the predicted and the measured

accelerations of the rear axle for vehicle speeds of 30 km/h and 58 km/h. The quality of the prediction

is worse than for the front axle. Although the peak accelerations correspond well, there is a clear

di�erence between the duration of the predicted and the measured transient acceleration signal. This

con�rms the experimental observation that there is a loss of contact between the rear axle and the

arti�cial pro�le, that is followed by an impact when the axle touches the road [98]. This phenomenon

is not taken into account by the present linear vehicle model. As a result, the lobes that correspond to

the frequency content of the unevenness signal are not present in the frequency content of the measured

axle load. At higher vehicle speeds, this results in an important di�erence between the predicted and

the measured axle load at approximately 10 Hz. Furthermore, it is found that the contribution at low

and high frequencies is underestimated.

4.5.3 Peak acceleration of the axles' response

Figure 4.21a shows the measured and predicted peak acceleration of the truck's front axle as a function

of the vehicle speed. At low vehicle speeds, the correspondence between the predicted and the measured

peak acceleration is relatively good. At higher vehicle speeds, the peak acceleration of the front axle

is underestimated.

For an increasing vehicle speed v, the frequencies f0n = nv=(L + l) and f
max
n = 3nv=2(L + l), that

characterize the zeros and the local maxima of the unevenness signal (�gures 4.17a and 4.18a), shift

to higher frequencies. As a result, the location of these frequencies changes with respect to the axle

hop frequency of the front axle at 10.8 Hz. For a vehicle speed v = 31:1 km/h, the axle hop frequency

equals the second zero f02 . As the vehicle speed increases to 41.5 km/h, the �rst local maximum f
max
1

of the experienced unevenness approaches the axle hop frequency and the peak acceleration increases.

For a vehicle speed between 41.5 km/h and 62.2 km/h, the axle hop frequency is situated between

f
max
1 and f

0
1 and the peak acceleration does not increase with the vehicle speed. The contribution at



64 Experimental validation

0 10 20 30 40 50 60
0

50

100

150

200

250

Vehicle speed [km/h]

P
A

 [m
/s

2 ]

TFAz

a. Peak acceleration front axle.
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Figure 4.21: Predicted (circles) and measured (crosses) peak axle acceleration of (a) the front axle

and (b) the rear axle as a function of the vehicle speed.

other frequencies should, o� course, be considered as well and the trend with increasing vehicle speed

is more complex. It indicates, however, how the inuence of the vehicle speed depends on the dynamic

characteristics of the vehicle and the longitudinal unevenness pro�le.

Figure 4.21b shows the measured and predicted peak acceleration of the truck's rear axle as a function

of the vehicle speed. Although the loss of contact is not predicted, there is a good agreement between

the predicted and the measured peak acceleration of the rear axle. For a vehicle speed of 35.7 km/h,

the axle hop frequency of the rear axle at 12.4 Hz coincides with the frequency f02 . As the vehicle speed

increases to 47 km/h, fmax
1 tends to the axle hop frequency and the peak acceleration increases. For

a vehicle speed between 47 km/h and 71 km/h, the axle hop frequency is situated between f
max
1 and

f
0
1 and the peak acceleration is not expected to increase with the vehicle speed. This trend, however,

cannot be detected in the variation of the measured peak acceleration with the vehicle speed. This is

due to the fact that the rear axle does not follow the unevenness. As a result, the frequency content

of the rear axle's acceleration (�gure 4.20) does not show lobes with zeros f0n and f
max
n similar as for

the unevenness (�gure 4.19a).

4.6 The validation of the soil's response

4.6.1 The road-soil interaction problem

The total thickness of the road roughly corresponds to the thickness of the top layer of the soil pro�le

(table 4.7). As in the numerical model the road is assumed to be located at the soil's surface, the

inuence of the top layer is discarded for the calculation of the soil's impedance. The boundary

element method is therefore based on the Green's functions for a vertical impulse load at the surface

of a halfspace composed of the layers 2 to 5 of the soil pro�le in table 4.7. This case is referred to as

model 1 (�gure 4.22a).

The transfer functions between the road and a point in the free �eld are calculated from the soil's

tractions and the Green's functions. The receivers in the free �eld are located at the surface of the

weak top layer. If the Green's functions of the soil model 1 are used for the calculation of the transfer

functions, the presence of the weak top layer is neglected and it is expected that the vibration levels

in the free �eld are underestimated.

In order to estimate the inuence of the weak top layer on the free �eld response, the Green's functions

in the �rst case are compared with the Green's functions for a vertical impulse load at the interface
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a. Soil model 1. b. Soil model 2.

Figure 4.22: (a) soil model 1 for the calculation of the soil's impedance and (b) soil model 2 for the

calculation of the transfer functions.

between the layers 1 and 2 of the soil pro�le in table 4.7 (�gure 4.22b). This case is referred to as

model 2. The loading case is axisymmetric and only the in-plane components are relevant.
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Figure 4.23: The frequency content of the radial (left hand side) and vertical (right hand side) com-

ponent of the free �eld velocities at 8 m, 16 m and 24 m for a concentrated vertical pulse at the free

surface of soil model 1 (solid line) and at the interface between the layers 1 and 2 of soil model 2

(dash-dotted line).

Figure 4.23 compares the frequency content of the free �eld velocities at 8 m, 16 m and 24 m. Each
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signal is denoted by a label FFij, where FF denotes the free �eld, i the distance from the source

and j the radial (r) or vertical (z) component. The radial and the vertical component generally have

the same order of magnitude. The Green's functions exhibit a cut-o� frequency at about 10 Hz.

This phenomenon is related to the presence of the sti� halfspace at a depth of 8.20 m, under the

relatively soft top layers. The shape of the Green's functions follows from the interference of waves

and the reection and transmission at the interfaces between the soil layers. Geometrical and material

damping attenuate the signals at an increasing distance from the source. The attenuation at higher

frequencies is relatively more important.

A comparison of the Green's functions shows that, below 60 Hz, the response is larger for the case

where the weak top layer is present, while at higher frequencies, the response is larger in the absence

of this layer. At limiting high frequencies, the thickness of the top layer is large with respect to

the wavelength of the waves that are generated at the interface between the layers 1 and 2. Under

these conditions, the displacements at the surface are small. For road tra�c induced vibrations, the

frequency range of interest is situated between 0 and 40 Hz. In this frequency range, there is a large

di�erence for the radial component, while the di�erence is less important for the vertical component.

In order to predict the horizontal component accurately, it is therefore important to account for the

presence of the weak top layer. In the following, soil model 2 is used for the calculation of the transfer

functions from the soil's tractions.

4.6.2 Time history and frequency content of the free �eld response

The free �eld velocities are calculated from the predicted axle loads (�gures 4.17 and 4.18) and the

transfer functions between the road and the soil by means of the Betti-Rayleigh reciprocal theorem.

The time history of the free �eld response is obtained by means of a double inverse Fourier transform

from the wavenumber ky to the longitudinal coordinate y and from the circular frequency ! to the

time t.

Figure 4.24 shows the predicted and measured time history of the components vx, vy and vz of the

velocity at 8 m, 16 m and 24 m from the centre of the road during a passage of the truck on the

unevenness at a vehicle speed v = 30 km/h. All signals are shown on the same vertical scale so that

the attenuation of the vibrations with distance can better be appreciated.

When the time of arrival and the amplitude of the ground vibrations are compared, it can be observed

that wave propagation in the soil delays and attenuates the time signals for an increasing distance

from the road axis. The time history is composed of the passage of the front axle and the rear axle on

the unevenness, which are well separated in time. As expected, the components vx and vz of the free

�eld velocities have the same order of magnitude, while vy is much smaller. The present case can be

compared to the ideal case, where a vertical impact is applied at the origin of the reference system.

This impact generates a Rayleigh wave at the soil's surface with an in-plane horizontal component vx
and a vertical component vz of the same order of magnitude. In the present case, the impacts are not

applied exactly at the origin and the in-plane component contributes to vy as well. The latter is also

a�ected by the horizontal component of the interaction force between the road and the soil. These

observations are con�rmed by comments of Taniguchi and Sawada [99] on similar experiments.

The measured and predicted signals correspond well. The main di�erence is the duration of the

transient signal that corresponds to the passage of the rear axle on the pro�le. This is due to the

impact that follows the loss of contact between the rear axle and the road. This phenomenon is not

taken into account with the linear vehicle model. The impact, however, does not generate vibration

levels higher than those during the ascending of the rear axle on the pro�le.

The quality of the prediction varies with the distance x. At 8 m, the measured and predicted velocities



The validation of the soil's response 67

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]
V

el
oc

ity
 [m

/s
]

FF08x

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF08y

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF08z

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF16x

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF16y

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF16z

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF24x

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF24y

1.5 2 2.5 3 3.5 4 4.5
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−3

Time [s]

V
el

oc
ity

 [m
/s

]

FF24z

Figure 4.24: Time history of the predicted (solid line) and the measured (dash-dotted line) free �eld

velocity at 8 m, 16 m and 24 m for a vehicle speed v = 30 km/h (passage v30c).

vx and vz have the same order of magnitude. At 16 m and 24 m, the horizontal velocity vx is

underestimated proportionally to the distance x. At all distances, vy is underestimated, which is due

to the fact that the y-component of the interaction force between the vehicle and the road is not

accounted for. Although not shown on these �gures, the vertical velocity vz is also underestimated at

32 m, 40 m and 48 m from the centre of the road.

Figure 4.25 shows the predicted and measured frequency content of the free �eld velocity during the

passage of the truck on the unevenness at a vehicle speed v = 30 km/h. The location of the dominant

frequency between 10 Hz and 16 Hz is determined by the dominant frequency of the axle loads and

the vertical resonance of the soil at this site. The spectrum is modulated at a wheel base frequency

fw = v=w = 1:60 Hz. The frequency content of the predicted and measured signal are mainly situated

below 30 Hz and correspond well. Whereas the frequency content of vz is well predicted at all distances,

vx and vy are underestimated at 16 m and 24 m. The underestimation of the frequency content is

inuenced by both the underestimation of the peak values and the larger duration of the measured

signal.

Figures 4.26 and 4.27 show similar results for a vehicle speed v equal to 58 km/h. A comparison of

the time history shows that the time delay between the impact of the front and the rear axle decreases

for higher vehicle speeds, while the PPV is larger at the highest vehicle speed. The quality of the

prediction is good for vx and vz, while the smaller component vy is underestimated. The mounting

of the unevenness and the impact that takes place when the vehicle regains contact with the road

generate vibrations with the same order of magnitude.

For an increasing vehicle speed, the frequency content shifts to higher frequencies. The dominant

frequency is relatively una�ected and is situated between 10 Hz and 20 Hz. The wheel base frequency

fw = v=w increases linearly with the vehicle speed v and is equal to fw= 3.10 Hz at v = 58 km/h.
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Figure 4.25: Frequency content of the predicted (solid line) and the measured (dash-dotted line) free

�eld velocity at 8 m, 16 m and 24 m for a vehicle speed v = 30 km/h (passage v30c).

The predicted and measured frequency content correspond well.
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Figure 4.26: Time history of the predicted (solid line) and the measured (dash-dotted line) free �eld

velocity at 8 m, 16 m and 24 m for a vehicle speed v = 58 km/h (passage v60b).

4.6.3 Frequency content of the response for di�erent vehicle speeds

Figure 4.28 shows the frequency content of the acceleration of the front and rear axle of the truck and

the vertical free �eld velocity at 8 m and 24 m from the centre of the road for vehicle speeds v = 30

km/h, v = 40 km/h, v = 49 km/h and v = 58 km/h.

The �gures illustrate how the shift of the frequency content with the vehicle speed v is observed in both

the measured and predicted response. The upper limit of the frequency content of the accelerations

of the vehicle's axles shifts from 40 Hz for a vehicle speed v = 30 km/h upto 60 Hz for v = 58

km/h. The dominant frequency, however, does not shift signi�cantly with the vehicle speed. The

frequency content of the free �eld velocity at 8 m from the road's axis is very similar to the spectrum

of the axle loads. The sharp cut-o� frequency in the predicted frequency content at 10 Hz is not

present in the measured frequency content. This is partly due to the fact that the frequency content

of the acceleration of the rear axle is underestimated near 10 Hz. At 24 m, the contribution at higher

frequencies is more attenuated due to material damping in the soil and the shift to higher frequencies

is less pronounced. These �gures show how the deviation between the measured and the predicted

frequency content of the acceleration of the rear axle a�ects the quality of the prediction of the free

�eld response.
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Figure 4.27: Frequency content of the predicted (solid line) and the measured (dash-dotted line) free

�eld velocity at 8 m, 16 m and 24 m for a vehicle speed v = 58 km/h (passage v60b).

4.6.4 Peak particle velocity of the free �eld response

Figure 4.29 shows the predicted and measured PPV as a function of the vehicle speed for all components

at a distance x of 8 m, 16 m and 24 m. Figure 4.30 shows, additionally, the PPV in the vertical

direction at 32 m, 40 m and 48 m from the centre of the road. The vertical scale for the PPV is the

same for all �gures. These results con�rm that the PPV in the x- and z-direction have the same order

of magnitude, while the PPV in the y-direction is much smaller. The PPV generally increases with

the vehicle speed. The highest vibration levels are generated by the passage of the rear axle on the

unevenness. As a result, the PPV of the free �eld response and the peak acceleration vary in a similar

way with the vehicle speed v.

Although the peak acceleration of the rear axle is underestimated at high vehicle speeds, the vertical

PPV at 8 m and 16 m from the centre of the road is overestimated in the same case. At larger distances,

the PPV is underestimated for all vehicle speeds, proportional to the distance x. The variation of

the quality of the prediction with distance is due to an inadequate knowledge of the dynamic soil

characteristics. The underestimation of the free �eld vibrations at larger distances from the source is

probably due to an overestimation of the material damping in the top layer.

4.7 Conclusion

The simultaneous vehicle and free �eld response measurements at the 'de Hemptinne site' allow for a

rigorous validation of the prediction model for free �eld tra�c induced vibrations. The results provide

a clear insight in the inuence of the vehicle speed on both the vehicle's response and the free �eld
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Figure 4.28: Frequency content of (a) the acceleration of the front and (b) the rear axle of the truck

and frequency content of the vertical free �eld velocity at (c) 8 m and (d) 24 m from the center of

the road for vehicle speeds v = 30 km/h, v = 40 km/h, v = 49 km/h and v = 58 km/h (from top to

bottom).

response.

Elaborate tests have been performed to determine the parameters of the vehicle, the road and the soil

in the numerical model. The parameters of a 4DOF vehicle model have been determined by means

of dynamic system identi�cation and vehicle weighings. A SASW test has been performed to identify

the dynamic road characteristics. The soil's strati�cation and the dynamic soil characteristics are

based on the complementary results of a SASW test and a SCPT. The material damping in the soil

is estimated, based on the experimental observation that its value decreases with depth.

The variation of the vehicle's response and the free �eld response with the vehicle speed is determined

by the frequency content of the unevenness and the vehicle FRF. The peak value of the reponse

generally increases with the vehicle speed, while the frequency content shifts to higher frequencies.

The dominant frequencies are relatively una�ected.



72 Experimental validation

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF08x

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF08y

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF08z

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF16x

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF16y

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF16z

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF24x

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF24y

0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

3
x 10

−3

Vehicle speed [km/h]

P
P

V
 [m

/s
]

FF24z

Figure 4.29: Predicted (circles) and measured (crosses) peak particle velocity of the free �eld response

at a distance x equal to 8 m, 16 m and 24 m as a function of the vehicle speed.
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Figure 4.30: Predicted (circles) and measured (crosses) peak particle velocity of the vertical free �eld

response at a distance x equal to 32 m, 40 m and 48 m as a function of the vehicle speed.

A comparison between the predicted and measured response shows that the accelerations are well

reproduced by the vehicle model. The most important di�erence is the loss of contact between the

rear axle and the road, that cannot be predicted with the linear vehicle model.

The time histories of the ground vibrations illustrate that wave propagation in the soil delays and

attenuates the free �eld vibrations. The present load case is similar to the one where a �xed vertical

impact load is applied at the origin of the measurement line. The in-plane horizontal component vx,

perpendicular to the road, almost has the same order of magnitude as the vertical component vz. The

out-of-plane horizontal component vy, parallel to the road, is much smaller. The results therefore

demonstrate that the inuence of the horizontal interaction force between the vehicle and the road is

small. However, as only the vertical component of the interaction force between the vehicle and the

road is taken into account for the prediction, the small y-component is underestimated. The velocity

components vx and vz are well predicted with a ratio of 0.50 to 1.50 between the predicted and the
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measured PPV. The quality of the prediction varies with the distance from the road's axis due to the

lack of knowledge about the in situ material damping.

The results of the validation are very satisfactory and show that the presented numerical model

reproduces the essential elements for the generation of tra�c induced ground vibrations.
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Chapter 5

Conclusions and further research

In this �nal report, the results of the DWTC research project MD/01/040 'Study of determining

factors for tra�c induced vibrations in buildings' (1 July 1998 - 30 June 2001) are discussed (task F.2

in the work programme). The main emphasis in this project went to the development and the use of

a prediction model for free �eld road tra�c induced vibrations.

In chapter 2, the numerical model is discussed. It is shown how the dynamic axle loads are calculated

from the longitudinal road unevenness (task A.1) and the vehicle dynamics (task A.2). The road-soil

interaction problem is solved with a substructure method where a beam model is used for the road

(task A.3) and a boundary element method is used for the supporting soil (task A.4). The free �eld

vibrations are calculated by means of the Betti-Rayleigh reciprocal theorem (task A.5). The high

e�ciency of the source module enables to perform calculations on a dense grid of receivers in the free

�eld. Such results are required for the solution of the dynamic soil-structure interaction problem of a

building, subjected to the incident wave �eld generated by the passage of a vehicle on an uneven road.

The results of the parametric study are presented in chapter 3 (task E.1) and translated into practical

guidelines (task F.1). The height and the slope of tra�c plateaus and bumps are of primary importance

for the generation of tra�c induced vibrations. The vibration levels that are generated by the passage

of a vehicle on a joint in the road surface have the same order of magnitude as the vibration levels

due to the passage on a tra�c plateau with a much larger height. In the case of the joint in the road

surface, the inuence of the vehicle speed is small, while in the case of the plateau, its inuence is large.

In the case where a linear vehicle model is used for the prediction of the dynamic axle loads, the masses

of the axles are more important than the gross vehicle weight. Heavy vehicles will therefore generate,

both in laden and unladen state, the largest vibrations. Other important factors are the sti�ness of the

tyres and the damping of the suspension system. The parameters that are related to the road section

do not play an important role. For a homogeneous soil, the vibration levels are inversely proportional

to the soil's sti�ness, while in the case of a strati�ed soil, the results are more complex. The soil's

material damping is very important for the receivers that are at a large dimensionless distance from

the source. An accurate determination of the soil's dynamic characteristics is of vital importance for

the prediction of tra�c induced vibrations.

Two measurement campaigns have been performed for the validation of the numerical model (task

D.1). In chapter 4, the results of the second measurement campaign at the 'de Hemptinne' site

in Heverlee (task C.1) are discussed. The truck's and the free �eld response have been measured

simultaneously (task C.6) during the passage on an arti�cial unevenness (task C.3). The design of

the unevenness has been supported by simulations with the numerical model (task B.1). Elaborate

tests have been performed to determine the dynamic characteristics of the truck (task C.2), the road

(task C.4) and the soil (task C.5). More than re�ning the existing models, the need is felt for a more

75
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accurate determination of the dynamic soil characteristics.

The results have been presented at one national conference and seven international conferences. One

paper has already been published in the journal 'Soil Dynamics and Earthquake Engineering', while

four more journal papers have been accepted for publication. In appendix A, all publications are

listed. Furthermore, the present work has lead to the achievement of a mobile data acquisition

system with four measurement channels and a value of 25000 Euro within the frame of the 'Oros

European University Millennium Award', [86, 87]. The extensive list of publications shows that the

present research project has brought the Belgian research related to tra�c induced vibrations to an

international scienti�c level.

Compared to the project proposal, considerably more e�ort has been put in the development and

the experimental validation of the source module. As a result, less attention has been spent to the

development (tasks A.6 and A.7) and the validation (tasks C.7, C.8 and D.2) of a receiver module

that enables the study of the determining factors for the vibrations in buildings (tasks B.2 and E.2).

The dynamic interaction of the incident wave �eld and the structure have been studied, however,

during a 6 months post-doctoral stay of Dr. Anita Uscilowska of the Institute of Mathematics of

the Poznan University of Mathematics in Poznan (Polen) within the frame of the DWTC programme

'Scienti�c and Technology Cooperation with Central and Eastern Europe'. The results of this study

are summarized in a research report [3].
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Appendix A

Publications

The developments within the frame of the DWTC project MD/01/040 have lead to a large number of

publications. In the following, the reports and the publications that result from the DWTC research

project MD/01/040 'Study of determining factors for tra�c induced vibrations in buildings' are listed.

A total of 15 research reports, 10 conference papers and 5 journal papers have been written.
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