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Abstract

Dynamic behaviour of vehicle-bridge interaction systems with uncertain properties is
presented in this thesis. The motivation of the research is the growing need of engineers
and researchers to understand the vehicle-bridge coupling dynamics accounting for the
unavoidable variations in the system parameters. Anticipation of the dynamic responses
of a bridge excited by moving vehicles is crucial to the bridge design as bridge vibration
Is a significant cause of its deterioration and reduction in long-term serviceability. It is
vital to provide insight into the influences of existing uncertainties on the dynamic
behaviour of vehicle-bridge coupling systems which are commonplace in structural
engineering. The PhD study aims to develop a rational non-deterministic framework for
dynamic analysis of a vehicle-bridge interaction system considering the uncertainties in

all the system parameters.

Probabilistic analyses are firstly implemented to calculate the statistical moments of
bridge responses considering all the system parameters as random variables. Moving
spring-mass and quarte-car models are adopted to represent a moving vehicle. Euler-
Bernoulli beam is employed to model the bridge. Random variable functional moment
method, combined with modal analysis, is extended to develop the mathematical
expressions for calculating the mean value and variance of bridge dynamic response.
Investigations into the effects of the individual system parameters and the road surface

roughness on the bridge response are carried out.

Non-probabilistic approaches are proposed to account for the uncertainties in the
vehicle-bridge interaction systems when sufficient statistical data are unavailable. Half-

car model is adopted to describe a moving vehicle. Interval operations, Taylor
\'



expansions and perturbation theory are integrated to analyse the vehicle-bridge
interaction dynamic problem with predefined small intervals of system parameters.
Mathematical formulations are formed for the midpoint value, interval width, lower and
upper bounds of interval bridge dynamic response. Furthermore, a heuristic
optimization method, improved particle swarm optimization algorithm with low-
discrepancy sequence initialized particles and high-order nonlinear time-varying inertia
weight and constant acceleration coefficients (LHNPSO), is developed to capture the
extreme values of bridge responses regardless of the interval width of system

parameters.

Hybrid probabilistic and non-probabilistic analysis is introduced into the vehicle-bridge
interaction dynamic system considering a mixture of random and interval uncertainties
in the system. The random interval moment method is incorporated in the
implementations to obtain the intervals of the first two statistical moments of bridge
response. Random interval perturbation method is further developed while the bridge is

represented by a finite element model.

The effectiveness and accuracy of the presented approaches are demonstrated by
Monte-Carlo simulations and hybrid simulations combining direct simulations for
interval variables and Monte-Carlo simulations for random variables. The research
reported in this thesis will assist engineers to perform the cost effective design and
assessment of non-deterministic dynamic response of vehicle-bridge interaction systems

with uncertain properties.

Vi
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Chapter 1 Introduction

1.1 Background

The dynamic behaviour of a bridge under the effect of moving vehicle induced loadings
has drawn considerable research and practical interests. The problem of a vehicle or
multiple vehicles travelling over a bridge is commonly encountered in transportation
infrastructures such as highway bridges, railroad bridges, aircraft/taxiway bridges in
airports, and many others. When a vehicle passes over a bridge, certain impact or
dynamic amplification effect will be imposed on the bridge, which needs to be taken
into account in their design and construction considerations. Prediction of the dynamic
responses of bridges resulted from moving vehicles is of significance in bridge design
because moving vehicles usually produce more destructive loadings than static vehicles
do. Although major bridge failures are not usually caused directly by moving vehicles,
vehicle induced the dynamic loading has become one of the important causes of
deterioration and reduction in long-term serviceability of bridges. Theoretic and
experimental investigations had indicated that the vehicle impact on a bridge mainly
depends on several factors including the type of bridge and its natural frequencies of

vibration, vehicle characteristics and the speed of the vehicle [1].

In the conventional dynamic analysis of a vehicle-bridge interaction system, vehicle and
bridge parameters are treated as deterministic ones [2-5]. Although some variations
around those base line parameters are taken into account, designs and analyses are

performed using deterministic model of which some parameters are varied with pre-
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specified ranges for a set of combined analyses. However, generally speaking, vehicles
moving on a bridge have nondeterministic characteristics because the parameters of
different kinds of vehicles are different. For instance, mass and tire stiffness of a light
passenger car are obviously different from those of a heavy vehicle. Parameters of a
bridge, i.e. mass, Young’s modulus and moment of inertial, usually have uncertainties
resulting from construction and manufacturing processes as well as due to aging.

Therefore, their values are no more equal to the nominal values given in the design.

Uncertainty can be described by randomness, fuzziness and interval. The most common
solution to problems of uncertainty is to model the system parameters as random
variables. On the other hand, probabilistic approach is the most popular method to solve
random problems, and the probabilistic analysis of structures is becoming a significant
and hot research field in engineering [6]. Over the past 20 years, probabilistic methods
based on the finite element analysis (FEA), such as Monte-Carlo simulation method
(MCSM) [7], perturbation method (PM) [8] and stochastic finite element method [9],
are widely used in the static and dynamic analysis of structures with random parameters.
Probabilistic analysis of structures can provide not only the mean value but also the

variance or standard deviation, thus, a better description of structural responses.

Uncertainty analysis is primarily based on probability theory, with the premise that a
large number of experimental samples are available to construct the precise probability
distributions of parameters. However, for some real engineering problems, it is
challenging to obtain sufficient information from parameter sampling. The probabilistic
method becomes difficult to use in this context. When objective information on the
uncertainties is limited, results from the subjective probabilistic analysis prove to be of

little value, and does not justify its high computational cost (see, e.g. [1] and [2]).
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Consequently, alternative non-probabilistic concepts have been introduced into non-
deterministic numerical modelling. Non-probabilistic approaches such as interval FEA
and fuzzy FEA for non-deterministic analysis of structures with uncertain parameters
are emerging. Static response, free vibration and forced vibration of structures with
interval parameters have been investigated by using interval and/or fuzzy FEA. In the
interval approach, uncertainties are considered to be confined within a predefined range.
For each uncertain parameter, only its lower and upper bounds need to be provided.
However, this approach may be too conservative due to the inherent dependency issues.
The fuzzy approach extends this methodology by introducing a level of membership
that represents to what extent that a certain value is in the range of possible input values.
This concept provides the analyst with a tool to express a degree of possibility for a

certain value.

In order to reduce the computational effort and simultaneously investigate the effect of
the individual system parameters on the structural responses, Gao et al. [10-12] have
proposed the random factor method, fuzzy factor method and interval factor method.
These methods have been applied to the analysis of engineering structures with

uncertainty.

A few researchers [13-15] have attempted to develop stochastic approaches for the
dynamic analysis of vehicle-bridge system with uncertainty. The probabilistic analysis
of a bridge under moving loads is usually performed by assuming the characteristic of
the bridge as deterministic and the moving forces as stochastic. In general, this kind of
analytical model is limited to bridge response assessment and the effect of the
randomness of moving vehicles on responses of a bridge have not been investigated

extensively. However, little concern has been engaged to identify which random
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variable has to be considered in the probabilistic analysis and what criteria should be
selected to determine the probabilistic safety or serviceability. In particular,
probabilistic modelling of a moving vehicle and probabilistic analysis of the interaction
between vehicle and bridge systems have not been thoroughly and qualitatively
investigated. In addition, sometimes, a complete probabilistic specification of the
vehicle-bridge interaction systems uncertainty is impossible, and the capability for the
development of reliable predictions, in terms of probability, is fundamentally limited.
Consequently, non-probabilistic approaches should be developed to account for the
uncertainties in the vehicle-bridge interaction systems when sufficient statistical data are
unavailable. Based on the literature, non-probabilistic analysis has not been conducted
for the dynamic response of the vehicle-bridge interaction system with uncertain
properties. A rational framework for non-deterministic dynamic analysis of vehicle-
bridge interaction systems, including the uncertainties in all the system parameters,
should be developed. For real engineering applications and the quantitative analysis of
vehicles and bridges, the uncertainties in all system parameters should be considered in
the analytical model. In addition, it is very important to investigate the effect of the

individual parameters on the bridge response and/or vehicle dynamic performance.

1.2 Literature Review

The aim of this section is to critically review the argumentation, and to study what
extent to the non-probabilistic methods can be considered as useful alternatives to the

existing probabilistic approach.



1.2.1 Uncertainty modelling

Uncertainty can enter mathematical models and experimental measurements in various
contexts. A popular way of categorization is to classify uncertainty into two categories:
aleatory uncertainty and epistemic uncertainty. They are distinguished respect to its

sources [16].

Aleatory uncertainty, also known as statistical uncertainty, is typically irreducible as a
property of the system associated with fluctuations/variability; examples include
inherent variations in physical processes, such as weather conditions [17]. Therefore,
aleatory uncertainties are something not controllable by an experimenter: they exist, and
they cannot be suppressed by more accurate measurements. Consequently, aleatory
uncertainty can be modelled and processed appropriately with the aid of pure

probabilistic methods.

Epistemic uncertainty represents a lack of knowledge about the system due to limited
data, measurement limitations, or simplified approximations in modelling system
behaviour. This type of uncertainty can be typically reduced by gathering more
information. Epistemic uncertainty can be viewed in two ways. It can be defined with
reference to a stochastic but poorly known quantity or with reference to a fixed but
poorly known physical quantity [18]. The term *stochastic but poorly known” refers to
the uncertainty about the distribution type and parameters of arandom variable.
Epistemic uncertainty may be regarded as subjective uncertainty, the reason may be
initiated against the probability of pure model range. These causes involve a lack of
information, which hinders the probability model of a unique and potential power

generation plan deviating from pure randomness qualitative observation specification.


http://en.wikipedia.org/wiki/Mathematical_model
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In many engineering practical cases, however, not even subjective probabilistic
information is available. Examples are uncertain quantities for which only bounds or
linguistic expressions are known. A probabilistic modelling would then introduce
unwarranted information in the form of a distribution function that is totally unjustified.
Even the assumption of a uniform distribution ascribes a certain probabilistic regularity
and, thus, much more information than that is given by just bounds for a quantity. In
more frequent cases, the knowledge about the fluctuations of the structural parameters is
very limited so that a clear probabilistic specification of their associated uncertainty is
impossible, and the capability for the development of reliable predictions, in terms of

probability, is fundamentally limited.

Epistemic uncertainty generally requires further specific models oriented to particular
characteristics of the uncertainty associated with the available information. These
uncertainty models are constituted on a non-probabilistic or on a mixed

probabilistic/non-probabilistic mathematical basis.

This thesis focuses on handling aleatory uncertainty and the first definition of epistemic
uncertainty, i.e., epistemic uncertainty with reference to a stochastic but poorly known
quantity in a straightforward manner. Therefore, the uncertainty representation methods

proposed in this thesis are purely probabilistic, non-probabilistic or a mixture.

1.2.2 Vehicle-bridge interaction system model

a) Bridge model

In dynamic analysis of bridge-vehicle interaction system, the bridge model is one of the

three most important factors (the other two being the vehicle model and bridge deck
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roughness). In the literature, several bridge models have been developed to analyse the

bridge response.

The first type of bridge model is Euler-Bernoulli beams. In the beam theories, the
simplest model is the Euler-Bernoulli beam model in which cross sections are
perpendicular to the neutral axis prior to bending remain plane and perpendicular to the
neutral axis posterior to bending, i.e. the so-called Euler-Bernoulli hypothesis holds. For
bridge decks modelled as Euler-Bernoulli beams in an early model developed by
O’Connor and Chan [19], the bridge was modelled as an assembly of lumped masses
interconnected by massless elastic beam elements. This model is usually referred to as
the Beam-Element Model. Green and Cebon [20] gave the solution on the dynamic
responses in the frequency domain under a quarter-car vehicle model using an iterative
procedure. The algorithm was validated by extensive experiments on a typical highway
bridge. The vibration behaviour of an elastic homogeneous isotropic beam with
different boundary conditions due to a moving harmonic force was studied by Abu-Hilal
and Mohsen [21]. Foda and Abduljabbar [22] used the Green function approach to
determine the dynamic response of an Euler-Bernoulli beam subjected to a moving mass.
Ichikawa et al. [23] investigated the dynamic behaviour of the multi-span continuous
Euler-Bernoulli beam traversed by a moving mass at a constant velocity, and solution to
this system is obtained by using both eigenfunction expansion and the direct integration
method in combination. Michaltsos and Kounadis [24] performed the dynamic analysis
of a simply-supported beam subjected to a moving mass including the effects of the
centripetal and the Coriolis forces. Law and Zhu [25] investigated the influence of
braking on a multi-span non-uniform bridge deck under moving vehicle axle forces.
Results showed that vehicle braking generated an equivalent impulsive force covering a

wide range of frequency spectrums. Mahmoud and Abou Zaid [26] developed an
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iterative modal analysis to determine the effect of transverse cracks on the dynamic
response of a simply-supported Euler-Bernoulli beam under a moving mass. A large
number of vibration modes are excited and they are required in the computation for a
high accuracy in the dynamic response of the structure. Nikkhoo et al. [27] investigated
the dynamic response of an Euler-Bernoulli beam subjected to a moving mass and used
a linear classical optimal control algorithm with a time varying gain matrix with

displacement-velocity feedback to control the response of the beam.

It is well known that the Euler-Bernoulli beam is more suitable for slender beams and
lower modes of vibration. This theory is inadequate to characterize higher modes of
vibration, in particular for short composite beams due to lower shear modulus or shear
rigidity. By taking into account the effects of shear deformation, Timoshenko proposed
a further improvement of the beam theory. Timoshenko beams are the second type of
bridge model which have been widely used. The vibration of a continuous bridge deck
modelled as a multi-span Timoshenko beam under a vehicle modelled by a mass-spring
system with two DOFs was studied by Chatterjee et al. [28]. Lee [29] obtained the
dynamic deflections of a Timoshenko beam under a moving mass by using the
Lagrangian approach and the assumed mode method. Wang [30] proposed a method for
modal analysis to investigate the vibration of a multi-span Timoshenko beam under a
moving force. The ratio of the radius of gyration of the cross-section to the span length
was defined as a parameter and the effect of this parameter on the first modal frequency
of the beam was studied [31]. Wang and Chou [32] employed the large deflection
theory to derive the equation of motion of the Timoshenko beam due to the coupling
effect of an external force with the weight of the beam. Results showed that the
fundamental natural frequency of the structure increases with the weight of the beam.

Esmailzadeh and Ghorashi [33] dealt with the problem of a Timoshenko beam traversed
8



by uniform partially distributed moving masses by using a finite difference based
algorithm. Both the dynamic deflection and moment of the beam predicated by the
theory, including the effect of weight of the beam, are less than those predicated either
by the small deflection theory or by the large deflection theory without including the
effect of weight of beam. It can be recognized that a beam model cannot truly represent
the three dimensional behaviour of the bridge, particularly a moving vehicle has a path

that does not follow the centreline of the bridge.

The third type of bridge models are plates. It is obvious that a simple beam model
cannot precisely represent three dimensional behavior particularly in the case of a
moving vehicle with paths that are not along the centreline of the bridge. For those
reasons, the bridges will be modeled here with plates while the vehicles will be
modelled with two or three dimensional models [34]. Marchesiello et al. [35] presented
an analytical approach to the vehicle-bridge dynamic interaction problem with a seven
DOFs vehicle system moving on a multi-span continuous bridge deck modelled as an
isotropic plate. Both the flexural and torsional mode shapes were included in the study.
An iterative method was adopted to calculate the responses of the bridge deck and
vehicle separately, i.e., the equations of motion of the bridge and vehicle system
respectively are not coupled. The theoretical modes, defined by means of the Rayleigh-
Ritz approach, had been found to be in good agreement with that from finite element
model. Zhu and Law [36] investigated the dynamic behaviour of orthotropic rectangular
plates under moving loads. Results showed that the impact factor of the orthotropic
plate increased with the ratio between the flexural and torsional rigidities of the plate,
and an equivalent beam model of the bridge deck could give an estimate on the impact
factor along the centreline of the deck with an under-estimation of the dynamic response

at the edge of the structure. The dynamic behaviour of the bridge deck under single and
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several vehicles moving in different lanes was analysed using the orthotropic plate
theory and modal superposition technique. The impact factor was found varying in an

opposite trend with the dynamic responses in the different loading cases studied.

b) Dynamic vehicle load model

In studying bridge vibrations, the simplest model of vehicle is assumed as the moving
load that can be conceived for a vehicle [37] and [38]. Yang et al. [4] investigated the
dynamic response of the beam by using the moving load assumption. The moving loads
can be simplified into a moving force for vibration analysis. From this model, the
primary bridge dynamic features can be taken due to the vehicle motion. However, the
ignorance of the interaction between the bridge and moving vehicle is the main
drawback. Therefore, when the mass of the vehicle is small relative to that of the bridge,
and only when the vehicle response is not desired, the moving load model is absolutely

valid and can be used.

Compared to the moving load model, the moving mass model is an improvement of the
moving load model when the effect of the vehicle needs to be taken into account [39].
Sadiku and Leipholz [40] compared the solutions for both the moving mass and moving
force problem and the equivalent moving force problem and concluded that the
approximate solution for the moving force problem was not always an upper bound
solution in terms of the deflection. Whereas, the limitation of this model is that the
bouncing action of the moving vehicle relative to the bridge cannot be considered. Such
an effect is expected to be significant in the presence of pavement roughness or for

vehicles moving at rather high speeds.
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The sprung mass model, that a spring can be attached to the moving mass, is developed
to investigate the suspension action of the moving vehicle. This is the simplest model
that can be used to study the dynamic interaction between the moving vehicle and the
supporting bridge. The vehicle is modelled as a single degree-of-freedom (DOF) or two
DOFs sprung-mass system which is very useful for modelling multiple vehicles. They
are modelled as a set of independent discrete units moving with the same velocity [41].
This eliminates the inertia effects due to roll, pitch and yaw motions of the vehicle. The
masses of the vehicles are lumped on the suspension systems which are modelled as
linear springs and dashpots. All movements of the suspensions, except the vertical
motions, are constrained. Pesterev et al. [42] studied the dynamic response of a one-

dimensional distributed parameter system carrying multiple moving oscillators.

It is true in the past two decades that researchers continue to develop vehicle models of
various complexities to account for the dynamic properties of the vehicle, for instance,
Yang and Wu [4] researched the dynamic interaction response by using a versatile
element model. Li et al. [43] considered the influence of the surface profile on the
dynamic amplification of a simply supported bridge when it subjects to a quarter-car

vehicle model.

The half-car model is usually represented by a planar, two-axle or three-axle and sprung
mass system with frictional device. This model was used to study the effects of vehicle
braking on the bridge [44]. The effect of the bridge transverse flexibility is considered
firstly by including an additional degree-of-freedom in the simple beam representation.
The response studies are extended into the braking of vehicle on the bridge approach as
well as on the span. The effect of the bridge transverse flexibility on the bridge response

is studied by obtaining the response for symmetric as well as eccentric vehicular loading
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on the bridge. Bridge idealization as an orthotropic plate was used to simulate the
transverse flexibility of the bridge deck. The three-axle half-truck model was also used

to identify the effect of various parameters on the dynamic load [45].

In most works the bridge was modelled as a line beam (or one-dimensional beam). As a
result, the vehicle model was usually limited to a single DOF system or two DOFs
system. All the beam-model-based methodologies would become impractical if the
entire bridge system is to be modelled for applications. Moreover, the over-simplified
vehicle models may not be able to represent well the real vehicles travelling on bridges.
Therefore, more sophisticated car models have been developed to analyse the vehicle-
bridge interaction system. Deng and Cai [46] presented a method for identifying the
parameters of vehicles moving on bridges, In their paper, a single-degree-of-freedom

model and a full-scale vehicle model are used.

Tan et al. [47] developed three-dimensional (3D) vehicle model having seven DOFs and
analysed the bridge-vehicle interaction problem. The influence of various parameters on
the behaviour of the coupled system is studied in three numerical examples. Henchi et al.
[31] presented a 3D vehicle model with seven DOFs for the solution of the dynamic
interaction problem between the bridge and vehicles. Huang et al. [48] developed a
procedure for obtaining the dynamic response of thin-walled curve box girder bridges
due to truck loading. The truck simulated as a nonlinear vehicle model with 11 DOFs.
Xia et al. [49] proposed a 15-DOF vehicle model and analysed the passage of the high
speed train on a concrete box-girder bridge. Zhang et al. [50] developed the space model
for dynamic analysis of bridge-train interaction and the train can have one carriage or
any amount of carriages. Liu et al. [51] studied the impact behaviour of a multi-girder

concrete bridge under single and multiple moving vehicles and presented a 3D nonlinear
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vehicle model with 11 DOFs. Zhu and Law [36] investigated the dynamic loading on a
multi-lane continuous bridge due to vehicles moving on top of the bridge deck. The
analytical vehicle is simulated as a two-axle 3D vehicle model with seven DOFs. Song
et al. [52] proposed a high-speed train model with 38 DOFs for the 3D finite element
analysis of high-speed train-bridge interactions. Kim et al. [53] proposed a three-
dimensional means of analysis for the bridge-vehicle interaction to investigate the
dynamic responses of a steel girder bridge and vehicles. The governing equations of
motion for a three-dimensional bridge-vehicle interaction system taking the roadway
surface into account are derived using the Lagrange equation of motion while the

coupled bridge-vehicle interaction system is solved using Newmark-$ method.

1.2.3 Dynamic analysis of vehicle-bridge interaction

system

For dynamic analysis of vehicle-bridge interaction system, various methods have been
developed to predict the dynamic response of bridges. In basic and simple cases, where
the moving load or moving mass models are considered together with basic beam
models, closed-form solutions are available. For more complex vehicle-bridge
interaction models, the modal superposition method has been extensively used. The
modal superposition methods are typically used to decompose the equation of motion of
a bridge—vehicle system in which the response of structure is represented in terms of a
set of modal shapes with different amplitudes. The equations of motion of the dynamic
system, which are partial differential equations, are transformed into a set of ordinary

differential equations which can be easily solved by numerical methods.
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Yang and Lin [3] investigated the dynamic interaction between a moving vehicle and
the supporting bridge using the modal superposition method with closed-form solution.
Zheng et al. [54] studied a multi-span non-uniform beam subjected to a moving load by
using model superposition methods. The modal superposition methods have been used
by other researchers [55-57]. The modal superposition method can represent the
equation of motion in modal coordinate space and therefore can further reduce the size

of the problem.

In addition, some direct integration methods have been developed to investigate the
dynamic response of vehicle-bridge interaction system such as Newmark- § method
[58-60], Runge-Kutta method [61] and others. Moreover, the Fourier transformation
method has also been used [62]. In the vehicle-bridge interaction analysis based on the
time history, most of the methods are iterative incremental analyses where a

convergence criterion is verified in each time increment.

In the modal superposition technique, mode shapes are required to decompose the
system equation and they may be difficult to obtain for complex structures. As
analytical methods are often limited to simple moving load problems, many researchers
have resorted to various numerical methods, such as the finite element method. The
finite element method is capable of handling more complex vehicle-bridge models with
complex boundary conditions in the dynamic analysis. Research work conducted on
simple finite element model of the bridge—vehicle system has already been summarized

in the monograph by Fryba [63].

Researchers have often used numerical methods such as FEM to analyse the vibration of

slab bridges under moving vehicles [64, 65]. In these studies, the continuous plate was
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first modeled as an assemblage of suitable plate elements and then direct integration
methods were employed to find the dynamic response. Yang and Yau [66] also analysed
the dynamic responses of the vehicle (train)-bridge system using finite element method
and Newmark finite difference formula. Henchi et al. [67] proposed an algorithm for
dynamic analysis of bridges under moving vehicles, using a coupled modal and physical
components approach. In their study, a bridge was discretized by two- or three-
dimensional finite elements. The vehicular axle loads acting on the bridge deck were
represented as nodal forces using shape functions. Numerical simulation showed that
the proposed coupled method was much more efficient than the uncoupled iterative
method. It also emphasized that there is no limitation concerning the complexity
(number of degrees-of-freedom) of the bridge structure in this method if the stability
criterion was satisfied. Law and Zhu [68] investigated the dynamic response of long-
span box-bridges subject to moving vehicles by using numerical simulations and the
results also are verified by experiments. Ju and Lin [69] analysed the dynamic response
of the vehicle-bridge interaction system with a finite element model while the effect of
braking and acceleration of vehicle were considered. Numerical examples indicated that
the bridge longitudinal response was more sensitive than the bridge vertical response

when the vehicle braking or acceleration was active, especially for higher piers.

There are other methods based on a finite element model of the structure, especially for
the interaction problems. Yang and Wu [4] firstly introduced a vehicle-bridge
interaction element to solve the vehicle-bridge interaction problem. This element is
versatile to represent vehicles of various complexities, ranging from the moving load,
moving mass, sprung mass to the suspended rigid bar. Wu [70] examined the dynamic
behaviour of inclined beams subjected to moving masses by using finite element

method and by considering the effects of the centripetal and Coriolis forces. Pan and Li
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[71] solved the transient response of a vehicle-structure interaction system in time
domain. A car of the moving train was modelled as a three DOFs mass-spring-damper
system. The rail was modelled as an infinite Euler-Bernoulli beam so that the element
would never reach the end of the beam. Contrasting with the finite element method, the
moving vehicle always acts at the same point in the numerical model, thereby
eliminating the need for keeping track of the contact point with respect to individual
elements. Mohebpour et al. [72] developed a beam finite element based on the first-
order shear deformation theory to study the dynamic response of laminated composite

beams subjected to moving oscillators.

1.2.4 Vehicle-Bridge interaction dynamics with

uncertainties

In practice, uncertainty in the vehicle-bridge interaction problem is usually substantial
and cannot be neglected. When performing deterministic dynamic analysis of the
bridge-vehicle interaction system, different samples of response data are obtained in
different computations for a full description of the response statistics of the bridge-
vehicle system. Besides, the bridge structure often exhibits with inherent uncertainty.
For example, the values of system parameters in the bridge model such as the Young's
modulus, mass density, etc. are often varying at different locations. Moreover, concrete
bridges in use often contain local damages. Uncertainties also exist in the modelling of

the prestressing effect and in the constraints of bridge structures.

Generally speaking, vehicles moving on a bridge have nondeterministic characteristics,
because the parameters of different types of vehicles are different. Parameters of a
bridge, i.e. mass, Young's modulus, and moment of inertial and others, usually have
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uncertainty resulting from construction and manufacturing tolerances or caused by
corrosion of steel and deterioration of concrete during its lifetime. The contact forces
between the bridge and the vehicle are random due to the road surface roughness. The
road pavement roughness also has significantly random characteristics in vehicle-bridge

interaction system.

Road surface roughness is usually the key point source of dynamic excitation and
affects the dynamic behaviour of a vehicle-bridge interaction system. This is also a
critical point for vehicle-bridge dynamic analysis. It is generally accepted that road
profiles can be represented with a zero-mean normal stationary ergodic random process
described by their power spectral density (PSD) [73]. Chatterjee et al. [28] modelled the
pavement surface irregularity as a stationary random process characterised by a power
spectral density function and it was generated from Monte-Carlo simulations in their

study of vehicle-bridge interaction.

Over the years different bridge-vehicle models have been proposed to study the
dynamic interaction between bridges and vehicles, and a number of analysis methods
have been proposed [74-76]. Among all the methods of identifying dynamic vehicle
loads, existing research on the bridge—vehicle interaction problem can mainly be
grouped into two categories. Although deterministic analyses of vehicle-bridge
interaction problems have been extensively implemented, non-deterministic vehicle-

bridge coupled problems need to be studied deeply.

a) Probabilistic Method

According to the conventional structural analysis procedures, external excitations and

structural parameters should be modelled as random variables or processed with a
17



probability distribution representing the distribution of the measured values. This
modelling results in random response of structural systems in question. When the
system uncertainties parameters are expressed as random variables with probability
distributions, probabilistic methods are widely employed to analyse the uncertainty

problems and can be developed by three main ways:

Firstly, Monte-Carlo simulation (MCS) method is one of the most popular methods used
for the simulation of engineering models in past studies due to its effectiveness. Though
this method requires a large amount of computation, it becomes more popular especially
in structural dynamic analysis as it can be computed by some widespread and
inexpensive computational systems [77]. Moreover, Lu et al. [78] presented that MCS is
usually a reference method to check the correctness of the new simulation method as it
can provide a certain range of the result. In vehicle-bridge interaction system, MCS may
be adopted to obtain a group of structural uncertain parameters. For example, Soyoz et
al. [79] used the MCS to generate random value of the bridge surface roughness based
on mean and standard deviation. Currently the stochastic analysis of a structural system
with uncertain system parameters is usually performed with the Monte-Carlo simulation
method which is very versatile but comparatively time-consuming [80]. This technique

often serves to validate other approximate analytical and numerical methods.

Secondly, perturbation based methods are the other alternative approaches widely used
for evaluating the stochastic characteristics [81]. The principle of the perturbation
method is to replace the equations which describe the random part of a dynamic
system with an infinite series of deterministic equations. In order to evaluate this
infinite series, it is often reduced into a Taylor series with only one or two terms

[82]. A random parameter of the stochastic system is expressed as a sum of a
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deterministic component and a random component. The random component usually
consists of one or two terms, depending on the order of the perturbation, which
represents the randomness in the system. This method has the advantage of
making use of existing deterministic modelling techniques such as finite element
analysis. It is however restricted by the fact that the uncertainties must be small in
order for the assumption in reducing the infinite series to that of a finite one to be
accurate. An overview of the method applied to static and dynamic systems and
specific examples have been presented by Benaroya and Rehak [83]. These include

applications to a quadratic isoparametric triangular element and an axially loaded rod.

Thirdly, stochastic finite element method is another traditional probabilistic approach.
This method usually is identified as the traditional finite element method coupled with
the perturbation technique. Fryba et al. [84] evaluated the statistics of the dynamic
response of a beam under a single moving force using the stochastic finite element
analysis by means of the first order perturbation in which the stiffness and damping
ware modelled as Gaussian random variables. Wang et al. [85] investigated the dynamic
loading on girder bridges with different number of girders and span lengths due to
several vehicles moving across rough bridge decks. The maximum impact factors from
different bridge girders are obtained for different numbers of loading trucks, road
surface roughness, transverse loading positions and the vehicle speeds. Law and Zhu
[86] also investigated the random dynamic behaviour of bridges subject to moving
vehicles with numerical simulation and experimental verification. The stochastic finite
element method [89, 90] is powerful in solving the random eigenvalue problem, static
analysis problem and structural stability problem, but the method is haunted by the

notorious secular term in structural random dynamical response analysis.
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b) Non-Probabilistic Methods

Elishakoff [91] revealed that unjustified assumptions in constructing a probabilistic
model for input quantities may be dangerous, and even small Differences between the
assumed distribution data and the real ones may yield misleading predictions in the
probabilistic reliability analysis. Therefore, non-probabilistic uncertainty models have
been considered as beneficial supplements to the traditional probabilistic models [92,93],
in particular, when sufficient samples are not available and thus the probabilistic
distribution data of the inputs cannot be readily extracted from the results of physical
tests or measurements. Recently, a number of non-probabilistic approaches for non-
deterministic analysis are emerging. Interval and fuzzy approaches are becoming
increasingly popular for the analysis of numerical models that incorporate uncertainty in
their description. However, based on the literature review, those non-probabilistic
methods for non-deterministic analysis have not been applied to vehicle-bridge
interaction systems. Non-probabilistic methods need be extended to analyse the
dynamic response of vehicle-bridge interaction system, because of inherent

uncertainties in vehicle-bridge interaction system which have been discussed previously.

Interval analysis was first developed by Moore [94] in 1960°s. Moore [95] and Alefeld
and Herzberger [96] discussed the application of interval properties to various systems.
It is useful to describe a property in terms of its upper and lower bounds in engineering
analysis and design, especially in the early stage. In the interval approach, uncertainties
are considered to be contained within a predefined range, where this range is denoted by
upper and lower limits. For each of structural system parameters, the lower and upper

bounds need to be provided. The interval method only predicts the response within an
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interval and no information is given regarding the likely distribution of the response

within that interval.

Gao [97] used interval method to investigate the uncertain response of truss structures
with varying geometric and material properties. Chen et al. [98] applied interval
approach with matrix perturbation technique to investigate the eigenvalues of frame-
type structures with uncertain-but-bounded uncertainties. Qiu and Wang [99] also used
interval methods based on perturbation theory to analyse structures with uncertain
properties. To date, interval finite element analysis, integrating interval concepts and
numerical methods for the description of non-deterministic properties in structures and
mechanics, has been studied on academic level only. It is should be noted that the
interval finite element method is incapable of solving large scale engineering problems

due to the dependency issue.

The fuzzy approach extends this methodology by introducing a level of membership
that represents the range of possible input values [100]. This concept provides the
analyst with a tool to express a degree of possibility for a certain value. Current research
activities on this subject mainly concentrate on the actual solution and implementation
of interval analysis. The Fuzzy FEA is basically an extension of the interval finite
element analysis, and has been studied in a number of specific research domains: static
structural analysis [101], dynamic analysis [102, 103]. Recently, Rao et al. [104] used a
procedure similar to Fuzzy FEM to derive a fuzzy boundary element method. The
numerical procedures developed for the non-probabilistic approaches are all strongly
influenced by the specific properties of the analysed physical phenomenon, and only

academic examples with very limited size and complexity are considered. Also, the non-
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probabilistic concepts are almost exclusively applied for the representation of random

variables.

The growing interest for non-probabilistic methods for non-deterministic numerical
analysis mainly originates from criticism on the credibility of probabilistic analysis
when it is based on limited information. Especially when extremely high reliabilities are
analysed based on numerical models, design engineers often remain very sceptic
regarding the trustworthiness of the numerical predictions. The recent development of
the non-probabilistic approaches stems from the argumentation that this lack of
credibility is always present in probabilistic analysis results. It is argued that the non-
probabilistic concepts could be more appropriate to model certain types of non-
deterministic information, resulting in a better representation of the simulated non-
deterministic physical behaviour. Especially in early design stages when objective
probabilistic information often is not available, non-probabilistic concepts are believed

to be of great value.

1.3 Objectives

Non-deterministic analysis of vehicle-bridge interaction system with uncertainty and
predictive techniques for the dynamic response of bridge are growing research fields. In
the thesis, a vehicle-bridge system model is considered as nondeterministic due to the
uncertainties existing in the vehicle and bridge parameters. The displacement responses
of bridge are assessed quantitatively using the nondeterministic model and methods.

The specific objectives of this thesis are:
1) Developing a theoretical base for the quantitative analysis of dynamic response
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of a vehicle-bridge interaction system with uncertain parameters.

2) Developing a rational non-deterministic framework for dynamic analysis of
vehicle-bridge interaction problem.

3) Deriving probabilistic, non-probabilistic and hybrid uncertain methods to predict
the dynamic responses of the bridge considering different types of uncertainties
in all the system parameters.

4) Investigating the effects of system uncertainties on bridge responses.

1.4 Contributions

The proposed quantitative analysis of dynamic response of vehicle-bridge system with
uncertainties, to our knowledge, is the worldwide first of its kind and the key theoretical

novelties include:

1) Developing rational non-deterministic methodologies for dynamic analysis of a
vehicle-bridge interaction system considering the different types of uncertainties
in all the system parameters. Considering the vehicle-bridge interaction system
model as non-deterministic due to the uncertainties existing in the vehicles and
bridge parameters.

2) Developing a probabilistic approach by extending the random variable
functional moment method (RVFMM) to analyse the dynamic response of
bridge when the system parameters are considered as random variables.

3) Integrating the interval arithmetic, Taylor expansions and perturbation theory to
study the dynamic response of bridge when the system parameters are

considered as interval variables.
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4)

5)

6)

7)

Developing a heuristic optimization method, namely improved particle swarm
optimization algorithm with low-discrepancy sequence initialized particles and
high-order nonlinear time-varying inertia weight and constant acceleration
coefficients (LHNPSO), to capture the extreme values of bridge displacement
regardless of the interval width of system parameters.

Extending the hybrid probabilistic and non-probabilistic methods, random
interval moment method (RIMM) and random interval perturbation method
(RIPM), to predict the interval random dynamic response of bridge when the
system parameters are considered as a mixture random and interval variables.
Investigating the effects on the bridge response produced by the individual
system parameters and the road surface roughness.

Demonstrating the effectiveness and accuracy of the presented approaches by
using Monte-Carlo simulation method and a hybrid simulation method
combining direct simulation for interval variables and Monte-Carlo simulations

for random variables.

1.5 Thesis Outline

The main objective of this dissertation is to develop methodologies for systematically
studying the vibration response of bridge-vehicle coupled systems with uncertainties. A

brief summary of the content in each chapter of this thesis is provided in the following.

Chapter 2 presents the random variable functional moment method (RVFMM) used in
this thesis to investigate the dynamic response of vehicle-bridge interaction system with

uncertainty. The vehicle is modelled as moving spring-mass and quarter-car subsystems,
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as well as the bridge is modelled as a simply supported beam. Two kinds of surface
conditions are considered for the bridge deck: smooth and roughness. Monte-Carlo
simulation method (MCSM) is adopted as the reference method to verify the results

obtained by the RVFMM.

Chapter 3 studies the analytical and computational models used to obtain the dynamic
responses of vehicle-bridge interaction system with uncertainties. A non-probabilistic
approach called interval method is adopted to address the uncertain problem. The
vehicle is represented by a half-car model and the bridge is assumed as a beam. All
system parameters are considered as interval variables and the effect of individual
system parameter is investigated. In addition, a stochastic optimization method, that is
the particle swarm optimization (PSO) method, has been improved to obtain the sharp
bounds of bridge displacement response. MCSM is also referred to verify the results

obtained from interval method and PSO method.

Chapter 4 presents the analytical and computational results for the vehicle-bridge
interaction system and with application of a new hybrid method. In this chapter, the
vehicle-bridge interaction model is same as that presented in chapter 3. However, the
system parameters are assumed as a mixture type of uncertainties. A non-probabilistic
method called random interval moment method is adopted to analyse the dynamic

response of the bridge.

In Chapter 5, another method, namely random interval perturbation method (RIPM), is
used. The vehicle-bridge interaction system is modelled by the finite element model.
Simulation results are also presented to validate the computational results produced by

RIPM.
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Chapter 6 provides a summary of and a discussion on the work presented in this thesis.

The scope for further work is also anticipated.
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Chapter 2 Probabilistic Dynamic
Analysis of Vehicle-
Bridge Interaction

System

2.1 Introduction

Dynamic response analysis of vehicle-bridge system is one of the most crucial steps in
bridge design as moving vehicles induced vibrations are significant causes of bridge
fatigues. Over the past few decades, the interactive problem between vehicles and
bridge structures has attracted much more attention due to the rapid increase in the
proportion of vehicles and high-speed vehicles in highway and railway traffic [4, 105-
107]. Fryba [63] presented the analytical solutions for simply supported and continuous
beams with uniform cross-section under moving loads. Green and Cebon [20] gave the
solution on the dynamic response of an Euler-Bernoulli beam under a "quarter-car"
vehicle model in the frequency domain using an iterative procedure with experimental
verification. Yang and Lin [3] investigated the dynamic interaction between a moving
vehicle and the supporting bridge by means of the modal superposition technique with
closed-form solution. The beam bridge model was extended by Law and Zhu [25] to an

orthotropic rectangular plate simply supported on a pair of parallel edges under a stream
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of moving loads based on the Lagrange equation and modal superposition. Yang and
Chang [108,109] studied the extraction of the bridge frequencies from the dynamic

response of a passing vehicle using the beam and moving spring-mass model.

The traditional deterministic analysis provides only an "approximation” of the results
due to uncertainties in the structural properties as well as in the loading processes.
Generally speaking, vehicles moving on a bridge have nondeterministic characteristics
because the parameters of different types of vehicles are different. Parameters of a
bridge are also having uncertainties resulting from construction and manufacturing
tolerances or caused by corrosion of steel and deterioration of concrete during its
lifetime. The road pavement roughness also has significantly random characteristics in
vehicle-bridge interaction system. Some studies have been carried out on the dynamic
response of a bridge deck with the road surface roughness. Gupta [110] used a sine
function to simulate the road surface roughness. In order to take into account its random
characteristics, a stationary Gaussian random process with certain power spectral
density function is used to describe the road roughness profile [15, 25, 111, 112].
Recently, some pioneering research on stochastic dynamic analysis of vehicle-bridge
interaction systems have been conducted considering uncertainties in bridge parameters
or in moving loadings [15, 25]. The uncertainties of the moving loadings are caused by
the road surface roughness and/or vehicle speed. However, for practical engineering
applications and the quantitative dynamic analysis response of bridges, the uncertainty
of both vehicle and bridge parameters should be included in the analytical model at the
same time, which has rarely been investigated in the vehicle-bridge interaction problem.
In addition, it is very important to investigate the effect of an individual system

parameter on the bridge response.
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The most popular approaches to deal with the problems of uncertainty are the
probabilistic methods. In the probabilistic approaches, the system parameters are
modelled as random variables. Monte-Carlo simulation method [7] is the simplest
method for uncertain analysis from a theoretical point of view and is applicable to many
different types of systems. This method may suffer from high computational costs if a
structural system has a large number of degrees of freedom and/or uncertain parameters.
Monte Carlo simulation method is still considered as the most robust probabilistic
method and is usually used as a reference method to test the accuracy of other
probability approaches [113]. Perturbation method (PM) [8] is also a very popular
method to handle the uncertain problems. Perturbation based methods involve first- and
second-order Taylor expansions normally. Mean and variance of the response can be
found in terms of mean and variance of the basic random variables, thus, distribution
information is not required. To increase the accuracy of the statistical moments of the
system response, higher order items of the Taylor expansions may be adopted, but more
computational efforts are required. For stochastic finite element method [9,114] and
spectral stochastic finite element method (SSFEM) [115, 116], the main advantage of
this kind approaches is that the complete probability distributions of random variables
can be provided. The limitation is that the computational burden increases sharply when
the number of random variables increases. This is why the application of SSFEM has
been limited to the stochastic systems with a small number of degrees of freedom in the
past time. Furthermore, the application range of SSFEM is strongly depended on the
approaches adopted to calculate the coefficients of expansion. To reduce the
computational effort and simultaneously investigate the effect of the individual system

parameters on the structural responses, the random variable functional moment Method
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(RVFMM) has also been developed to analyse structures with uncertain parameters [10-

12].

In this chapter, the random variable functional moment method is employed to study the
dynamic response of vehicle-bridge interaction system by considering the effect of the
road surface roughness and the uncertainties in bridge and vehicle parameters. A
moving mass and a two-degree-of-freedom vehicle model are used to represent the
moving vehicle and the bridge is treated as a simply supported Euler-Bernoulli beam.
The expressions for the mean value and standard deviation of bridge response are
developed. The effects produced by the road surface roughness, bridge and vehicle

parameters on bridge response are also investigated.

The work presented in this chapter is mainly dependent on the research reported by Liu

et al. in Computer Modeling in Engineering & Sciences (CMES), 72 (2011) 79-102.

2.2 Road Surface Roughness

In this study, the road surface roughness is regarded as a periodic modulated random
process. In 1SO-8608 [117] specifications, the road roughness is related to the vehicle
velocity by a formula between the velocity power spectral density (PSD) and the
displacement PSD. The common formulation of displacement PSD of the roughness is

[118]

S, (W) =A (=" (2.1)

W,
WSO
where S _(w,) is the displacement PSD of the road surface roughness, A is the

roughness coefficient in m* /cycle/m, w,, is the reference spatial frequency, ais an
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exponent of the PSD and w, is the spatial frequency in cycle/m, respectively. In the

time domain, the road surface roughness function r(x) is given by
N 27K)_
(0 = 2 (A CZ20) 21 cos(u, k- 9,) 22)
k=1 )

where

w, =k-Aw_,k=12,---N,Aw, =27/ L,

L. is twice of the length of the bridge, ¢, is generated between 0 and 2z by using the

Monte Carlo simulations.

2.3 Bridge and Vehicle Models

2.3.1 Moving mass on bridge

The bridge is modelled as a simply supported beam and the vehicle is represented as a
concentrated mass m, supported by a spring of stiffness k, with the effect of damping of
the suspension system neglected as shown in Figure 2.1. The damping property or
pavement irregularity of the bridge is not considered in this study. The beam is assumed
to be of the Euler-Bernoulli type with constant cross sections. p, E, I, L and Care
the mass per unit length, elastic modulus, moment of inertia, length and damping of the

beam, respectively.

The equation of motion governing the transverse or vertical vibration of the bridge and

moving vehicle can be written as
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Figure 2.1 Vehicle moving on a simply supported bridge.
where W(x,t) is the vertical displacement of the bridge, x, (t) is the vertical

displacement of the moving vehicle, f(t)is the contact force, o(x —vt)is the Dirac

delta function evaluated at the contact point at position x =vt, and v is the speed of the

moving vehicle.

Using the modal superposition method, the solution to Eq. (2.3) can be expressed in

terms of the mode shapes ¢; (x) and associated modal coordinates Xpj (1)

W (x,1) = >0, ()%, (1) (2.5)
j=1
For simply supported beam, the mode shapes of the bridge are given by

Jrx (2.6)

@;(X) =sin
Substituting Eq. (2.6) into Eq. (2.5) yields
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W (x,1) = Zsm xbj (1) (2.7)

Substituting Eq. (2.7) into Eq. (2.3), multiplying both sides of the equation by (o}(x),

and integrating with respect to x over the length L of the beam, obtains

(p,()

[, po) (x)Zw,(x)xb,(t)olx+ [ co] (x)z¢,<x)xb,(t)dx+ [ Elg) (x)z X, (t)dx

="l ([ -mg+k, (O -W[_)]sx-w)dx  (28)
where
Jx

€0J-T (X)=SinT (2.9

Eq.(2.8) can also be rewritten as
L jzx L jx nz\' L jzx
. . Y . . Y il ]
bej(t)_[o sin de+bej (t)J.0 sin de+El[ 3 ) X,Dj(t)_[0 sin de

=—m g_[ sin 3% 5(x vt)dx +k, xv(t)j sin 37X 5(x vt)dx -

j sm—é(x vtdx  (2.10)

X vt
In this chapter, the Wilson’s damping hypothesis is adopted, that is
C=2p¢,m, (2.11)

where ¢, is the damping ratio of the jth vibration mode, and «; is the corresponding

natural frequency of the bridge

=2 2
o, =7 |E (2.12)
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Using the orthogonality conditions for the mode shapes, Eq.(2.8) becomes

ij (t)+ zé/bj Wy ij (t)+ ngxbj (t)

—_2mg g vt | 2K, ,(t)sin— J”Vt 2k, Zsm xbj(t) sin 7Vt (2.13)
pL L pL L

The frequency of vibration of the vehicle is
o, = |[—- (2.14)

Substituting Eq.(2.14) into Eq.(2.13) yields

ij (t)+ zé/bj Wy ij (t)+ a)ijbj (t)

__amg g javt 20m, (sin ™ vt 20;m, Zsm xbj(t) sin ™ 2.15)
pL L pL L -

If we assume that the vehicle mass m, is much less than the bridge mass pL , Eq.(2.15)

can be approximated as

. . mg . jmvt
Xpj (t) +280u X, (t)+w§ijj (t)z——vgsmjﬂT (2.16)
Assuming zero initial conditions, the solution to Eq.(2.16) is
X, (1) =~ [ sin @y (t —7)sin vt g, (2.17)
pLay,; *° L
where
Qg =1~ ész Wy (2.18)
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Substituting EQs.(2.12) and (2.18) into Eq.(2.17) yields

2m,g e B - 2% [El vt
Xy (1) = — _[Oe S 12 sin 1—§bjT 7('[—1) Slanr

(2.19)

Then, the vertical displacement of the bridge can be expressed as

W (x,t) == sin 7%
= L

2mvg t *ijjz?z ?(tfr) . > j27z_2 El . J7Z'V'[
it [e sin| JL-65 S, (-0) Jsin S de
K

(2.20)

2.3.2 Quarter-car moving on bridge

In the vehicle-bridge interaction system demonstrated in Figure 2.2, the bridge is
modelled as an Euler-Bernoulli beam; the vehicle is represented by a quarter-car model.
Over the years various types of bridge models have been used in studies on bride-
vehicle dynamics. Continuum models of simply supported Euler-Bernoulli beams are
the most popular ones, mainly due to its simplicity and ability to obtain closed-form
solution. The two-degree-of-freedom quarter-car model is generally reputed to be

sufficiently accurate for capturing the essential features of dynamic performance of a

moving vehicle. Here, m, and m, denote the sprung mass and unsprung mass

respectively; a linear spring of stiffness k  and a linear damper with damping rate c, is
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used to represent the unsprung system, the tire is also modelled by a linear spring of

stiffness k,, and a linear damper with damping rate c,.

— sV
ms
R
my
ki i w

b .
o, E,
e

|‘ Ll

Figure 2.2 Quarter-car moving on a simply supported bridge.

The equation of motion for the bridge can be expressed same as Eq. (2.1). For vehicle

moving on a smooth road surface, f(x,t) can be expressed as

F(x,1) = kX, = W]+ G [%,— W] - (m, +m,)g (2.21)
where k,c,m, and m_are the tire stiffness, tire damping, sprung mass and unsprung

mass of the vehicle, respectively.

Considering the roughness of the road surface, f(x,t) can be expressed as
f (Xat) = kt[Xu —W- r(X)] + Ct[)‘(.u -W-— r(X)] - (mu + ms)g (222)

where r(x) is the road surface roughness of the bridge.

Using the modal superposition method, the bridge response can be calculated with the

following equation

04, (x)
X

Jo 9T 00 4,00%, Q-+ O] (02405, O+ [ E1GT () 210, (DK
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= [ o] (DI, =W T+ Gk, =W [, (M, +m,) g5 (x — vtk (2.23)

and
. L . L jra L . jmvt
j. (t).E+bej (t).5+ El ,(T 4 5 Xg; (1) = —(m, +m,)g .SmT
A (x -W ) -sinjﬂT\/t+ct(>‘<u W) -sin”’TVt (2.24)

L
Dividing the two sides of Eq.(2.24) by p o we have

C El

oy (1) + = %y (1) + = _2m, +m)g g Jmvt
p P

pL L

(JT” *. Xoj ()=

L2k (X W ) | Jvt 26 (R W ) 0 Jvt
pL L pL

(2.25)

Assuming that the vehicle mass is much less than the bridge mass, Eq. (2.25) can be

approximated as

_2(mg+m,)g sin jrvt
pL L

Xy -+ 284 - Xy (H+ a)sj Xy, ()= (2.26)

The solution of Eq.(2.26) can be obtained by using the Convolution Integral (Duhamel
Integral)

_ L

X, 2(m,+m,)g sin 7T
i

pL L

U )
joe S sin @y (t—7) - (- )ydz

(2.27)
Eq.(2.27) can be rewritten as

jnvr

_ 2(ms + mu)g te—ij(%j(t—T) sin O (t-7) -SianT (2.28)

ij = 3 o
PLOy;

Therefore, the bridge response can be calculated by

B 2(ms + mu)g zsin n7LZ'X J‘(: e*;nj(%j(t*T) sin a)dbj (t _ T) ,SinJﬂ._LVTdT (229)

W(x,t)=
pLa)dbj j=1
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2.3.3 Dynamic response of bridge considering road

surface roughness

Accounting for the road surface roughness of the bridge, Eq. (2.23) becomes

I 28] 003,004 (0 [ €47 0030003, 0+ [ B 09 O,y

= [ P8 (OTKIX, =W | —F O]+ G %, =W | —F() = (m, +m,)g]5(x —vt)dx (2.30)

Eq. (2.30) can be rewritten as

pxbj(t)j sin? dx+c:xb,(t)j sin? dx+EI(—) xb,(t)j sin? L 37X i
L. j7X L. jzX
=—(m, + mu)gj0 S|nT5(x—vt)dx+ k.(x,—W ] _, —r(x))J‘0 S|nT5(x—vt)dx
B : L. JzX
+c, (X, -W | _,, —r(x))j0 smTcS(x—vt)dx (2.31)

Similarly as Eq.(2.25) is derived from Eq.(2.22), Eq. (2.31) can be further developed as

K ; , 2(m_+m . izvt
ij(t)_'_zé,bja)bj 'ij(t)+a)§j 'ij(t)z— ( S U)g .sin J

pL L
_2[kr(x)+C r(x)] jrvt (2.32)
pL L
Then, the jth modal displacement can be obtained as
Xy =— [ (m, +m,) g~ [k r(x) + ¢ F(x)De 7 sin oy (t - 7) -sin VT
pLa)dbj L
(2.33)

Therefore, the bridge response can be expressed as
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W(x.t) = S sin LX [ (@, +m,)g = [kr(9) +¢,F(x)])

,0 a)dbj j=1

o (ter) s . mvr
£ 9 sin gy (t—7) -sin J

dr (2.34)

2.4 Mean Value and Variance of Random

Bridge Response

In this study, the vehicle and bridge parameters, such as m_,m,0,E and | , are

considered as random variables. The mean value (i) and standard deviation ( &) of the
each random variable are given respectively. The coefficient of variation (Cov)
v=c/puis also used to describe the dispersal degree of a random variable. In the
following, the expressions for the mean value and variance of bridge displacement
response are developed by means of the random variable functional moment method
(RVEMM). The uncertainty of bridge parameters will lead to the randomness of its
natural frequencies. Consequently, the combination of uncertainties in bridge dynamic
characteristics, system parameters and road surface will result in the randomness of

bridge response.

2.4.1 Numerical characteristics of bridge response with

smooth road surface under moving mass

Vehicle and bridge parameters, m , o, E and |, are considered as random variables.
Uncertainty of bridge response introduced by random system parameters can also be
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described by randomness. The expressions for mean value and standard deviation of
bridge displacement response can be derived by means of the random variable

functional moment method [12]
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where symbol g,y and o, denote the mean value and standard deviation of the

random variable (e) respectively. The itemss,, S,and S,are given by
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2.4.2 Numerical characteristics of bridge response with
smooth road surface under moving quarter-car

model

From Eq. (2.29) and by using the RVFMM, the mean value of the bridge displacement

can be expressed as
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The variance of bridge displacement response can be calculated by
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2.4.3 Numerical characteristics of bridge response with
road surface roughness under moving quarter-car

model

Similarly, from Eq. (2.34) and by using the RVFMM, the mean value of the bridge

displacement considering the road surface roughness can be expressed as
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The variance of the bridge displacement can be computed by
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2.5 Numerical Simulations

2.5.1 Example 1: Moving mass on the bridge

The nominal values of vehicle and bridge parameters are listed in Table 2.1. To
investigate the influence of vehicle speed on bridge response, two different moving

speeds, v=5m/s and v=10m/s, are taken into account. The corresponding vertical
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displacement responses of the bridge midpoint are plotted in Figures 2.3 and 2.4,

respectively.

Table 2.1 Parameters of the vehicle-bridge interaction system

Description Notation Value
Length of the bridge L 40m
Moment of inertia I 0.16m*
Young’s modulus E 2.3 x 10"°N/m?
Mass density o 5000kg/m®
Vehicle mass m, 1500kg
Stiffness k, 550kN/m

The amplitude of the bridge vertical displacement in Figure 2.4 is larger than that in
Figure 2.3, which means the amplitude of the bridge response increases along the speed
of moving vehicle. Meanwhile, the period of periodic displacement response of the

bridge is longer for lower moving speed of the vehicle.

It can also be observed from Figures 2.3 and 2.4 that the maximum amplitudes of bridge
response at its midpoint do not occur at the time when the vehicle pass this position.

The similar phenomenon can also be found in research literature [4].

To investigate the effects of system parameters on the bridge response, the randomness
of each of parameters is considered separately first and then simultaneously. The
coefficient of variations (Cov, that is the ratio of the standard deviation to mean value of

a random variable) of m,, o, E and| is taken as 0.1. The vehicle speed is constant and

v=10m/s. The standard deviations (SD) of the vertical displacement response of
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bridge midpoint are given in Figures 2.5-2.9 to demonstrate the changes of bridge

responses produced by the uncertainties of system parameters.

Displacement (m)

Time (s)

Figure 2.3 Vertical displacement response of bridge midpoint

(v=5m/s).

47



Displacement (m)
N
()]

-3
-3.5
-4
-4.5
-SC | | | | | | | Bl
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (s)

Figure 2.4 Vertical displacement response of bridge midpoint

(v=10m/s).

SD of displacement (m)

0 0.5 1 1.5 2 2.5 3 3.5 4
Time (s)

Figure 2.5 Standard deviation of displacement response of bridge midpoint

(Cov(m) =0.1).
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SD of displacement (m)

Time (s)

Figure 2.6 Standard deviation of displacement response of bridge midpoint
(Cov(p) =0.1).
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SD of displacement (m)
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Figure 2.7 Standard deviation of displacement response of bridge midpoint
(Cov(E)=0.2).
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SD of displacement (m)
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(e¢)

0 1 2 3 4
Time (s)
Figure 2.8 Standard deviation of displacement response of bridge midpoint

(Cov(1)=0.1).

x 10

SD of displacement (m)

Time (s)
Figure 2.9 Standard deviation of displacement response of bridge midpoint

(Cov(all parameters) =0.1).
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Comparing Figure 2.5 with Figures 2.6-2.8, it can be found that the uncertainty of
bridge parameters produces greater effects on bridge displacement response. In another
word, bridge response is more sensitive to the changes of its own parameters. The
elastic modulus and inertia moment of area of the bridge have quite similar influences
on the bridge response, and the changes of the bridge response caused by their
uncertainties are bigger than that caused by the mass per unit. The standard deviation of
bridge response becomes significantly large if the randomness of all parameters is

considered simultaneously.

The differences of periods between the standard deviations shown in Figures 2.5-2.9
and the mean value shown in Figure 2.5 of displacement response are mainly caused by

the random variable functional moment method employed in this study.

2.5.2 Example 2: Quarter-car moving on the bridge

Vehicle and bridge parameters are considered as random variables in the following
examples. The mean values of system parameters used in the numerical simulations are
given in Tables 2.2 and 2.3. The vehicle parameters are typical for a lightly damped
passenger car [118].

Table 2.2 Parameters of the bridge model

Description Notation Value
Length of the bridge L 40m
Moment of inertia | 0.15m*
Damping ratio g 0.05
Young’s modulus E 3.2 x 10"N/m?
Mass density o 5200kg/m*
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Table 2.3 Parameters of the vehicle model

Description Notation Value
Sprung mass m, 1600kg
Unsprung mass m, 160kg
Suspension damping C, 960Ns/m
Tire damping C, 960Ns/m
Suspension stiffness k, 1.8 x 10'N/m
Vehicle stiffness K, 7.2 x 10'N/m

2.5.2.1 Random response analysis of vehicle-bridge system with smooth

road surface (Quarter-car model)

Two different vehicle speeds, v=5m/sandv=20m/s, are used to investigate the
influence caused by vehicle speed on bridge response. The corresponding bridge
displacement responses at mid-span are shown in Figures 2.10 and 2.11, respectively.
Again, the amplitude of the bridge mid-span displacement in Figure 2.11 is bigger than
that in Figure 2.10, which means the bridge displacement response increases along with
the increase of the vehicle speed. Meanwhile, the period of periodic displacement
response of the bridge is longer for lower moving speed of the vehicle. Again, it can
also be observed from Figures 2.10 and 2.11 that the maximum amplitudes of bridge
response at its mid-span do not occur at the time when the vehicle pass this position.

The similar phenomenon can also be found in research literature [3].
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To investigate the effects of system parameters on the bridge response, the randomness
of each of parameters is considered separately first and then simultaneously. The

coefficient of variation (COV) is assumed as 0.05 for random variables m_,m,, p,E, I .

The velocity of vehicle is constant (v=5m/s). The standard deviations (SD) of the
bridge mid-span displacement response are given in Figures 2.12(a)-(f) to demonstrate

the changes of bridge responses produced by the uncertainty of system parameters.

From Figures 2.12(a) and 2.12(b), it can be seen that the vehicle sprung and unsprung
masses produce the similar effects on the bridge response. The elastic modulus and
inertia. moment of area of the bridge have quite similar influences on the bridge
response, and the changes of the bridge response caused by their uncertainties are bigger
than that caused by the mass per unit, which can be found from Figures 2.12(c)-(e).
Comparing Figures 2.12(a)-(b) with 2.12(c)-(e), it can be observed that the standard
deviations of bridge response caused by the randomness of its own parameters are
greater than those caused by vehicle parameters. In other words, vehicle response is
more sensitive to the uncertainty of bridge parameters. Figure 2.12(f) shows that the
standard deviation of bridge response is much bigger if the randomness of all

parameters is considered simultaneously.
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Displacement(m)

Time(s)

Figure 2.10 Displacement response of bridge mid-span (v=5m/s, x=20m)

Displacement(m)

Figure 2.11 Displacement response of bridge mid-span (v=20m/s, x=20m)
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(f) COV of all parameters =0.05
Figure 2.12 Standard deviation of bridge mid-span displacement.
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Figure 2.13 Standard deviation of bridge mid-span displacement

(COV of all parameters is 0.1)

Displacement(m)

RVFMM
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Figure 2.14 Mean value of bridge mid-span displacement

(CQV of all parameters is 0.1)
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In order to validate the method presented in this chapter, Monte Carlo simulation
method is used as a reference approach. The standard deviations obtained by 10000
Monte Carlo simulations are also shown in Figures 2.12(a)-(f). In addition, the mean
value and standard deviation of bridge mid-span response calculated by the proposed
method and Monte Carlo simulations are given in Figures 2.13 and 2.14, respectively,
when the coefficient of variation of all random parameters is taken as 0.1. The
differences between the results obtained by the two methods and the consumed time are

listed in Tables 2.4-2.10.

In general, computational results obtained by the proposed method (RVFMM) are in
good agreement with those computed by the Monte-Carlo simulation method. The
results obtained by the two methods agree with very well when the coefficient of
variation of random system parameters is small as shown in Figure 2.12 and Tables 2.4-
2.9. The difference is increased when the variations of random parameters become
bigger as shown in Figure 2.13 and Table 2.10. In Table 2.10, the difference is still
acceptable when the vehicle and bridge parameters are considered as random variables
simultaneously and their coefficients of variation are equals to 0.1. The accuracy of the
RVFMM can be improved if the second-order Taylor expansion is used. It can be
expected that the differences will be smaller if more simulations are also used in the
Monte Carlo method. From Tables 2.4-2.10, it can be also found that the time consumed
by the Monte Carlo simulation is much greater than that used by the proposed method,
the computer, which is used to simulate this example, is HP Compaq dc7800, CPU is

Intel Core 2 Duo E8400.
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Table 2.4 Comparison of results obtained from two different methods

COV (m,) =0.05

Time(s) 1.6 2.8 3.6 4.4 time
RVFMM 1.12e-05 | 1.71e-05| 1.86e-05 | 1.79e-05 | 6.25s
COV (m1) = 0.05 MCSM 1.13e-05 | 1.71e-05| 1.86e-05 | 1.79e-05 | 7.53hrs
Difference 0.17% | 0.18% | 0.22% 0.15%
Table 2.5 Comparison of results obtained from two different methods
COV (m,) =0.05
Time(s) 1.6 2.8 3.6 4.4 time
RVFMM 1.72e-04 | 1.07e-04 | 2.54e-04 | 2.81e-04 | 6.38s
COV (m2) = 0.05 MCSM 1.72e-05 | 1.07e-05 | 2.55e-05 | 2.82e-05 | 7.86hrs
Difference 0.09% 0.08% 0.39% 0.35%
Table 2.6 Comparison of results obtained from two different methods
COV (E) =0.05
Time(s) 1.6 2.8 3.6 4.4 time
RVFMM 4.96e-05 | 1.12e-03 | 1.15e-03 | 6.62e-04 | 5.486s
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COV (E) = 0.05

MCSM

4.95e-04

1.11e-03

1.15e-03

6.64e-04

6.29hrs

Difference

0.20%

0.90%

0.09%

0.30%

Table 2.7 Comparison of results obtained from two different methods

COV (p) =0.05
Time(s) 1.6 2.8 3.6 4.4 time
RVFMM 3.33e-04 | 9.15e-04 | 9.98e-04 | 7.33e-04 | 4.256s
COV (p) =0.05| MCSM 3.33e-04 | 9.12e-04 | 9.98e-04 | 7.35e-04 | 5.29hrs
Difference | 0.06% | 0.33% |0.07% |0.27%
Table 2.8 Comparison of results obtained from two different methods
COV (I)=0.05
Time(s) 1.6 2.8 3.6 4.4 time
RVFMM 4.96e-05 | 1.11e-03 | 1.16e-03 | 6.62e-04 | 4.569s
COV (1) =0.05 MCSM 4.96e-04 | 1.11e-03 | 1.15e-03 | 6.63e-04 | 5.97hrs
Difference [ 0.09% |0.13% |0.86% |0.15%
Table 2.9 Comparison of results obtained from two different methods
COV (all) = 0.05
Time(s) 1.6 2.8 3.6 4.4 time
RVFMM 7.70e-04| 1.81e-03| 2.15e-03 | 1.32e-03 | 12.138s

61




COV (all) =0.05| MCSM 7.66e-04| 1.81e-03| 2.16e-03 | 1.32e-03 | 10.58hrs

Difference 0.52% | 0.08% |0.46% |0.12%

Table 2.10 Comparison of results obtained from two different methods

COV (all) = 0.1

Time(s) 1.6 2.8 3.6 4.4 time

RVFMM | 1.35e-03| 3.96e-03| 3.33e-03| 1.79e-03| 13.486s

COV (all)=0.1 MCSM 1.33e-03| 3.94e-03| 3.30e-03| 1.77e-03| 11.29hrs

Difference 1.35% 0.53% 1.06% 1.18%

2.5.2.2 Random response analysis of vehicle-bridge system with road

surface roughness (Quarter-car model)

The road surface roughness of bridge can significantly change the force exerted on
the bridge by the moving vehicle. According to ISO8068 and Honda et al. [117], the
road surface is considered as a random process with a Gaussian probability
distribution and the road roughness coefficient is assuming as 2 x 10° m%rad/m. The
interactive force caused by the road roughness and the moving vehicle is shown in
Figure 2.15 when the velocity of vehicle is 5m/s. It should be noted that this force is
a random process but the effects of the randomness of vehicle and bridge parameters

are not included.
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Figure 2.16 Mean value of bridge mid-span displacement with different road conditions

(v=5m/s,x=20m)
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Figure 2.18 Standard deviation of bridge mid-span displacement
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The bridge Young’s modulus, mass density and moment of inertia as well as vehicle
sprung mass, unsprung masses, tire stiffness and damping are considered as random
variables in this part. The mean value and standard deviation of the displacement response
of the bridge mid-span for smooth and rough road conditions are shown in Figures 2.16,
2.17 and 2.18, respectively. It can be easily observed that the bridge response is greatly
increased when the road surface roughness is considered as shown in Figures 2.16 and 2.17.
The standard deviation of the rough road condition is also bigger than that of the smooth

road condition in Figure 2.18 as expected.

2.6 Conclusions

The dynamic response of bridge under moving vehicle is investigated in this chapter.
The uncertainties in the vehicle-bridge interaction system are considered and vehicle
and bridge parameters are modelled as random variables. Two different road conditions,
smooth road surface and rough road surface, are also included in the model for the
dynamic analysis of the vehicle-bridge coupled system. The modal superposition
method and random variable functional moment method are employed to predict the
first and second moments of the bridge response. The effects produced by the individual
system parameters and road roughness on the bridge response are demonstrated by
numerical examples. The effectiveness of the presented method is validated by the

Monte Carlo simulation method.

The accuracy of the presented method can be improved if the second-order Taylor
expansion is adopted in the RVFMM but it requires more computational efforts. The

method can be further developed for dynamic analysis of vehicle-bridge interaction
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system using complex models such as bridge and full car-bridge and multi vehicle as
well as vehicle and multi-span bridge models. The RVFMM could be combined with
other methods rather than superposition method for the dynamic analysis of train-bridge

system if it is modelled as a time-dependent system.
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Chapter 3 Interval Dynamic
Analysis of Vehicle-
bridge Interaction
System With

uncertainty

3.1 Introduction

Probabilistic approaches have been widely used to account for uncertainties, under the
premise that the statistical characteristics of uncertain quantities are presumed to be
known [13]. The key point to justify the probability densities of the random variables is
to obtain appropriate measurement data and sufficient statistical information. However,
the major obstacle is lack of available data of such measurements and statistical
information is scarce to permit a probabilistic analysis. Meanwhile, loads of many
scenarios can hardly be modelled as random variables due to large changes in their
magnitudes. Alternatively, a discipline, called interval analysis [10, 95-97], has been
developed for structural analyses and for applied mechanics problems to account for the
uncertainties. In interval analysis, the uncertain input variables are defined in closed

bounded intervals. The bounds on system response are sought through various interval
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analytical and numerical approaches. It should be noted that, for complex systems, it is
very hard to use interval methods to determine the tight bounds of system response due

to their inherent drawbacks, i.e. dependency issue.

Actually, in interval analysis, lower and upper bounds are the minimum and maximum
of system outputs respectively. Then, interval analysis problems can be converted to
optimization problems. In the recent two decades, a bio-inspired optimization algorithm
called particle swarm optimization (PSO) has been proposed and developed to solve
optimization problems and find the global optimum [120-122]. PSO is a population-
based heuristic optimization technique motivated by animal social behaviours such as
bird flocking and fish schooling. Although PSO has attracted comprehensive attention
and has been applied in many areas, very little research has been conducted for solving

structural optimization problems [123-125].

In this chapter, the dynamic response of a bridge under a moving vehicle with uncertain
but bounded system parameters is studied. The vehicle is represented by a half-car
model [13] and the bridge is modelled as an Euler-Bernoulli beam [3] same as the
previous chapter. The vehicle masses and the bridge parameters corresponding to
Young’s modulus, mass and moment of inertia, are all considered as interval variables.
The computational expressions for the midpoint, interval width, lower and upper bounds
of the vertical responses of the bridge are developed by using the modal superposition
method and interval operations. Meanwhile, an improved PSO algorithm called
LHNPSO is developed to determine the lower and upper bounds of bridge displacement
response. The LHNPSO algorithm, with low-discrepancy sequence initialized particles
and high-order nonlinear time-varying inertia weight and constant acceleration

coefficients, can converge fast and generate accurate solutions. Through the
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comparisons between the results computed by interval analysis method and LHNPSO,
the effectiveness of them is demonstrated. Monte-Carlo simulations are also
implemented to validate the presented methods. In addition, the effects of the vehicle

and bridge parameters on bridge response are investigated.

This chapter is organized as follows. Section 3.2 provides a brief introduction of the
interval analysis method. Section 3.3 presents the model of a vehicle-bridge interaction
system. In Section 3.4, the dynamic response analysis of the bridge based on the interval
analysis method is presented. The improved LHNPSO algorithm is implemented to
determine the intervals of bridge response in Section 3.5. Numerical examples and

calculated results are given in section 3.6. Conclusions are stated in the last section.

The work presented in this chapter is mainly dependent on the research reported by Liu
et al. in Journal of Sound and Vibration, 332 (2013) 3218-3231.

3.2 Interval Analysis Method

Let I(R), I(R") and I (R™") denote the sets of all closed real interval numbers, n

dimensional real interval vectors and nxn real interval matrices, respectively. R is the

set of all real numbers. x' :[5&]:{ |,§S|S;‘X,;€R} is an interval variable of

I(R). x and x are the lower and upper bounds of x', respectively. Interval variable X'

can also be expressed as
| o c 1
X' =[X,X]= X"+ AX (3.1a)

AX' =[-AX,+AX] (3.1b)

69



== 3.1c

X 5 (3.1c)
A

AX, =X—Z( (3.1d)

where x°, Ax, Ax' and Ax. represent the midpoint value, maximum width (interval

width), uncertain interval and interval change ratio of the interval variable x!,

respectively.

The core of interval arithmetic consists of a generalization of operations [94-96]

X'+ =[x, x]+ [y, yI=[x + y, x + Y] (3.2a)

X'=Y"=[x,x]-[y,y]=[x -y, x-y] (3.2b)

X' _ [K'_EL[L;]F i} (3.2d)

The general form of equation of a vehicle-bridge interaction system with interval

variables can be taken as

y=f(x',1t) (3.3)

Based on the first-order Taylor series expansion, from Eq. (3.3), we have
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y=f(x't)= f(x°,t)+%xc’t)-(x'—x°) (3.4)

From Eq. (3.4), the midpoint and interval width of f(x',t) can be obtained as

fo(x',t) = f(x,1) (3.5)
Af(x',t):m-Ax (3.6)
OX

Then, the lower and upper bounds of f (x',t)can be calculated by

F(x' )= (x5 0) —Af (1) = £ (¢ 1)~ T (ch’t)  AX

(3.7)
f(x' )= f(x°t)+Af (X', 1) = f(x°,t)+%}f’t)-Ax (3.8)

3.3 Vehicle-Bridge Interaction Model

In the vehicle-bridge interaction system, the bridge is modelled as a simply supported
beam and the vehicle is represented by a half-car model as shown in Figure 3.1. Here,

al and a2 are the position parameters; S is the axle spacing ; m,, m,and m, denote the

v )
sprung mass and suspension masses respectively; the suspension system is represented

by two linear springs of stiffness k_,, k., and two linear dampers with damping rates c_,

s1?

k., and two linear

t1?

c,, ; the tires are also modelled by two linear springs of stiffness k
dampers with damping rates ¢, ¢, ; o, E, I and L are the mass per unit length, elastic

modulus, moment of inertia and length of the beam respectively.
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Figure 3.1 Model of vehicle-bridge interaction system (half-car model)
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The equation of motion governing the transverse or vertical vibration of the bridge

under the moving vehicle can be written as

paZ\N(x t) 8W(x,t) E 6“VV(X t)

pve p pvC = (f,(x,t)+ f,(X,1))o(x —vt) (3.9
fl(x1t) = _(ml + azmv)g - ktl(yl _W|X=Vt) - Ctl(yl _W X=Vt) (3'10)
f,(x,t) ==(m, +am,)g —k,(y, _W|X:\,t) —Cpp (¥, — X:W)

where W (X,t) is the vertical displacement of the bridge, y,and y, are the vertical
displacement of the suspension system of the vehicle, f (x,t) and f,(x,t) are the

contact forces, o(x—vt)is the Dirac delta function evaluated at the contact point at

position x =vt, and v is the speed of the moving vehicle.

Using the modal superposition method [3], the solution to Eq. (3.9) can be expressed as

in terms of the mode shapes ¢, (X) and associated modal coordinates Xoj (t) of the bridge
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W(x.D) = 20, (0% (1) (3.11)

For simply supported beam, the mode shapes of the bridge are same as Eq. (2.9). From

Egs. (2.9), (3.9) and (3.11), it obtains

Ipfﬂ, (X)Z(/)J(X)ij(t)dX+IC¢J (X)Z%(X)Xb,(t)dx+IEl¢,( )Z co,( F000, (1yix
E(p (O(f(x, ) + f,(x,1)) - S (x - vt)dx

I(ﬂ (X)((m, +a,m,)g +k, (x, () -W| _ )+c, (% () - W‘

+(m, +a,;m,)g + K, (X, (t) W[ __)+c, (% (1) _W‘szt)) S(x —vt)dx (3.12)

As vehicle mass is much less than the bridge mass and the tires’ damping is quite small,

Eq. (3.12) can be approximated as [3]

Ky (1) + 28 0% (1) + @y %y (1) = 2(m, + m +p(i1 +28,)M)0 g, jT_Vt (3.13)
where
a +a,=1
Assuming zero initial conditions, the solution to Eq. (3.13) is
Xy (t) = - 2(m, +M, + (3, +3,)m,)g je‘fbi“’m“‘” .SiN @y (t—7)sin vy, (3.14)
pLay, L
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where

Oy = 1- 41321 Wy (3.15)
Then, the displacement response of the bridge can be calculated by

2(m, +m,+m,)g

> . Jwx
W (x,t) =_Zsm JL Xg; () i
=1 L 1—4/; TﬂpEl

¢ *ijLZZ E('f*T) i272 i
Jet & sin| iz L7 [ELq gy |sin ™ g,
0 L P L

(3.16)

The contribution of tires’ stiffness to bridge vertical displacement response is omitted
due to the assumption that the bridge mass is much greater than that of the vehicle.
Actually, it is not difficult to include the vehicle stiffness in the bridge response using

the Duhamel integral solution.

3.4 Interval Dynamic Responses Analysis
of the Bridge Using the Interval

Analysis Method

Vehicle and bridge parameters, m,,m,, m,, o, E and |, are considered as interval

variables. By means of the interval operations, the interval dynamic response of

structures with uncertain-but-bounded parameters can be determined by using the
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interval analysis method. The midpoint value and interval width of the interval bridge

response can be computed by

c c c t .
WE(x,t) = Zsmﬂxm(t) 2(m; +mz+mv)9jszsin(s3)sin vty (3.17)
S,\pE°I° L

0

AW (X,t) = Zsm xbJ (1)

)sm dr} Am )sm Tl dr} Am,

\/?J.S sm mjs sm

Z—Cgfs sin( )sm dz'} Am {(m +m, +m, )ng sin(s, )sm dr} Ap
SWP RN S,y(p°) ECI° 0
2(mf+ms +m°)g ECI®
+H (m; e CV)gj gb, L2 ———(t—7)sin(S )smJ dr}-Ap
S;\p°E°l (p )
c c c t cyc
_{2(m1 +mjt”:V)gfszCOS( ) 1 §b, : = - )Sm dT} Ap
SWPE® % |_ (p y
gy £ m, +m, )gjs sin(s,)sin ™ 43 AE
S \/p 0 L
2(mf +mé +md)g | . vt
- t—17)sin sin——dr}-AE
SWP°E°I° { 4"' L2 E° g (- Dsin(s,)si Lo
2(m° +mé +me)g | I° . jrvt
H=E 222 |5, c08(S,) = 4/1- &2 —(t—7)sin-—dz}-AE
S\ p°E°I° ! ( ) b L2 Ep L
(m ull il )g S,sin(S, )sm dz'} Al
S \/p E® 0
2m, +m2+mv)gj gb, 7 | B nysin(s,)sin Ao al
SWPECI L \1°p
2(my +mc2 tn:v)g IS cos( ) 1- g“bj L2 IICE —(t—7)sin J”thr}.AI
Sl\/p E°I 0 P
(3.18)
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where We(x,t) and AW (x,t) denote the midpoint value and interval width of the
interval bridge response W'(x,t) , respectively. The items s , S,and S, have been

given in Chapter 2.

The lower and upper bounds of the interval bridge response can be calculated by

W (x,t) =W°(x,t) — AW (x,1) (3.19a)

W(x,t) =W*(x,t) + AW (x,t) (3.19b)

3.5 Optimization Algorithm

3.5.1 Particle swarm optimization algorithm

Particle swarm optimization (PSO) algorithm is a simple and robust strategy based on
the social and cooperative behaviour shown by various species like flock of bird, school
of fish and so on. The concept of PSO was proposed by Kennedy and Eberhart in 1995
[96]. It has become one of the most promising techniques for solving global
optimization problems. The PSO system consists of a population (swarm) of potential
solutions called particles. These particles move through the search space with a
specified velocity in search of optimal solution. Each particle maintains a memory
which helps it in keeping the track of its previous best position. The positions of the
particles are distinguished as personal best and global best. In the recent years, PSO has
been successfully applied in many areas. It has been demonstrated that PSO can get
better results in a faster and cheaper way in comparison with other heuristic methods

like genetic algorithm (GA) and simulated annealing (SA) [130].
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Mathematically, the PSO algorithm is described by the following expressions

Vi =V, +C1(Wg,k _Wj,k) +C2(Wj,k _Wj,k) (3.20)

Wi =Wy +Vj) (3.21)

where V; . represents the previous velocity of particle j, which serves as a memory of

the previous flight velocity and direction. «» is the weighting factor employed to control

the impact of previous velocity on the current velocity [104-106]. C, and C, are

acceleration coefficients indicating the weighting of the stochastic acceleration terms

that pull each particle towards personal best and global best positions. They are random

numbers in U(0,C, . )and U(0,C, ..). U(-) stands for a uniform distribution, C, . is
the maximum value of c,and C, ., is the maximum value of C, . Position W, is the
global best one in the group of all particles while VV,-,k is a record of the best solution of

particle J over the past iterations. Cl(ngk —ijk) is named as the social component

because it represents the cooperation among particles. The effect of this term is that

each particle is to be drawn towards the best position which is found by its neighbour
particles. CZ(W,-,k —W; ) represents the personal experience of particle ] and is called
cognitive parameters. The effect of this term is to draw individual particles back to their
own best positions that were most satisfying in the past. W, represents the position of

the jth particle at the kth iteration. The main parameters of the PSO algorithm are given

in Table 3.1. Figure 3.2 shows the pseudo code of the general PSO algorithm.
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Table 3.1 Main PSO parameters

Symbol Description Details
n Dimension of particles Determined by the problem to be optimized
@ Inertia weight factor Usually less than 1

Usually C, =C, =2 , other values can also be
C, Social parameters
used

C, Cognitive parameters 0<C, +C, <4 (Perez and Behdinan [130])

The PSO algorithm
For each particle do
Initialize the particle position and its velocity randomly
End for
Set a finite number of iterations
Set iteration count to 0
While not terminate do
For each particle do
Evaluate fitness value
If the fitness value is better than the local best fitness value in history then
Update the local bests and their fitness
End if
End for
Choose the particle with the best fitness value of all the particle as the global best

For each particle do
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Calculate particle velocity
Update particle position
End for
End while

Terminate if generation count expires

Figure 3.2 The pseudo code of the general PSO algorithm

3.5.2 LHNPSO

Although numerous variants of PSO algorithms have been developed, solving
optimization problems with high accuracy and fast convergence speed is still an
important task. A novel PSO method, called low-discrepancy sequence initialized
particle swarm optimization algorithm with high-order nonlinear time-varying inertia
weight (LHNPSO), has been proposed recently [131]. In the LHNPSO, particles are
initialized by using low-discrepancy sequences rather than pseudo random numbers
which are widely used in other PSO algorithms. These deterministic sequences can fill
the sample area efficiently and uniformly [132], and have been successfully used to
solve globally optimal problems [132,133]. The LHNPSO uses the constant acceleration

coefficients C, =C, =2, and the nonlinearly decreasing inertial weight is varied

according to the following formulation

max ~ @rmin ) (ijﬁz (322)

ok+l)=0. - (@

where @, =0.9 and «,,, =0.4.
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It has been verified that the easily implemented LHNPSO can converge faster and give
a much more accurate final solution for a set of benchmark optimization problems, in

comparison with the classical and a couple of improved PSO algorithms.

In this chapter, LHNPSO is adopted to determine the change range of bridge response.
The interval bridge response W (x,t) is used as the fitness function and the lower and
upper bounds of this fitness function are respectively the maximum and minimum

values of the objective function

(3.23)

Fmin(xit) = minW(X,t)
F o (X, 1) = maxW (x, t)

3.6 Numerical Examples

The vehicle and bridge parameters are considered as interval variables, and their
nominal values (midpoints) taken in the numerical simulation are listed in Table 3.2.
The moving velocity of vehicle is v=10m/s. The unit of the bridge displacement

response used in this chapter is meter.
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Table 3.2 Data of the bridge and vehicle models

Data of the bridge Data of the vehicle
L =40m m, = 1000kg my = 1500kg
E=33 GN/m? m, = 17800kg I, = 1.5 X 105kg. m?
[ =0.16m* kg =2.5% 105N/m | kg, = 4.2 X 10N /m
p =7800kg /m k,=52x10°N/m k,=7.2x10°N/m

al = 0.52

a, = 0.48

cs1 = 9000N/m

Cs; = 9600N/m

1 = 920N /m Ct2 = 960N /m

S$=4.27m

3.6.1 Interval analysis method

To investigate the influences of system parameters on the bridge response, the interval
change ratio (ICR) of them changes from 0 to 0.1. The midpoint value and interval
width of the bridge displacement response at its mid-span are given in Figures 3.3 and

3.4, respectively. Figure 3.4(a) shows that the changes of vehicle massesm, and m,
produce the similar effect on the interval width of the bridge response as expected from
Eq. (3.17). The effects caused by suspension (unsprung) masses m, and m, are smaller
than that produced by the sprung mass m, as their interval width is smaller when the

interval change ratios of these three masses are same. Figure 3.4(b) shows that bridge
Young’s modulus and moment of inertia produce the same effects on the bridge
response too, which is greater than that caused by the density. From Figures 3.4(a) and

(b), it can be easily observed that the bridge response is more sensitive to the change of
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its own parameters. Figure 3.4 also shows that when the dispersal degree of system

parameters increases, the interval width of bridge displacement increases too.
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Figure 3.3 Midpoint of bridge displacement at mid-span.
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Figure 3.4 Interval width of bridge displacement at mid-span (x=20m,t=25s)
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Figure 3.5 Verification by Monte-Carlo simulation method
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To verify the results obtained by the presented method 1AM, 10,000 Monte-Carlo
simulations are also implemented when the interval change ratios of all parameters are
0.1. Figure 3.5 shows that the results calculated by the interval analysis method (IAM)
agree very well with those are obtained by the Monte-Carlo simulation method

(MCSM), however, the later one requires much more computational efforts.

3.6.2 LHNPSO

In this section, LHNPSO algorithm is used to solve the interval problem. The particle
size is 50 and the iteration times are 200. Young’s modulus is considered as an interval
variable. The lower and upper bounds of bridge displacement at mid-span found by the
LHNPSO are listed in Table 3.3. Results computed by 10,000 Monte-Carlo simulations
are also given in this table for comparison. To further illustrate the effectiveness of
LHNPSO, the lower and upper bounds of bridge displacement at mid-span versus the
iteration times are given in Figures 3.6-3.12 while individual parameters are considered
as interval variables in turn and then all system parameters are treated as interval

variables.

From Table 3.3, it can be easily observed that the results obtained by LHNPSO are in
good agreement with those calculated by MCSM as the differences are not big. The
lower bounds determined by LHNPSO are less than what are generated by MCSM,
whereas, the upper bounds found by LHNPSO are greater than those searched by
MCSM. The intervals obtained by LHNPSO contain the change ranges by MCSM,
hence, LHNPSO can give more accurate results. The main reason is that 10,000 Monte-
Carlo simulations cannot give reliable results and are not able to capture the minimum

and maximum values. Theoretically, MCSM will provide exact intervals of bridge
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response if infinite simulations are implemented. Therefore, the differences will be
decreased, and the intervals obtained by MCSM will become bigger and tends to reach

those determined by LHNPSO, if more simulations are performed.

Figures 3.6-3.12 show that convergence speed of LHNPSO is quite fast. Generally, the
lower and upper bounds can converge at 200 iterations. In some cases, it can even
converge at 100 iterations. For 50 particles and 200 iterations, the total calculation times
for determining the minimum and maximum of bridge response are equal to
200 x50 =10000. Certainly, the results produced by the same number of Monte-Carlo
simulations are not accurate enough. The computational effort requested by LHNPSO is

much less than MCSM.
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Figure 3.6 Interval bridge displacement at mid-span (Am,. = 0.1)
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Figure 3.7 Interval bridge displacement at mid-span (Am,. =0.1)
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Figure 3.8 Interval bridge displacement at mid-span (Am, = 0.1)

x10°

120

140

160

180

200

5.7485

5.748

5.7475

5.747 J

S

N
5.7465
——

5.746
0 20 40 60 80 100

Iterations

(@) Lower bound
88

120

140

160

180

200



x 10°

6.3417

6.3416

6.3415 //
6.3414 f
6.3413

6.3412

Obijective function value

6.3411

6.341
/

6.3409
0 20 40 60 80 100 120 140 160 180 200

Iterations

(b) Upper bound

Figure 3.9 Interval bridge displacement at mid-span (Ap. =0.1)
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Table 3.3 Comparison of results by LHNPSO and MCSM
AE Lower bounds Upper bounds
F
LHNPSO MCSM Difference PSO MCSM Difference
0.05 5.67591E-03 5.69459E-03 0.32918% 6.39404E-03 6.36210E-03  0.49949%
0.08 5.50036E-03 5.57430E-03 1.34439% 6.59301E-03 6.52330E-03 1.05725%
0.1 5.34117E-03 5.44117E-03 1.87225% 6.76946E-03 6.70936E-03 0.88781%
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3.6.3 Comparison of results obtained by IAM and
LHNPSO

To further evaluate the performances of IAM and LHNPSO, the lower and upper
bounds of bridge displacement at mid-span are given in Figures 3.13(a)-(g) when the
interval change ratios of system parameters are changing. The differences are listed in

Tables 3.4-3.10.

From Figures 3.13(a)-(g), it can be easily seen that the ranges of changes in bridge
response computed by IAM are smaller than those determined by LHNPSO. As the first
order Taylor expansion is used in IAM to calculate the interval width, IAM cannot give

a conservative result. However, IAM requires only one time calculation to get the result.

From Tables 3.4-3.10, it can be also easily observed that the results obtained by the two
methods agree well as the differences are not big. The difference becomes bigger and
bigger along with the increase of change ranges of system parameters. When the
interval change ratio is 0.1, the biggest difference is 4.7947% when all system
parameters are considered as interval variables, but it is much smaller if the uncertainty

of only one system parameter is under consideration.

In summary, when the ranges of change in system parameters become bigger, the
differences between the results obtained by the two methods become more obvious.
LHNPSO can give more accurate results but requires more computational effort. For
important structures, it is better to use LHNPSO to predict the change ranges of
structural response. Interval analysis method (IAM) is also available for many structures
as it is much time-saving and its accuracy is acceptable especially when the intervals of

system inputs are not too big.
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Figure 3.13 Lower and upper bounds obtained by IAM and LHNPSO

Table 3.4 Comparison of the results by IAM and LHNPSO

Lower bounds Upper bounds
Am, e Difference Difference
1AM PSO 1AM PSO
0.01 6.03889E-03 6.03917E-03  0.0046%  6.03711E-03 6.03677E-03  0.0056%
0.02 6.03979E-03 6.04017E-03  0.0063%  6.03621E-03 6.03564E-03  0.0095%
0.04 6.04158E-03 6.04234E-03  0.0126%  6.03442E-03  6.03334E-03  0.0179%
0.05 6.04247E-03 6.04396E-03  0.0247%  6.03353E-03  6.03198E-03  0.0257%
0.08 6.04515E-03 6.04652E-03  0.0226%  6.03085E-03  6.02919E-03  0.0275%
0.1 6.04694E-03 6.04876E-03  0.0301%  6.02906E-03 6.02654E-03  0.0418%
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Table 3.5 Comparison of the results by IAM and LHNPSO

Lower bounds Upper bounds
Ay Difference Difference
IAM PSO IAM PSO
0.01 6.03934E-03 6.03961E-03  0.00442% 6.03666E-03 6.03603E-03 0.01050%
0.02 6.04068E-03 6.04144E-03  0.01260%  6.03532E-03 6.03410E-03 0.02013%
0.04 6.04336E-03 6.04432E-03  0.01594%  6.03264E-03 6.03061E-03 0.03363%
0.05 6.04470E-03 6.04668E-03  0.03278%  6.03130E-03 6.02843E-03 0.04762%
0.08 6.04872E-03 6.05287E-03  0.06867%  6.02728E-03 6.02389E-03  0.05630%
0.1 6.05140E-03 6.05603E-03 0.07659% 6.02460E-03 6.02013E-03 0.07418%
Table 3.6 Comparison of the results by IAM and LHNPSO
Lower bounds Upper bounds
Am,e Difference Difference
IAM PSO IAM PSO
0.01 6.05390E-03 6.06495E-03 0.18250% 6.02210E-03 6.00722E-03 0.24715%
0.02 6.06980E-03 6.08969E-03 0.32770% 6.00620E-03 5.98247E-03  0.39502%
0.04 6.10160E-03 6.13505E-03 0.54824% 5.97440E-03 5.93299E-03 0.69313%
0.05 6.11750E-03 6.15773E-03 0.65765% 5.95850E-03 5.91237E-03 0.77417%
0.08 6.16520E-03 6.21959E-03 0.88217% 5.91080E-03 5.86196E-03 0.82631%
0.1 6.19700E-03 6.25874E-03 0.99634% 5.87900E-03 5.80278E-03 1.29642%
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Table 3.7 Comparison of the results by IAM and LHNPSO

Ao Upper bounds ' Lower bounds '
Difference Difference
IAM PSO IAM PSO
0.01 6.06215E-03 6.06957E-03  0.1224%  6.01385E-03 6.00584E-03  0.1332%
0.02 6.08630E-03 6.09988E-03  0.2232%  5.98970E-03 5.97242E-03  0.2885%
0.04 6.13460E-03 6.15739E-03  0.3716%  5.94140E-03 5.90480E-03  0.6159%
0.05 6.15875E-03 6.19392E-03  0.5711%  5.91725E-03 5.87760E-03  0.6700%
0.08 6.23120E-03 6.27475E-03  0.6989%  5.84480E-03 5.80133E-03  0.7437%
0.1 6.27950E-03 6.34158E-03  0.9887%  5.79651E-03 5.74625E-03  0.8670%
Table 3.8 Comparison of the results by IAM and LHNPSO
Upper bounds Differen Lower bounds
AEL Difference
IAM PSO ce IAM PSO
0.01 6.09409E-03 6.10337E-03 0.1522% 5.98191E-03 5.96969E-03 0.2043%
0.02 6.15018E-03 6.17176E-03 0.3509% 5.92582E-03 5.89819E-03 0.4663%
0.04 6.26235E-03 6.30389E-03 0.6633% 5.81365E-03 5.75518E-03 1.0057%
0.05 6.31844E-03 6.39404E-03 1.1965% 5.75756E-03 5.67591E-03 1.4182%
0.08 6.48670E-03 6.59301E-03 1.6388% 5.58930E-03 5.50036E-03 1.5913%
0.1 6.59888E-03 6.76948E-03 2.5852% 5.47712E-03 5.34117E-03 2.4822%
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Table 3.9 Comparison of the results by IAM and LHNPSO

Upper bounds Lower bounds
Al Difference Difference
IAM PSO IAM PSO
0.01 6.09409E-03 6.10257E-03  0.1391%  5.98191E-03 5.97569E-03  0.1040%
0.02 6.15018E-03 6.16266E-03 0.2029%  5.92582E-03 5.89672E-03  0.4911%
0.04 6.26235E-03 6.30379E-03 0.661/%  5.81365E-03 5.77518E-03 0.6617%
0.05 6.31844E-03 6.36540E-03 0.7433%  5.75756E-03 5.70991E-03 0.8277%
0.08 6.48670E-03 6.58623E-03  1.5344%  5.58930E-03 5.51854E-03 1.2661%
0.1 6.59888E-03 6.72677E-03  1.9381%  5.47712E-03 5.38120E-03 1.7513%
Table 3.10 Comparison of the results by IAM and LHNPSO
ICR Upper bounds Lower bounds
Difference Difference
of all IAM PSO IAM PSO
0.01 6.19247E-03 6.21901E-03  0.4286%  5.88353E-03 5.84539E-03  0.6483%
0.02 6.34693E-03 6.42562E-03  1.2398%  5.72907E-03 5.66405E-03  1.1349%
0.04 6.65587E-03 6.80579E-03 2.2524%  5.42013E-03 5.26994E-03 2.7709%
0.05 6.81033E-03 7.02066E-03  3.0884%  5.26567E-03 5.08843E-03  3.3660%
0.08 7.27373E-03 7.56612E-03 4.0197%  4.80227E-03 4.61136E-03  3.9755%
0.1 7.58266E-03 7.94623E-03 4.7947%  4.49334E-03 4.29587E-03  4.3948%
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3.7 Conclusions

In this chapter, dynamic response of vehicle-bridge interaction system with uncertain
but bounded parameters is investigated by using the interval analysis method and
LHNPSO. The expressions for calculating the lower and upper bounds of bridge
response have been derived by using the interval analysis method. Using these
formulations, the intervals can be very easily obtained by one time calculation.
LHNPSO requires more computational effort but it can provide more accurate results.
The results obtained by these two methods are in very good agreement with those
determined by Monte-Carlo simulation method. The differences of IAM and LHNPSO
are quite small when the change ranges of system parameters are not big. In the future,
the IAM and LHNPSO will be further developed to investigate the non-deterministic

behaviour of a bridge under dynamic loadings induced by multi-vehicles.
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Chapter 4 Hybrid probabilistic
interval dynamic
analysis of vehicle-
bridge interaction
system with

uncertainties
4.1 Introduction

Powerful probabilistic approaches have been widely used to predict responses and to
implement reliability assessment of structural systems with uncertainties [7-11]. In
probabilistic methods, uncertain parameters are modelled as random variables/fields and
uncertainties of loads are described by random processes/variables. The most important
factor for correctly using probabilistic methods is to justify the probability densities of
the random variables and is to obtain appropriate measurement data and sufficient
statistical information. Probabilistic methods are the first choice when information
about an uncertain parameter in the form of a preference probability function is
available. Over the lifetime of a structure, the progressive deterioration of concrete and
corrosion of steel will lead to significant variations of structural parameters. Sometimes
it is hard to get the enough probabilistic information for structural parameters as their
values are affected by a lot of non-deterministic factors such as time, temperature,
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humidity, cracks and so on. Meanwhile, loads of many scenarios can hardly be
modelled as random variables due to large changes in their magnitudes. Therefore,
interval analysis has been developed to handle this kind of uncertainties. Interval
methods can be used when the probability function is unavailable but the range of the

uncertain parameter can be defined.

It is desirable to model structural parameters/loads as random variables if sufficient
information can be obtained to form the probability density functions. Meanwhile, some
structural parameters/loads might be best considered as interval variables if the
information/data are not enough to model uncertain structural parameters and loadings
as random variables, especially in the early design stages. Consequently, hybrid
probabilistic interval analysis and reliability assessment of structures with a mixture of
random and interval properties has been conducted [134-136]. The random interval
moment method has been developed to determine the mean value and standard

deviation of random interval responses of structures under static forces [10].

Efforts have been made on dynamic response of a bridge under a moving vehicle/force
considering the uncertainties in the system [13, 15,137,138]. Stochastic approaches
have been developed for the dynamic analysis of vehicle-bridge interaction system with
random parameters in the past decade. As aforementioned, some parameters of vehicle-
bridge interaction system could be considered as random variables and some of them
might be assumed as interval variables. Therefore, a hybrid probabilistic interval

analysis model for vehicle-bridge coupled systems needs to be developed.

In this chapter, dynamic response of a bridge under a moving vehicle with uncertain

parameters is studied. The vehicle is represented by a half-car model and the bridge is
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modelled as an Euler-Bernoulli beam as Chapter 3. The vehicle parameters are assumed
as interval variables, and the bridge parameters corresponding to Young’s modulus,
mass and moment of inertia, are considered as random variables. Random interval
moment method proposed for static probabilistic interval analysis is extended to derive
the computational expressions for the lower and upper bounds of expectation and
variance of the random interval dynamic responses of the bridge. Monte-Carlo
simulations are also implemented to validate the presented method. In addition, the

effects of the vehicle and bridge parameters on the bridge response are investigated.

This chapter is organized as follows. Section 4.2 introduces the random interval
moment method briefly. Section 4.3 presents the random interval model of a vehicle-
bridge interaction system. In Section 4.4, the dynamic response analysis of the bridge
based on the random interval moment method is presented. Numerical examples and

computational results are given in section 4.5. Conclusions are stated in the last section.

This work presented in this chapter is mainly dependent on the research reported in by
Liu et al. in International Journal of Structural Stability and Dynamics, 14 (2014),

1350069, 25 pages.

4.2 Random Interval Moment Method

Let X (R) be the set of all real random variables on a probability space (Q, A, P), x®is

a random variable of X(R). R denotes the set of all real numbers. , (orx) and o,
are the mean (deterministic) value and standard deviation of x® , respectively.
y' :[X,y]:{t,_stsﬂx,ye R} is an interval variable of 1(R) which denotes the
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set of all the closed real intervals. Yy and 9 are the lower and upper bounds of interval
variable y', respectively. For the purpose of completeness, the basic information of

interval variable y'is repeated here

c | . c + .
Y =Y A Ay —feayeay]: Y = YAy =T Ay =AY 4

where y°, Ay , Ay' and Ay, represent the midpoint value, maximum width (interval

width), uncertain interval and interval change ratio of the interval variable y'.

Without loss of generality, random interval variable Z®"is the function of multiple

random and interval variables, which are respectively represented by random vector

X® = (xF,x%,--- x?) and interval vector Y' =(y!,y,,--,y}). The deterministic values

of X®and Y'are X =(x,X,,--,x,) and Y= (Y, y5,+-,y°), respectively.

The Taylor series to the first-order of the random interval variable Z®' = f()ZR,V')

about (X", Y") is expressed as
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s of
+Z o

i=1

}Ay; (%) R (42)

c o’ f
+z {aXiRayl

i yY‘c j=1 j

where R is the remainder term.

From this equation, ignoring the higher order terms represented by R, the expectation
and variance of random interval variables Z® = f (X®,Y") can be calculated as [33]

Iy (43)

X.Ye

f =E(Z™) = f(i,?°)+i

|
i1 %Y

o =E(ZRI_E(ZRI))2:- Z o

n
7RI R
i1 ka2 | OX |g

(4.4)
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4.3 Vehicle-Bridge Interaction Model

In the vehicle-bridge interaction system, the bridge is modelled as a simply supported

beam and the vehicle is represented by a half-car model as shown in Figure 3.1. In this

chapter, parameters of the vehicle mlI ,mz' , and mvI , are considered as interval variables,

meanwhile, bridge parameters, p®, E® and 1% are treated as random variables. The
equation of motion governing the transverse vibration of the bridge under the moving

vehicle with uncertain parameters can be written as

= (R (x,0) + £, (x,1)5(x - vt)

2Apa/ RI RI RI
r OAW Z(X’t)+CaW (x,t)+ERIR64\N §x,t)
ot ot X

(4.5)

flRI (X’t) = _(mll + aZm: )g - kS(XV (t)RI -W " (X’t)‘x=vt) - CE(XV (t) _W " (X’t)‘x=vt)

{00 ==(m] +am)g -k 04O -WT (0] )-CIxO-W" x| )
(4.6)

where w " (x,t) is the random interval vertical displacement of the bridge, x,(t)"'is

the random interval vertical displacement of the moving vehicle, f*(x,t) and f*(x,t)

are the random interval contact forces, &(x —vt)is the Dirac delta function evaluated at

the contact point at position x = vt, andv is the speed of the moving vehicle.

Using the modal superposition method, the solution to Eq. (4.5) can be expressed as in

terms of the mode shapes @; (X) and associated modal coordinates x:' (t) of the bridge
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W (x,8)= Y, (X" (1) (4.7)

For the simply supported beam (Euler-Bernoulli beam), the mode shapes of the bridge

are given by

0,(%) :sin‘LLX (4.8)
Substituting Eq. (4.8) into Eq. (4.7) yields
W™ (x,1) = Zsm L x'R(t) (4.9)

Substituting Eq. (4.9) into Eq. (4.5), multiplying both sides of the equation byqojT(x),

and integrating with respect to x over the length L of the beam, obtains

L [e'e} L o0
[ PRol (005 (0K (e + [ Col ()0, (X)X () +
0 j=1 0 j=1

jERlR T(X)Z ‘/’l() X" (t)dx

-

=[] 0O (1) + £, (x,1) - 5(x = vt)dx

o

=[] (M, +a,m,")g + k& (x, (O ~wW* (x,t)‘xzvt) +CR(x, (O ~wW (x,t)\xzw)
0

+(my' +am, g +k2 6, O W (0] )+ CReON W (0] )

O(x—vt)dx (4.10)
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In this chapter, the Wilson’s damping hypothesis is adopted. As vehicle mass is much
less than the bridge mass and the tires’ damping is quite small, Eq.(4.10) can be

approximated as

2(m' +m, +(a, +a,)m')g in javt

4.11

%™ () + 28 @5 (O + () x5 (1) =-

where

o, =17 (4.12)

Assuming zero initial conditions, the solution to Eq. (4.11) is

2(m! +m! +(a, +a,)m')g

t R (s .
[e o5 sinal ('[—Z')SinJ”TthZ' (4.13)

RI
XT(t) =
bj ( ) pRLa)zj 4

where

a):; - f1- ggj a):: (4.14)

where ¢; is damping ratio of the jth vibration mode.

Substituting Egs. (4.12) and (4.14) into Eq.(4.13) yields

I I I t jZﬂ_Z ERIR
2(m1 +m + (a, +a2)mv)g . e{"jT )

22

L :L_é/b2J ]72— [pRERIR 0

L* (4.15)

: jim’ /ERIR . javt
-Sln[ 1-;;? pR (t—T) SlanT
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where a, + a, =1.
Then, the displacement response of the bridge can be calculated by

| | |
X 2(m +m_+m )g

WR (x,t) = —isin J

2 2
j:]- L L 1_é”b2] J T ,pRERIR

K (4.16)

2 2 RyR
t _gb.Ji i(t_f) .2 2 R,R .
Je VA in| \im g JLZ Ep; (t-7) sin‘”Tthr

0

In this chapter, the contribution of tires’ stiffness to bridge vertical displacement
response is omitted due to the assumption that the bridge mass is much greater than that
of the vehicle [2]. Actually, it is not difficult to include the vehicle stiffness in the
bridge response using the Duhamel integral solution. Additionally, bridge damping is
treated as deterministic because the existing research outcomes show that the

mechanism of structural damping is still not clear enough.

4.4 Interval Statistical Moments of
Random Interval Bridge Dynamic

Response

For the sake of simplicity, the random interval displacement response of the bridge

given in Eq.(4.16) can be rewritten as
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jrvr

WR (x,1) = dr (4.17)

51\/,05728”] '([((m +m! +m )g)S sm(Sf)sm

The itemss,, S*and S are given by

7% or im”i,/E'M EI
S, =LJ1-¢Z S, =¢ 1- gbj B F (t-7) (4.18)

By means of the random interval moment method, the mean value of the random

interval bridge response can be computed by

y(WR' (x,t)) S \/p —— Zs'n .j((mf +m’ +mf)g).s_2 sin(§3 )Sin j7TLVz- dr

0

+ —29 is 3 I stm 83)smJ dz-(Am, +Am, +Am,) (4.19)

S, pRERTR 13

The variance of the random interval bridge response can be calculated by

& | aw mo 8w
S (GCIIED WD I v IEED IR v s I 2\
i-L k=L | OXi |gye 2L OX; 0 | % ¥e
of u o°f | R R
—  + —_— Ay +Cov(x", X, )
anR Xye ; {axl?ay: )ZY'C} : ‘
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m 2
% Z aRWI Ay} -COV(XiR,XE) (4.20)
X |gye 11 | O OYj|5 ge
where
ﬂ _OW(x,t) 6W(x t) 8W(x t) (4.21)
Xlgy- 0BT gp" A"
W(xt) 1
xRye
oE Sl\/ﬁR(ER) IR
ZsmJ I((m°+m°+mf) )S sin(S;)sin-—dr
j=t 0
+;_-Zsmm (4.22)

'U((merszrm) )s gbj(J”) S

I_R
ﬁRER

+j;((mf+mj+mf)g)82.§bj(jT7f)z, (t—7)-cos(S,)sin J;Evt Tj
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a' S [_)RER(I R)3
. t .
— . J7X c c c . . Jmvt
sin——-|{(m®+m°+m S, sin(S,)sin——d
,Z—; L '([(( ) ) V)g) ,Sin(S;) L 2
1 > . X
S\P ERTR ,Z;‘ L
t . =R .

c c c Iz E . . jﬂ'Vt

U((m1 +m; +mv)g)-s2 Gy, (T)Z- Al (t—r)-sm(Ss)sder
t - =R .

c c c 7 E . Jmvt
+£((m1+m2+mv)g)32~§bj(T)2~ ERI_R(t—r)-cos(Ss)sm C dr
AW (x,t) 1

op Sl\/(_R)S ERTR

S ; jrvt
Zsmj—j((mf+m§+mf)g)szsin(ss)sinj—dr
= 0

1 . jXx
" SIn—— (424)

SAPRERTR JZ; L
EFIR jrvt

5 (t—17)-sin(S;)sin——dr
(7) )
EFIR

(P°)

+j((m; +m’ + mj)g)32 Ly ("T”)2 : (t— r)-cos(s3)sinjLL"tdr}
0

WS | oW (xt) W (xt) dW™ (x1)
ooyl . ox"om! ox"om! ox"om!
AW (x,t) SWR (xt) FW® (xt) SWR(xt) oW (xt)
= + + + +
OE"om! OE"om OE"om! ol *om! ol"om!
LOWT(xt) oW (xt) AW (xt) W (x1)
ol *om! op"om; dp"om; op"om'

(4.25)
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CRA ¢ = <Yy sin—/—— S smS sm—d
aERam KRy S\/_R IR ; I (S)) T
+S‘T zsm ‘”X ISR Cb,( )2 5RER (t—r)-sin(sf)sinJLL"tdf (4.26)
J”X R I vt
+W Zsm IS Ty —E | (t—0)-cos(s™)sin SN e
RAT = g Zsm IS sin(S, )sm—df
Raml | XRye — ——
oE 8m2 Sl\/,BR(ER)
+S_T ZSIH Jﬂ- J-S é,bj(Jﬂ-) _RER (4.27)
e [—reriR \/W ZS'” IS Q,(Jﬂ) _RER(t 7)-cos(S
27 g
SR yc — S S —d
aERaml xRy S\/—R ER 3 25"] I Sln( )Sln T
! 1\ P
X vt
m ZS'” J” IS Cb,(w) >EF (4.28)
J7TX 7\,
\/W ZS'” IS §b,( )2 E R(t 7)- cos(83)3|n—d
W R (x,1) g 2 imx b it
= Ysin S [8, sin(s;)sin +d
N T S R
_R .
(—_RERIR ZSIn J”X JS Cb,(m) T R(t—z-).sin(Ss)sinWTV'[dT (4.29)

N DR LGOS

E* jrvt dr
L

(t—7)-cos(S;)sin

—RIR
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W R (x,1) g 0
= . S, sin(S sm—d
olRom, Sl\/ﬁRER(I_R)s Z L J. (S;) T

_RERl - Zs'” J7Z'X _[S é,bj(Jﬂ') — R(t 7)-sin(s,)sin At J7Z'Vt
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/—_RERIR Zsm _[S gb,( =) T R(t 7)-cos(S,)sin : dr
RI ©
aZWR (x4) ZS'“ js sin(S, )sm—dr
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—+
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RI1 -
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RI )
aZWR (1) _ Zsm IS sin(S, )sm—dr
8/0 8m1 S\/ ERI R L

Zsm J”X .[S ./;bj(m

_R_R TVt

SET 2 o

H t H CRTR

g — . X Jr, [ETI
+— -Esm—- S, -, (=)-

SYpEFTT E L J R ()

(4.34)

+

5 (t—1)-cos(S, )sm—d

Furthermore, the lower and upper bounds of the mean value of the bridge displacement

u(W™ are given by

jmve

(4.35)

X ~Jt.((mlc +m? +mf)g)-§2 sin(S_3 )sin

u(W (xt) 1\//)?29 0

Zsm Jﬁ I S,sin( S|nj”—LWdr.(Am1+Am2+AmV)

S1 pE

Zsm Jﬁx 't[((m +mS+m )g) S, sin(§3)sinj”—|_wdr

/J(WRI(Xt ) 1\/,0E 2,

stm(S_ )sin ) LVTd z-(Am +Am, +Am, )

(4.36)

e

|<Q
™M
%)
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N
r—‘k\

>

O ey —+

The lower and upper bounds of the variance of the bridge displacements o (W Rl (x,t))

are
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o? (W (x,t)) =

2
W™ (xt) (WX (xt) oW (x,t) +82WR'(x,t)'Am o2
OER OERom! oERom! OERom' v :
2
oWR (x,t) [ WR (xt AW R (x,t AW R (xt
oty [ty oty ot xS
ol ol "om! ol fom] ol fom!
2
OWR (x,t) [ oWR (x,t oAWR (x,t oAWR (x,t
+ (R )_ R( i ). R—(I) mﬁ#ﬂmv o,
op dp om opom op-om
(4.37)
o (w R (x,t)) =
2
GWR'(x,t)+ W™ (x,t) oW (x,t) +62WR'(x,t)'Am o2
AER oERom! ERom! OE"om! v :
2
oWR (x,t) [ 2WR (x,t AW R (xt AW R (xt
+ (R )_|_ R(I ) 1+#.A 2+%.AV G|2
ol ol %om! ol “om! ol fom!
2
oW R (x,t) [ 2WR (x,t oW R (x,t oAWR (xt
+ (R ), R( i ) 1+%' z+%ﬂmv o,
op op om, op-om, op om

(4.38)

4.5 Numerical Simulations

In this chapter, the bridge parameters are considered as Gaussian random variables and
the parameters of vehicle are treated as interval variables. The nominal values
(mean/midpoint values) of system parameters taken in the numerical simulation are

listed in Table 4.1. The unit of the bridge displacement response is meter.
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In this study, the bridge damping ratios ¢;; for all modes are taken as 0.05. For the sake

of simplicity, the coefficient of variation (COV, that is the ratio of the standard
deviation to mean value of a random variable) of o®, EX and 17 is also adopted to
represent the dispersal degree of random variables. Meanwhile, the interval change ratio

(ICR, that is the ratio of interval width to midpoint value of an interval variable) of mlI :

m: , and mv' is used to describe the scatter level of interval variables. Two different

vehicle speeds, v=5m/s and v=10m/s are taken into account to investigate the

influence of vehicle velocity on the bridge response.

Table 4.1 Data of the vehicle-bridge model

Data of the bridge (mean value) Data of the vehicle (midpoint)

L =40m m;¢ = 1000kg m,¢ = 1500kg

E=33 GN/m? m,¢ = 17800kg I, = 1.5 X 10°kg.m?
I =0.16m* ke =25x10°N/m kg, = 4.2 X 105N /m
p = 7800kg/m ki =52%X10°N/m k= 7.2 X 108N /m

al S 0.52

Cs; = 9000N /m

Ce1 = 920N /m

S=427m

a, = 0.48

C,, = 9600N /m

Ces = 960N /m

The mean value of the random interval bridge displacement response at its mid-span is

given in Figures 4.2(a)-(f) when different combinations of uncertain parameters are
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taken. Figure 4.2(a) shows the mean bridge displacement response when the
randomness of all random parameters is considered and all interval parameters are taken
as their midpoint values. The bridge response is a pure random process and is a special
case of the hybrid random interval problem. However, the mean value of the bridge
response is an interval if the system has interval parameters as shown in Figures 4.2(b)-
(h). From Figures 4.2(e) and 4.2(h), it can be easily observed that the interval with of
the mean value of the bridge response is same when the coefficients of variation of
random variables are different, that is, the random variables do not affect the mean

value of the random interval structural response.

Figures 4.2(b) and 4.2(c) show that the interval widths of the bridge displacement are
slightly different when the uncertainties of interval variables mlI and m: are accounted

for. The effects caused by the changes of these two interval parameters on the bridge

response are similar. Compared with Figures 4.2(b) and 4.2(c), it can be seen that the

interval width produced by mv' is significantly larger as shown in Figure 4.2(d), which

means bridge response is more sensitive to the change of sprung mass mv' . The change

range of the bridge response is much larger when the uncertainties of all interval
variables are included as shown in Figure 4.2(e). From Figures 4.2(e) and 4.2(f), it can
be observed that the interval width of bridge response increases when the interval
changes of interval variables become larger. Similarly the interval width of the mean

bridge response is larger when the vehicle moves faster as shown in Figure 4.2(g).

In summary, the mean value of the random interval bridge response is independent of

the dispersal degrees of random system parameters as expected from EqQ.(4.19). The
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interval width of the mean value of bridge response is directly proportional to the

uncertainties of interval variables and vehicle speed.
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Figure 4.2 Mean value of random interval bridge displacement response at mid-span
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The standard deviation (SD) of the random interval bridge displacement response at its
mid-span is shown in Figures 4.3(a)-(f) when different conditions of uncertain
parameters are under consideration. Figure 4.3(a) shows that the standard deviation of
the bridge response is zero when only the uncertainties of interval parameters are taken
into account, which is a pure interval problem and is also a special case of random
interval problems. The Young’s modulus and moment of inertia produce the same
effects on the bridge response as shown in Figures 4.3(b) and 4.3(c), which is greater
than that caused by the density shown in Figure 4.3(d). In bridge design, changing
moment of inertia of its cross-section will significantly affect the bridge behaviour. It
can be easily seen from Figure 4.3(e) that the interval of the standard deviation of bridge
response becomes much larger when the randomness of all bridge random parameters is

included.

From Figures 4.3(e)-(h), it can be also observed that the interval width of the standard
deviation of the random interval bridge response is directly proportional to the

uncertainties of random and interval variables and vehicle speed.
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Figure 4.3 Standard deviation of random interval bridge displacement at mid-span
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To validate the accuracy of the random interval moment method (RIMM) presented in
this chapter, a hybrid simulation method (HSM) is employed. This hybrid simulation
method (HSM) combines direct simulation for interval variables and Monte-Carlo
simulations for random variables. In every hybrid simulation, the first step is to
arbitrarily generate values within the given intervals for all interval variables, and the
second step is using 10,000 times Monte-Carlo simulations to determine the mean value
and standard deviation of structural response. After repeat the whole procedure 10,000
times, 10,000 mean values and 10,000 standard deviations can be obtained. Then the
lower and upper bounds of them can be determined, respectively. More simulation
times can be used for the two steps to improve the accuracy of the results. Hybrid
simulations are implemented by using the MATLAB platform. The results obtained by
the HSM are also given in Figures 4.2 and 4.3. It can be concluded that the results
produced by the presented method are in very good agreement with those calculated by

the HSM.

To show the differences between the results generated by the RIMM and HSM in detail,
the differences of mean value and standard deviation of bridge displacement are listed
in Tables 4.2 to 4.3. Given the maximum difference is 1.10%, while the coefficients of
variation for all random parameters are 0.05 and the interval change ratios of all interval
parameters are 0.2, the mean values calculated by the two methods are very closed to
each other. For the standard deviation, the maximum difference is 6.45%, which can be
accepted because the hybrid simulation times used in this study are not enough to
provide convergent results. 10,000 simulations used in the two rounds of HSM cannot
yield convergent and reliable results although the total simulations are 10°. The
accuracy of the results obtained by the HSM can be improved if more simulations are

implemented.
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Table 4.2 Comparison of mean values

(COV(p*,ER, 17)=0.05, ICR(m/,m\,m")=0.2,v =5m/s)

Upper bound Lower bound
Time (s)
RIMM HSM Difference RIMM HSM Difference
1 0.02663  0.02671 0.29% 0.01793 0.01790 0.17%
2 0.04437  0.04461 0.55% 0.02958 0.02947 0.36%
3 0.05327  0.05353 0.49% 0.03550 0.03549 0.02%
4 0.05671  0.05680 0.16% 0.03781 0.03768 0.35%
5 0.05459  0.05467 0.14% 0.03639 0.03610 0.81%
6 0.04420  0.04436 0.37% 0.02961 0.02929 1.10%
7 0.02482  0.02506 0.97% 0.01636 0.01625 0.68%
Table 4.3 Comparison of standard deviations
(COV(p®,ER, 17)=0.05, ICR(m' ,m',m')=0.2,v =5m/s)
Upper bound Lower bound
Time
RIMM HSM Difference RIMM HSM Difference
1 0.00521  0.00547 4.72% 0.00347 0.00339 2.33%
2 0.01394  0.01415 1.50% 0.00923 0.00894 3.22%
3 0.00886  0.00894 0.91% 0.00589 0.00577 2.14%
4 0.03162  0.03182 0.62% 0.02108 0.02095 0.63%
5) 0.00852  0.00854 0.19% 0.00568 0.00549 3.54%
6 0.02617  0.02797 6.45% 0.01744 0.01713 1.83%
7 0.01596  0.01638 2.57% 0.01064 0.01024 3.87%
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Generally, the accuracy of these results is satisfactory in practice. The presented random
interval moment method has much less computational work than the simulation method.
It should be noted that the accuracy of the results of random interval moment method

can be further improved if second or higher order Taylor expansions are used.

4.6 Conclusions

In this chapter, non-deterministic dynamic response of vehicle-bridge interaction system
with uncertain parameters is investigated by extending the random interval moment
method to the dynamic coupling system. The uncertainties of system are modelled as
random and interval variables. The expressions for calculating the bounds of
expectation and variance of the random interval bridge response are derived. Using
these formulations, the upper and lower bounds of mean value and standard deviation of

bridge response can be very easily obtained.

The results obtained by the presented random interval moment method are in very good
agreement with those determined by Monte-Carlo simulation method. The differences
of these two methods are quite small when the change ranges of system parameters are
not large. The random interval moment method will be further developed to investigate
the non-deterministic dynamic behaviour of a bridge under multiple moving vehicles. In
addition, optimization methods can be embedded to obtain more accurate bounds of

statistical moments of the random interval structural response.
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Chapter 5 Dynamic Analysis of
Vehicle-Bridge
Interaction System
with Uncertainties
Based on Finite

Element Model

5.1 Introduction

As mentioned in previous chapters, for dynamic analysis of vehicle-bridge interaction
system, two kinds of methods are developed to analyse dynamic response of bridge
structure subjects to moving vehicles. Analytical methods are suitable to solve the
interaction dynamic problems derived from simplified vehicle-bridge models.
Governing equations are not large number of partial differential equations which can be
solved easily. Although assumptions and simplifications may be made, analytical
methods have good capability to predict the system response based on the simple
models [2-6]. Numerical methods have been widely used to treat more realistic models.

Among these numerical methods, finite element method is one of the most versatile one
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used by lots of researchers [64, 66, 69, 72, 75]. Finite element method enables handling
more complex vehicle-bridge models for the dynamic interaction analysis. Henchi et al.
[7] proposed an efficient algorithm for the dynamic analysis of a bridge discretized into
three-dimensional finite elements with a stream of vehicles running on top at a
prescribed speed. The vehicular axle loads acting on the bridge deck are represented as
nodal forces using shape functions of the finite element. The coupled equations of
motion of the vehicle bridge system are solved directly without the use of an iterative

method.

In this chapter, a finite element model is developed to calculate the dynamic response of
a bridge under a moving vehicle with inherent uncertain parameters in the vehicle-
bridge interaction system. The algorithm, called random interval perturbation method,
based on the proposed finite element model can handle a mixture random and interval
uncertainties in the system parameters. A half-car model is used to represent the vehicle
and beam elements are used to model the bridge. The vehicle parameters are assumed as
interval variables, and the bridge parameters corresponding to Young’s modulus, mass
and moment of inertia, are considered as random variables. The computational
expressions for the lower and upper bounds of the first two statistical moments of the
vertical responses of the bridge are developed by using the random interval perturbation
method. Hybrid simulations are also implemented to validate the accuracy of the results

produce by the presented method.
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5.2 Random Interval Perturbation

Method

In this chapter, an approach called random interval perturbation method [10] is extended
to calculate the mean value and variance of the random interval bridge response based
on the finite element analysis framework. The finite element equilibrium equations of a

structural system in displacement format is
[K|{u}={f} (5.1)
where [K] is the global stiffness matrix, {U} is the unknown displacement vector and

{ f1 is the load vector.

Let random vector a° = (c’:lf,c’nlzR ,--~,anR ) represent all random variables of the structural
system, whereas, b' =(b',b),---,b) represent all interval variables. The structural
stiffness matrix [K] and load vector {f} are functions of &% and b'. Obviously

structural displacement vector {U} is also the function of &° and b'. Thus, the static

equilibrium Eq.(5.1) can be written as

[K(aR,B')}{U(aR,B')}z{f(aR,B')} (5.2)
Using the Taylor expansion, the structural stiffness matrix and load vector can be

expressed as
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oo |O°[K@EDY)] 2,0 [K@EDY)]
oaoal ’ = 0a'0aob;

Abjl }(aiR ! )(a|R ! )+ R (5-3)

+Zn:{a{f(§,66)} +iaz{f(zﬁ,BC)} Ab‘}(aﬁ )

oal = oajob; : '

62{f(§,5°)} n 63{f(§,5°)}
oajoa” ! = 0al0a, b

Ab! }(af‘ &)@ -a)+R (5.4)

where d =(a,,@,,--,a,) and b® = (bf,bS,---,b?).
Neglecting the remainder term, the random interval matrix can be rewritten as
[K(aR,B' ]=[K(E,BC)]+A1[K(§R,5')]+A2[K(§R,5')]

=K, +AK+AK (5.5)

where

:JZ::K;J. Ab; +§{K;F +1_Zril:K:.Rb} Ab; }(af‘ ! ) (5.6)
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noo [0 K@,bY)| m 8% K(@,b°)
:iz |: R R :|+ |:R R |:|Abjl (aiR_gi)(alR_gl)
243 1= oa; 0a, i 0a; 0ay ob;
_L {K;’RaR +Y K" Ab! } (af -3 )(af -a) (5.7)
23 = e T

Similarly the load vector can also be expressed as
[F@"6)}={1(@b)}+a,{f(@"b")}+a,{f(a" ")
=f,+Af+A,f (5.8)

where

S R

1o o [#1EE)) o {r@b)
A t=50 2 cafoal & oafoaiab)

0! @~ (e -

n n

:%Z > {f’; . +Z f’;’alel } ~3)@k-7a) (5.10)

i=1 1=l

Using the perturbation theory, we can get the following governing equation for static

displacement response of the structure
(Kq +AK+AK) Uy +AU +AU )= f + A f +A,f (5.11)
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where

U, = K;'f, (5.12)
AU =K' (A f-AKU,)
= K (A f = AKK ) (5.13)

AU =K' (A, f —AKAU -A,KU,)

= Kg* (A, f = AKKH (A F = AKK )= AKK ) (5.14)

The random interval structural displacement based on the first-order perturbation can be

obtained as
Ut=uU,+AU (5.15)
The structural displacement based on the second-order perturbation is given by
UR?=U,+AU +AU (5.16)

Substituting Egs.(5.6), (5.9), (5.12) and (5.13) into Eq.(5.15) yields
URL =K, +Kd‘1{z f. Ab; +Z{fa'_R +> fh. Ab] }(af -3 )
= i=1 o !

_{i KQ; Ab; + i{K;R + il K;Rb} Ab; }(aﬁ -3 )} K, }
J= i= j=
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=K' f, +K;1(Z f,Ab; —> K/ Ab/K,* fd}
=1 =

Z{ ‘1{f +Zf’;b, } -1{K' +ZK"Rb.Ab }K‘lf }( -3 ) (5.17)
Substituting Egs.(5.6), (5.7), (5.9), (5.10), (5.12), (5.13) and (5.14) into Eq.(5.16) gives

UR|2 — Kd—lfd

+K;1(Z fy Abj —Z Ky AD; K" fd]

=L

—Kdli K/, Ab; K;li f Ab] + K’lz K' Ab! K’lz K' Ab!K

i= i=

+Zn:{Kd‘1{f +Zf’;b, } ‘1{K’ +ZK"Rb,Ab}K fq

i=1

—K‘lsz.Ab K‘l{f +Zf';b.Ab }+ K‘lsz.Ab K‘l{K’ +ZK”Rb. }Kd‘lfd
—K‘l{K’ +ZK"Rb. }K;lz f Ab]
=

+K;1{K;_R+Zm:KgRb!Ab;} -1Z|<' AbK ' f }( -3 )
i j:]_ i Yj
+Zn: Zn: {—Kdl{K;F+iK;’in}Abj'}Kdl{ +Zf’;b. }
: s
WLKlj‘l{Ka'IR +Zm:K”Rb.Abj'}K;1{K;_R +Zm:K;’_Rb!AbJ! } K,
EE T

—Kd‘l{ fro+y fa’;'aRb.Ab}}—% Kd‘l{K"R . +Z K gy }Kd-l f, }(aﬁ ~3 )@ -a)
i 4 =} i 4 b
(5.18)
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Using the random interval moment method, the mean value and variance of the

random interval structural displacements based on the first-order perturbation can be

obtained as

s = Kty + K;{Z fy Abl > K, AblK,* fdj
j=1 j=1

2
Ol = {‘1{f’+Zbe, } ‘1{K' +ZK"RbIAb}K‘1f}
i=1

D ] e L e

(k) =1k ()=1

M:

{ ‘1{f +Zf’;b. } ‘1{K’ +ZK"Rb.Ab}K‘1f }Cov(a,,ak)
UR? in Eq.(5.18) can be simply expressed as

U™? =K M, +K‘1(Zfb’JAb' ZK' Ab! K-lf]

=

-Kq ZK’ Ab] K*Z f,i Ab; +K’12K' Ab] K’lzK' AbIK ',

+ZA(a. B(ar-a )+ Y B a5 (a7 -a )(af -7 )

i=1 =1

where

A@’,b') = K‘l{f +Zf';b. }—Kd‘l{K;R+ZK;Rb}Abj'}Kglfd
j=1
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_K‘lszlAb K‘l{f +Zf’;b. }

+K-12Kb.Ab K‘l{K' +ZK”Rb| }Kd‘lfd

-1 i C " | -1 C ' | -1 i . " | -1 C ' I -1
-K; {Kaf £ lKale],Abj}Kd > b} +K, {Kaﬁ}_ lKale}Abj}Kd > L KiyADKY,
j= j= j= j=

(5.22)

B(af,a%,b' )=—K‘1{K' +ZK”Rb|Ab}}Kd‘l{fa'F +Zf’;b.Ab'}
i=L
-1 ' S " | -1 ’ S " | -1
+K; {K +Zl:Kale}Abj}Kd {K3|R+Z;Kale:Abj}Kd f,
i= I=
‘1{f';R+Zf';’ o } ; ‘1{K"H+ZK”; o) } ' (5.23)

Similarly, the mean the mean value and variance of the random interval structural

displacements based on the second-order perturbation can be developed.

5.3 Formulation of the Vehicle-Bridge

Model

In the vehicle-bridge interaction system, the bridge is also modelled as an Euler-

Bernoulli beam consisting of a number of elements and the vehicle is represented by a
half-car model as shown in Figure 5.1. Again, m,,, m, and m, denote the sprung mass
and unsprung masses respectively; al and a2 are the position parameters; S is the axle
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spacing; the suspension system is represented by two linear springs of stiffness kg, k

s2

and two linear dampers with damping rates c,, C,,; the tires are also modeled by two

linear springs of stiffness k,,, k, and two linear dampers with damping rates c,,, C,,;

p, E, I and L are the mass per unit length, elastic modulus, moment of inertia and

length of the beam respectively.

\

y4 m" y" Wys
Ks2 Cs2 Ks1 C 1
Yoy T Wy
ke
El p
= | : re
l< f(x,t) fl(x t) o

Figure 5.1 Model of vehicle-bridge interaction system

5.3.1 Equation of motion of the vehicle system

The equation of motion of the vehicle are derived as follows

M, ¥y + Cor (V1= Y3) + Coa (Y2 = Va) + K (Y1 = Y3) +Kea (Y2 — ¥4) =0 (5.24)
1,6, —2,SCy (Y1 — V) +2,5Cs (V5 — a) — 8, SKgg (Y1 = Y3) +2,SKs (¥, — ¥,) =0 (5.25)

M, §3 = Cgy (V1 = V3) —Kg (Y1 = ¥a)

=~k (¥ =W (%, 1) = F(x3,1)) = G (91 =W (%, 1) = F(x, 1)) (5.26)
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My ¥y = Coo (Yo = ¥a) —Kso (Yo = Y4)

= —Kip (Y =W (X, 1) = (X5, 1)) = Cop (Y =W (Xp, 1) — (X, 1)) (5.27)
Yi=Y,—a56, , Y, =Y, +a,56, (5.28)
Yo=Y tay,, 6, = (yzs;yl) (5.29)

M, (8, ¥y +a,¥,) + Cy (V1 = V3) +Ca (Yo = ¥a) + Ky (Y1 = Y3) +Ksa (Yo = ¥4) =0 (5.30)

IRV o o
l, ()’18—23’2)_ aCs1 (V1 — Y3) +32C5o (Y2 — Va) — Ky (Y1 — Y3) + 85K (Y, — ¥,) =0 (5.31)
My Y3 = Co (V1= ¥3) —Ka (V1 = Y3) = —Kia (Y1 =W (X3, ) = (¥, 1)) (5.32)
—Cy (Y1 —W (X, 1) = (X, 1))
My ¥4 = Coa (V2 = ¥a) —Ksa (Y2 = Va) = —Kip (Y2 =W (X3, 1) = 1(Xy, 1)) (5.33)
—Co (Vo =W (Xp,t) = F(X,, 1))
The equation of motion for the vehicle can also be written in terms of matrices as
MY b+ [COY + K Y = {F(x ) (5.34)
0
Foony=] ° (5.35)
T (x00) '
—f,(x,1)

where [M,],[C,],[K,] are, respectively, the mass, damping and stiffness matrices of

the vehicle system; {Y,} is the response vector of the vehicle. The details of the

matrices in Eq. (5.34) are
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IV
m,a,a, Y 0

I
m,a; +S—V2 0

0 m,
0 0 m,
0 -c4, O
Cso 0 —Cs»
0 Cy 0

Y1

0 _ksl 0
ksz 0 _ksz
0 ky O
_k52 0 ksz
Yo .

Y3
Ya

The contact forces f™ (x,t) and ™ (x,t)are

f (X, ) = kg (Y =W (%3, ) = 1 (%3, 1)) + C (V4 -W (X, 1) = F (X, 1))

F(61) = Ko (Y2 =W (%5, 1) = 1 (X5, 1)) + Cop (V5 =W (X, 1) = F(X2, 1))

5.3.2 Equation of motion of the bridge

In this study, the bridge is modelled as a simply supported beam consisting of a number

of elements. The equation of motion of the bridge is given by

[Mb]{Y'b}+[Cb]{Y'b}+[Kb]{Yb}= [Ly (F () {F(x,1)}
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The equations of motion for a bridge in the modal space can be written as

g+ yq+Qq=>oF (5.40)
where
%(t)
y=diag{2m}; Q= qzz(t) ; Q=diag{a’};
O ()

e (x(t) 4 (x(1) o (% (1)

- {(mva2 +mM, ) g+ Ky (Y5 =W (X, 1) = (X, 1)) + € (5 =W (X, 1) — F(Xl’t))} (5.41)

(mval + mz)g + ktz(ys _W(Xpt) - r(xl’t)) + Ctz(ys _W(Xl’t) - I;(Xl't))

where [M,],[C,],[K,] are, respectively, the mass, damping and stiffness matrices of
the bridge; {Yb} is the response vector of the bridge. g (t) is the ith modal coordinate
of the bridge; N is the number of the modes; & is the ith modal damping; ¢ (x; (t)) is
the ith modal shape function at X, (t), which is determined from the eigenvalue and

eigenfunction analysis; « is the undamped circular frequency. [L, (F(x,t))[{F(x.t)} is

the equivalent nodal load vector of the vehicle-bridge interaction forces.
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5.3.3 Equation of motion of the vehicle-bridge interaction

system

From Egs.(5.34) and (5.39), the equation of motion of the vehicle-bridge interaction

system can be developed as
[MONY O+ [CONY O} +[KOIY 0} = {P®)} (5.42)

where

Q+M OKDO" + M vO'CP" 0 —M, DK,

K(t)= 0 K, -K, |
—K®" —vC, (') -K, K, +K,
Z7+M®CO" 0 -M,@C, M,®
c=| o c. ¢ [{PM)=1 0 {R(1)
—-C @' -C, C,+C, 0
Y(t):[ql G - Ov Y1 Y2 Vs Y4] (5.43)

where M (t),C(t),K(t) represent the coupled mass, stiffness and damping matrices
respectively. {Y (t)},{Y (t)}.{¥ (t)} are the nodal acceleration, velocity and
displacement vectors of the bridge deck respectively, and {P(t)} is the equivalent nodal

load vector from the bridge—vehicle interaction force .

In order to account for uncertainties uncertainty in the bridge, the equation of motion
governing the transverse or vertical vibration of the bridge under the moving vehicle
with uncertainties in the system parameters can be written as
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[M (a»R’BI ’t):|{Y"RI (a»R,BI ,t)}+[C(§R,6' ,t)]{Y RI (é:R’BI ,t)}
+[ K@ B H{y™ @' n}={P@"b' v} (5.44)

M(aR,b',t),c@" b',t),K(@",b" 1) are the stochastic mass, damping and stiffness

matrices of the bridge and they can be further expressed as

=M, +AM (5.45)
c(@@r,n',1) {C(E,B%}ia[cilﬁﬂ Ab;
= ob
. L
=C, +AC (5.46)
K(aR,b',t) =[K(ﬁﬁ%}ia[KibC)JAb}
UL N IO
= K, + AK (47)

AM ,AC,AK are the uncertain components of the system mass, damping and stiffness

matrices.

In addition, the Rayleigh damping is assumed as
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C=c,M+cK (5.48)

where C, and C,are constants.

Using the strategy of random interval perturbation method, mean value and variance of

the bridge dynamic response can be obtained as

y(Y(aR,BI,t))=E(Y(aR’BI,t))=[Y(§,BC)}+§ o Ab! (5.49)
Var(Y(éR,B',t))=E[(Y(ER,B',t)—,u(Y(éR,B',t)))z}

n o aY(aR,B',t) m 82[Y(§,6°)]

ZHZ;‘ oa® él;j_l 2afob! - Ab;

oY (a*,b' t n |0°|Y (3 b°) _

%Wnl gaf—ﬁb,']m Ab; Cov(éiR,akR) (5.48)

From above equations, mean value and variance of stochastic interval dynamic
response can be evaluated by the first and second derivatives of dynamic response with

respect to random and interval variables.

5.4 The Procedure of Implementation

The dynamic response of a bridge subjects to moving a vehicle can be calculated by the

following procedure:

Step 1. Calculate the random/interval mass, stiffness and damping matrices of the

vehicle and bridge.
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Step 2. Calculate the random frequencies ( € ) and mode shapes (#(X;(t)) ) of the

bridge.

Step 3. Calculate the random interval displacement response of bridge using the

Newmark- g method.

Step 4. Calculate the interval mean value and standard deviation of the random interval

displacement response of bridge.

5.5 Numerical Simulations

In this chapter, bridge parameters are considered as Gaussian random variables and
vehicle parameters are treated as interval variables. Their nominal values (mean values
or midpoints) taken in the numerical simulation are listed in Tables 5.1 and 5.2. The
unit of the bridge displacement response is meter. The beam elements are used and the
bridge is divided into 50 equal segments/elements. The vehicle parameters are typical

for a lightly damped passenger car [119].
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Table 5.1 Parameters of the vehicle model

Description Notation Value
my© 1000kg
Sprung mass
m,° 1500kg
Unsprung mass m,° 17800kg
kg 2.5 x 10°N/m
Suspension stiffness
ks, 4.2 x 10°N/m
ket 5.2 X 10N /m
Tyre stiffness
ke, 7.2 X 10°N/m
Cs1 9000N /m
Suspension damping
Cs2 9600N /m
Ci1 920N /m
Tyre damping
Ceo 960N /m

Table 5.2 Parameters of the bridge model

Description Notation Value
Length of the bridge L 40m
Moment of inertia I 0.16m"
Damping ratio - 0.05
Young’s modulus E 3.3 x 1010N/m2
Mass density P 7800 kg/m3

Similar as last chapter, the effect of each parameter (masses of the vehicle, elastic

modulus and inertial moment of the area as well as the mass per unit of te bridge and so
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on) on the dynamic response of vehicle-bridge interaction system are analysed. In
addition, uncertainties of the parameters in the vehicle-bridge interaction system are
considered simultaneously. In the current example, the road surface roughness is not
considered. The following properties of the bridge are use in the simulation: damping
ratio { = 0.05 for all modes; Gaussian random variables are employed to model all
bridge parameters (elastic modulus E, mass density p and second moment of inertial).
The coefficients of variation of E, I, p are all assumed as 0.05 or 0.02, respectively. All
parameters of vehicle are assumed as interval variables and the interval change ratios
(ICR) are considered as 0.1 or 0.2, respectively. The vehicle is assumed to move on the
bridge with two different velocities, v=5m/s and v=10m/s, which are taken into

account to investigate the influence of vehicle velocity on the bridge response.

The mean values of the bridge displacement response under moving vehicle with sm/s
at its mid-span are given in Figures 5.2-5.8, respectively. A special case of random
interval perturbation method is shown in Figure 5.2 when all system parameters are
assumed as random variables. From Figure 5.2, it can be obviously observed that the
random variables of system parameters do not affect the mean value of the random
interval structural response. In other words, the mean value of structural response is not
an interval but a deterministic value if system structural parameters and loads are
random variables. However, the mean value of bridge response is an interval if the
structural has interval parameters or loads. The interval width of structural response

depends on the dispersal degree of the interval parameters.

The mean values of bridge displacement shown in Figures 5.3-5.7 consider the

individual system parameter as a random variable in turn. From these figures, it can be

easily obtained that the changes of vehicle masses m; and M, produce the similar
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effect on the bridge response. The effects caused by suspension (unsprung) masses M,

and m,are smaller than that produced by the sprung mass M, as their upper bounds

and lower bounds are smaller when the interval change ratios of these three masses are
same. Figures 5.7 and 5.8 denote the displacement response of bridge when
uncertainties of all parameters of system are included. It is obvious that the interval
width of bridge response is much larger than those when only one uncertain parameter

is addressed.

L /
f /
w0 /
A

-0.05 e

Displacement(m)

Figure 5.2 Mean value of displacement response of bridge at mid-span
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Figure 5.3 Displacement response of bridge at mid-span

(COV(p®,ER, 17)=0.05, ICR(m, )=0.1, v=5m/s)

—— Upper bound
Lower bound []

Time(s)

Figure 5.4 Displacement response of bridge at mid-span

(COV(p",ER,17)=0.05, ICR(m, )=0.1, v=5m/s)
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Figure 5.5 Displacement response of bridge at mid-span
(COV(p", ER,17)=0.05, ICR(m!)=0.1, v=>5m/s)
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Figure 5.6 Displacement response of bridge at mid-span

(COV(p®, EF,17)=0.05, ICR(m',m,m')=0.1, v=10m/s)
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Figure 5.7 Displacement response of bridge at mid-span

(COV(p", ER,17)=0.05, ICR(m,m,m')=0.2, v=5m/s)
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Figure 5.8 Displacement response of bridge at mid-span

(COV(p® ER,1%)=0.02, ICR(M',m! ,m')=0.2, v=5m/s)
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The standard deviation (SD) of the vertical displacement response of bridge at midpoint
are shown in Figures 5.9-5.19 to demonstrate the variations and intervals of the bridge
response which are produced by the uncertainties of system parameters. Figures 5.9-
5.13 show the standard deviation of bridge response when vehicle parameters are
considered as interval variables and the individual bridge parameter is assumed as a

random variable.

From Figures 5.9 and 5.10, it can be observed that the interval width of the standard
deviation of the random interval bridge response becomes larger when the change
ranges of interval parameters. From Figure 5.10 and Figure 5.11, it can be easily
obtained that Young’s modulus and moment of inertia of the bridge produce the same
upper bounds on the bridge response, which is greater than that caused by the density
shown in Figure 5.12. Figures 5.13-5.16 show the standard deviation of bridge
displacement when all system parameters are treated as uncertain variables and the
velocity of the vehicle is 5m/s. In order to investigate the effect of vehicle velocity to
bridge response, the velocity of vehicle is increased from 5m/s to 10m/s and the results

are shown in Figure 5.17.

From Figures 5.13-5.17, it can be obtained that the interval width of the standard
deviation of the random interval bridge response is directly proportional to the dispersal
degree of interval and random variables and vehicle velocity. In summary, it can be
easily observed that the bridge response is more sensitive to the change of its own
parameters. In addition, the upper bound and interval width of the standard deviation of
the random interval bridge displacement will increase when the vehicle velocity

increases.
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Figure 5.9 Standard deviation of bridge displacement at mid-span
(COV(E®)=0.05, ICR(m',m!,m')=0.1, v=5m/s)
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Figure 5.10 Standard deviation of bridge displacement at mid-span

(COV(E®)=0.05, ICR(m',m!,m')=0.2, v=5m/s)
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Figure 5.11 Standard deviation of bridge displacement at mid-span

(cov(!%)=0.05, ICR(m',m' ,m')=0.2, v=5m/s)
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Figure 5.12 Standard deviation of bridge displacement at mid-span
(COV(p")=0.05, ICR(m! ,m’,m')=0.2, v=>5m/s)
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Figure 5.14 Standard deviation of bridge displacement at mid-span

(cov(p",E",1%)=0.05, ICR(m' ,m' ,m')=0.2, v=5m/s)
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Figure 5.15 Standard deviation of bridge displacement at mid-span

(cov(p®,EF,1%)=0.02, ICR(m',m',m')=0.1, v=5m/s )
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Figure 5.16 Standard deviation of bridge displacement at mid-span

(cov(p",E", 1%)=0.02, ICR(m',m' ,m')=0.2, v=5m/s)
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Figure 5.17 Standard deviation of bridge displacement at mid-span

(cov(p®,EF,1%)=0.02, ICR(m' ,m',m')=0.2, v=10m/s)

Table 5.3 Comparison of mean values of bridge displacement between RIPM and HSM
(COV (E) =0.05, ICR(all)=0.2, v=5m/s)

Upper bound Lower bound
Time

RIPM HSM Difference RIPM HSM Difference
1 0.02673 0.02679 0.22% 0.01795  0.01791 0.22%
2 0.04439 0.04463 0.54% 0.02958  0.02946 0.42%
3 0.05327 0.05353 0.49% 0.035531  0.03549 0.12%
4 0.05757 0.05768 0.19% 0.037821  0.03768 0.37%
5 0.0546  0.05467 0.13% 0.036439 0.0361 0.94%
6 0.04428 0.04436 0.18% 0.029516  0.02929 0.77%
7 0.02489 0.02506 0.67% 0.016376  0.01625 0.78%
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Table 5.4 Comparison of standard deviations of bridge displacement between RIMM
and HSM (COV(E)=0.05, ICR(all)=0.2, v=10m/s)

Lower bound Upper bound
Time
RIMM HSM Difference RIMM HSM Difference
0.5 0.018461  0.018138 1.78% 0.012218 0.012329 0.90%
1 0.052795  0.052456  0.65% 0.035042 0.035626 1.64%
15 0.048893  0.048436  0.94% 0.032506  0.033259 2.26%
2 0.068011  0.064706 5.11% 0.045772  0.046589 1.75%
2.5 0.056501  0.054601  3.48% 0.037383  0.038879 3.85%
3 0.039919  0.039739  0.45% 0.026849 0.027017 0.62%
3.5 0.031141  0.030011 3.76% 0.020996 0.021511 2.39%

Table 5.5 Comparison of standard deviation of bridge displacement between RIMM
and HSM (Cov(E)=0.02, ICR(all)=0.2, v=5m/s)

Upper bound Lower bound
Time Differenc
RIMM HSM Difference RIMM HSM
e
1 0.007967 0.008028 0.76% 0.00291  0.00288 1.24%
2 0.00803  0.008081 0.63% 0.00986  0.00977 0.95%
3 0.015356 0.015436 0.52% 0.00519  0.00517 0.43%
4 0.02546  0.025946 1.87% 0.02022  0.01992 1.50%
5) 0.007083 0.007112 0.41% 0.01365  0.01358 0.55%
6 0.012198 0.012432 1.88% 0.00449  0.00443 1.45%
7 0.004809 0.004891 1.67% 0.00658  0.00651 1.04%
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Table 5.6 Comparison of standard deviation of bridge displacement between RIMM

and HSM (Cov(1)=0.02, ICR(all)=0.2, v=5m/s)

Upper bound Lower bound
Time
RIMM HSM Difference RIMM HSM Difference
1 0.007965 0.008028 0.78% 0.00656  0.00651 0.74%
2 0.008043 0.008081 0.47% 0.00455 0.00443 2.71%
3 0.015357 0.015436 0.51% 0.01362 0.01358 0.28%
4 0.025446  0.025946 1.93% 0.02030  0.01992 1.93%
5) 0.00708 0.007112 0.45% 0.00519 0.00517 0.52%
6 0.012195 0.012432 1.91% 0.00987  0.00977 1.02%
7 0.004809 0.004891 1.68% 0.00290 0.00288 0.78%

Table 5.7 Comparison of standard deviation of bridge displacement between RIMM
and HSM (Cov( p )=0.05, ICR(all)=0.2, v=5m/s)

Upper bound Lower bound
Time

RIMM HSM Difference RIMM HSM Difference
1 0.009065 0.009087  0.24% 0.0077404 0.007706 0.44%
2 0.009028 0.009087  0.65% 0.0067994 0.006596 3.08%
3 0.014476 0.014535 0.40% 0.0114549 0.011345 0.96%
4 0.021905 0.022019 0.52% 0.0181409 0.018014 0.70%
5 0.000658 0.000666  1.15% 0.0005096 0.000508 0.27%
6 0.014426 0.014483 0.39% 0.0115539 0.011426 1.12%
7 0.005165 0.005202  0.70% 0.004125 0.004101 0.58%
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Table 5.8 Comparison of standard deviation of bridge displacement between RIMM
and HSM (Cov(all)=0.05, ICR(all)=0.2, v=5m/s)

Upper bound Lower bound
Time

RIMM HSM Difference RIMM HSM Difference

0.016003  0.016132 0.80% 0.0107009 0.010522 1.70%

0.015003  0.015187 1.21% 0.0080997  0.00803 0.87%

0.03061  0.030966 1.15% 0.0204054 0.020021 1.92%

0.044417  0.046014 3.47% 0.0297097 0.028797 3.17%

0.004698 0.004707 0.19% 0.002397 0.002352 1.91%

0.024307  0.024856 2.21% 0.0164035  0.01603 2.33%

0.0085 0.008585 0.99% 0.0058987 0.005814 1.46%

Table 5.9 Comparison of standard deviation of bridge displacement between RIMM
and HSM (Cov(all)=0.02, ICR(all)=0.2, v=5m/s)

Upper bound Lower bound
Time

RIMM HSM Difference RIMM HSM Difference
0.006443 0.006515 1.10% 0.0042416 0.004203 0.92%
0.005603 0.005676  1.30% 0.003481 0.003402 2.33%
0.011647 0.011984 2.81% 0.0084848 0.008446 0.46%
0.017772 0.017998 1.26% 0.0118874 0.011719 1.44%

0.00196 0.001969  0.45% 0.0009991 0.000987 1.23%
0.009846 0.009978  1.33% 0.0064032 0.006326 1.22%
0.003401 0.003418  0.50% 0.0021601 0.002082 3.77%
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Table 5.10 Comparison of standard deviation of bridge displacement between RIMM
and HSM (Cov(all)=0.05, ICR(all)=0.1, v=5m/s)

Upper bound Lower bound
Time

RIMM HSM Difference RIMM HSM Difference
1 0.014727  0.014987 1.74% 0.0118905 0.011829 0.52%
2 0.012988 0.013063 0.57% 0.0097861 0.009479 3.24%
3 0.028085 0.028761 2.35% 0.0214058 0.020914 2.35%
4 0.041169 0.041653 1.16% 0.033849 0.033185 2.00%
5 0.003839  0.003898 1.53% 0.003656 0.003577 2.22%
6 0.022687  0.023527 3.57% 0.0182951  0.01803 1.47%
7 0.007773 0.007988 2.69% 0.0061264 0.006091 0.58%

Similarly as last chapter, a hybrid simulation method (HSM) is employed to verify the
accuracy of the accuracy of the random interval perturbation method (RIPM) presented
herein. These hybrid simulations are implemented in MATLAB platform. The results

obtained by the HSM are given in Tables 5.3-5.10.

A comparison of the results generated by the RIPM and HSM and the differences of
mean values and standard deviations of bridge displacement are listed in Tables 5.3-
5.10. From Table 5.3, it is easily obtained that the mean values, calculated by RIPM and
HSM, are very closed to each other, The maximum difference of mean value is only
0.91% while the coefficients of variation for all random parameters are 0.05, the interval
change ratios of all interval variables are 0.2 and the vehicle velocity is 5m/s. Tables
5.4-5.10 show the standard deviations of bridge displacement while the parameters of

the vehicle-bridge interaction system are considered as uncertain variables. From these
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tables, the maximum difference of the standard deviation is 5.11%, while the
coefficients of variation for all random parameters are 0.05, the interval change ratios of
all interval parameters are 0.2 and the velocity of vehicle is 10m/s. The difference can
be accepted because the hybrid simulation times used in this study are not enough to
provide convergent results which have been mentioned in previous chapter. Generally,
the accuracy of these results is satisfactory in real engineering. The presented random
interval perturbation method has much less computational work than the simulation
method, especially for complex structure. It can be concluded that the proposed method
for vehicle-bridge interaction system with uncertainties can maintain a satisfactory

accuracy.

5.6 Conclusions

In this chapter, the finite element model has been employed to describe vehicle-bridge
interaction systems. The nondeterministic dynamic response of bridge subjects to
moving vehicle with uncertain system parameters is investigated by using the random
interval perturbation method. The uncertainties of vehicle are modeled as interval
variables and the parameters of bridge are considered as randomness. The expressions
for calculating the bounds of expectation and variance of bridge response have been
derived by using the random interval perturbation method. Using these formulations, the
upper and lower bounds can be very easily obtained. The effects of random and interval

parameters on bridge response are also studied.

The random interval perturbation method has good accuracy even the vehicle-bridge

interaction system has different type of uncertain parameters simultaneously. The
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random interval perturbation method will be further developed to investigate the non-
deterministic dynamic behaviors of a bridge under multiple moving vehicles based on
finite element model, and this method will also be applied to other engineering
structural system. In addition, optimization methods also can be used to obtain more

accuracy result for some smart structure.
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Chapter 6 Conclusion, Summary

and Future Work

This chapter summarizes the aims of this thesis, concludes the reported research work

and discusses the potential tasks.

6.1 Summary and Conclusions

This thesis deals with the non-deterministic dynamic response of a bridge subjected to a
moving vehicle with uncertain system parameters. The research is expected to serve as a
base for further studies in the field of vehicle-bridge structure engineering and its

application has potential to be extended to other types of structural systems.

This thesis aims to provide predictive techniques for dynamic vibration analysis of
vehicle-bridge interaction systems with uncertainties in the structural parameters. This

has been achieved by developing a range of innovative and inter-disciplinary methods.

The first part of this thesis is an extensive literature review on dynamic analysis of
vehicle-bridge interaction system with/without uncertainties and innovative methods
developed to address uncertain problems in structural dynamics. In the second part of
the thesis, dynamic behavior of vehicle-bridge interaction system with uncertain
parameters is investigated by models represented by a moving-sprung-mass and a
quarter-car moving on a simply supported beam. Different road surface conditions are

considered. Random moment method is applied to analyze the dynamic response of
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bridge subjected to moving vehicle with uncertainties. The vehicle and bridge
parameters are treated as random variables and the road roughness is considered as

random process. The effect of individual parameters is investigated.

In Chapter 3, the moving vehicle is modeled as a half car. Vehicle and bridge
parameters are considered as interval variables due to lack of sufficient data or large
change ranges. Interval analysis method is employed to examine the variations of bridge
responses induced by the moving vehicle with uncertain parameters. Young’s modulus,
density and moment of inertia of the bridge as well as the sprung mass and suspension
masses of the vehicle are set to vary within the predefined small change ranges. The
limitations of this method are that it only predicts the upper and lower bounds of the
displacement response of bridge. No information could be obtained for the statistical
distribution of the response within these bounds. In addition, LHNPSO, a novel particle
swarm optimization method with low-discrepancy sequence initialized particles and
high-order nonlinear time-varying inertia weight and constant acceleration coefficients,
is developed to find the sharp bounds of bridge displacement. The results obtained from
interval analysis method and LHNPSO have been verified by Monte-Carlo simulations.

Three methods have a good agreement mutually.

After methods for dynamic response of vehicle-bridge interaction system with pure
random or pure interval parameters are successfully developed, a mixture of different
types of uncertainties are investigated ranging from randomness in the bridge material
properties and interval uncertainties in the vehicle parameters of vehicle-bridge
interaction system in Chapter 4. The random interval moment method is introduced into
the dynamic analysis of vehicle-bridge interaction system when mixed random and

interval parameters are under consideration. In this chapter, the verification of the
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proposed method is implemented using a hybrid simulation method. This hybrid
simulation method (HSM) combines direct simulation for interval variables and Monte-
Carlo simulations for random variables. In every hybrid simulation, the first step is to
arbitrarily generate values within the given intervals for all interval variables, and the

second step is using Monte-Carlo simulations to handle the random variables.

Finally, finite element model integrating with the vehicle-bridge interaction system is
presented in Chapter 5. The random interval perturbation method is used to investigate
the bridge nondeterministic dynamic response under moving vehicle with a mixture of
uncertain system parameters. The uncertainties of vehicle parameters are described by
interval variables and uncertain parameters of the bridge are modeled as random
variables. Using the formulations developed by the random interval perturbation
method, the upper and lower bounds of expectation and variance of bridge response can
be very easily determined. The effects of individual random and interval parameters on
bridge response are also investigated. Results generated by the hybrid simulation
method successfully confirmed the accuracy and efficiency of the proposed method in

this chapter.

In conclusion, this thesis systematically studied the non-deterministic dynamic
properties of the vehicle-bridge interaction system with variety types of uncertainties.
Probabilistic, non-probabilistic and hybrid probabilistic and non-probabilistic methods
have been developed to analyze the dynamic response of a bridge under moving
vehicles accounting for the uncertain parameters in the coupling system. In addition,
LHNPSO has been presented to find the exact ranges of bridge response. All of the

results obtained by the proposed methods have been verified by simulation methods.
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6.2 Recommendations and Future Work

The research in this thesis demonstrated the effectiveness of the proposed method

for the dynamic response of vehicle-bridge interaction system with uncertain

properties. There are a range of areas where the work could be extended in this

thesis. The recommendations and future work are discussed as follows:

1.

It may be possible to establish more complicated vehicle-bridge interaction
system models. The analytical model of vehicle should be further improved from
a half-car model to more complicated 3D vehicle models. The bridge can be
improved from simply supported beam to a more complex beam and plate.
Future work can be conducted to construct a more accurate and reliable bridge-
vehicle model. Consequently, the corresponding solution methods need to be
developed.

Uncertainties of more parameters could be considered in the vehicle-bridge
interaction system. It could include variations in material properties such as
stiffness and damping of the vehicle, as well as other geometric parameters of
the vehicle. Different types of uncertainties can be considered in each subsystem.
In addition, the road surface conditions need to be deeply studied in the
uncertain vehicle-bridge interaction dynamic models as they can significantly
affect the system behavior.

Optimization methods can be further developed to obtain more accurate
solutions for interval dynamic problems involving uncertain-but-bounded
system parameters. Non-deterministic finite element methods could be

incorporated into the vehicle-bridge interaction system with different types of
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uncertainties.
. Application of the methods presented in this thesis to other types of structures
can be investigated. In the future, it may be possible to extend to train-bridge,

train-rail-sleeper-foundation interaction systems and so on.
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Appendix

Dynamic response of structure with uncertainties by

Newmark-f3 method

The Newmark- g method is a method of numerical integration used to solve differential

equations. It is used in finite element analysis to model dynamic systems, recalling the

continuous-time equation of motion.

The relationships between the displacement, velocity and acceleration developed by
Newmark (1959) are given by

X (t+At)= X (t)+AtX (t)+At? K%—ﬁj X (t)+BX (t+ At)} (A1)
X (t+At)= X (t)+At[ (1-y) X (t)+yX (t+At) ] (A2)

where parameters £ and y determine the stability and accuracy of the solutions, and

1
usually selections are% <p s% and y = E .

The constants 6; are defined as

P S S A S B S R S A
O_m' 1_m' Z_M' 3_ﬁ_ ) 4_E_ )
A
65 =5 (5-2) s =0t-(1-7),6, = Aty (A3)
[K*]1X(t + At) = F*(t + At) (A4)

where
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[K"]=[K]+5,[M]+s,[C] (A.5)
F™ (t+At) = F (t+A0) +[M][8,X (t) + 8,X (1) +5,X (1)]
+[C[aX (1) + 8. X () + 5 X (1) ] (A.5)
The velocity and acceleration are
X (t+At) = 5, (X (t+At) - X (1)) = 8,X (1) = &X (t) (A.6)
and

X (t+At) = X (t)+ 5, X (t)+8,X (t+At) (A7)

Differentiating Eq.(A.5) with respect to the random variable aX (or interval variable b¥)

gives

[K*Jax (t+At) _oF(t+at) O[K'] Xt A1) A8)

where

o[ K] oK], 5 2M] 5 2[C] (A8)

OF (t+At) 9[M]

[5,X (1) +8,X (1) +8,X (1) ]

saf  oal
a0 0 0 g0 x)
X (t X (t X (t
+[C]{51 aafR ) +5, 6afR ) + aai(R )} (A.9)
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Similarly, differentiating Eq. (A.6) and (A.7) with respect to the random variable

af yields
oX (t+At) OX (t+At) X (t) oX (t) . oX(t)
=0, - - 0. - 0. A.10
oal O( oal oal 2 oat 7 oaal (A.10)
and
OX (t+At) oX(t oX (t OX (t+ At
E?a.R .- aa‘R ) +o 8a<R ! o E?a.R ! (A11)

Second time derivative of dynamic response (interval variable b} ) can be solved as

[K*]sz(t+At) _OF (trat) (K] (t+at)
dab; B dab; oab;

CO[K'Jax (t+at) o[ K']ax (t+at)

A.12
oaf ob) ob; oaf (Al12)
where
o| K| a[K o[M o[c
O
O°F " (t+At)
oalob,

82['\/'][50x(t)+52x +3,X (t ][M[ X(t)+562X(t)+§82X'(t)}

oa'ob) °oafbl " éafb) T oafb

+6[M]{508;((t)+528X(t)+538)'('(t)}ra[M]{5 OX(t) o X(t) aX'(t)}

ob; “eb) % ob 7 ob)

] ] ]



o*[C]
daob;

C(t X (t
)5 X W), 5 KO, 5 X0
abj oa; oa, oa,

I ax 0 ax 0+ aX O]+

—+

. . ) o -
oa, ob; ob; oa;'b; oa;’b; oa;b;

(A.14)

Similarly, differentiating Eqgs.(A.10) and (A.11) with respect to the interval variable bj' ,

the acceleration and velocity can be expressed as

X (t+at) o£6zx(t+At)_62X(t)J_§ FX(t) _ 5 X (1) (A15)

oarab! gafob!  dafobl |’ oafobl °aReb!

and

2X (t+ A 2X 2X (t 02X (t+ At
TX(r M) TR 5 OX(Y 5 TX (AL (A16)
03" ob; 0a;"ob; 0a; ob; 0a;" ob;
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