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SUMMARY

Rail transportation of both passengers and goods plays a vital and evolving role in US society and
worldwide. Particularlywith the introduction of highespeed rail in the US, new problems need

to be addressed efficiently and economically. One such issue is the effect of vibrations from rail
traffic on nearby buildings. In extreme cases, vibrations may lead structural fétigwecupant

comfort is generally the controlling issue.

Computer analysis techniques have been showe &n effective tool for examiniragvariety of
problems. In this work, we perform a couplite element and multibody analysis of vibration

in buldings due to a passing train. The model of the track, substructure, and building is constructed
in commercial finite element software, and modal analysis is performed to identify the important
vibration characteristics. This information is imported ith® multibody analysis software, which
performs a dynamic analysis of whaaleraction in the time domain. We then reconstruct the full
displacement and accelerations from the modal displacement to evaluate the vibration magnitudes

of the building.

KEYWO RDS: FINITE ELEMENT ANALYSIS, MODAL ANALYSIS, MULTIBODY

DYNAMICS, NODAL ELIMINATION, FLOATING FRAME OF REFERENCE.
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INTRODUCTION

In thefield of railway engineering, there is a rising inteiesjround borne vibrations due
to railway tradks and control methods which can be resorted to minimize it by means of various
modifications in the track structure. This thesis is focused upon quantifying the vibrations that are
produced due to passing trains on an adjacent building structure by agmgutational

techniques.

1.1 Vibrations in building:

Vibrations are generated through th&eraction of a passing train with thail track and
are transmitted to the grourahd thereby to the structusan the vicinity. Ground vibrations
induced by rdway can cause discomfort on local building occupants near rail lines. The problems
and its solutions are still not fully understood even though the current field of research is constantly
progressing. Factors such as wheel and rail roughness, propagfatiaves through sk soil
damping, vehicle speed ardynamic properties of a train greatly affect the amplitade

frequencyof vibrations that are experienced.

Along with the occupant discomfort, one maa@ncernis the structural damage in buildings
due to fatigue which can result in catastrophic failurepfosed to prolonged vibration&/hile in
most buildings occupambmfort controls, in some structures this may be a conidaencomplex

problem can be broken down into 3 steps:

1. Vehicle rail dynamic interactionwhich is the main source of vibration.
2. Transmission of vibrations from the réiack through the soil to the walls of the building.

3. Energy propagation from the foundation into the building.

1



With the adent of advanced technologgsearch pertaining to this topic is advancing given a

more concerned approach towards safety and comfort of people, and economy of design.

1.2 Rail track and substructure

The railway industry has been continuously developing new technology comingtiout
solutions to specific requirements. The traditional railway model yst@® with rails, rail pads
andsleepers laid on a track sthucture consisting of top layer of lzat, intermediate layer of
subballastandbottom layer of subgrade. The pringdunction of track substructure is to pass on
the applied loads from the moving tramthe subgrade safely as well as control water drainage.
The dynamic load is transmitted by the train onto the rail track and is transmitted to the sleepers
through thdasteners and rail pads. In order to reduce the stress in the substructure, this load should
be spread out to a large area. The wheall contact force which is due to the moving weight of
the train is transmitted from a smaller area of a fewttmough rails, fasteners arsleepers to a

larger area ofquaremeters inthe subgrade.

Rails are normally made of steahd are welded or boltetbgether The cross ties or
sleepers with the help of fasteners keep the railaoe.They are typically made efood, though
concrete ties are used in some newer applicatibmsir job is to receive the load from the rail

above and distribute it to the ballast. The sleepers also grip the entire superstructure to the ballast.

Ballast is a material made up of creghhard stones and rocks which are coeaized and

non-cohesive grains of relatively uniform gradatilaid on top of the track sgtade.lt supports



the rail and sleepers as discussed in AREMA .31 track structure consisting of rails and
sleepers isupported by this ballast layer against lateral, longitudinal and vertical forces from the

train.

To keep the track accurately aligned and in level, the sleepers are fastened to the rails and
embedded in the ballast. The rail fasteners are an integralf plagttrack structure since they help
in keeping the connection between the rail and sleepers intact and act aslapmpegs to help

absorb vibrations generated by the motion of the train.
The ballast layer has many important roles to perform:

1. Providing proper resistance to absorb shock from dynamic loading,

2. Minimizing movement of the sleeper by resisting the longitudinal, transverse and vertical
forces from the train.

3. Distribution of the load coming from the sleepers to avoid permanent settlemdat of t
track and to protect the subgrade from high stresses.

4. Assisting fluid drainage.

The sulballast forms a permeable zone between the ballast and subgrade, preventing migration

of fine particles from the subgrade to thdldst .1t also reduce stressestie sulgrade.

Sulgrade is the ind layer below ballast and sballast which provides a stable foundation.
The subgrade does undergo some strain due to constantly applied stress. The main function of the
subgrade is to support the track structure with mimm deflections. To lower the deflection, the
subgrade needs to be stiffer. This can be ensured by using techniques like compaction, in situ

densification and by providing a good drainage system.



1.3 Computational modeling of rail problems

Due toincreasing computational power, techniquese been developed to reduce the
expenses that come along with experimentation, various computer models have been suggested in

this field of rail research.

1.3.1Rail-Wheel contact theory

Many rolling contact thedgs have bee put forward to calculate thangentialcontact
forces which are expressed as a function of the relative velocity between wheel and the rail and
stiffress cee f f i ci ent s gi vi@ Mhese theoriesohduded that catcidakinde
contact forces at the wheil contact area is very important to study the dynamic performance
of vehicle track system.

Moncef Toumi et al.X) developed a thredgimensional finite element model to study the
frictional rail-wheel rolling contact with icreased spin effect in elasty with three different
analysesexplicit dynamic, implicit quasstatic and implicit moderate energy dissipation analysis.
The theory proposed in this paper affirms that shear stresses that are generated in the contact area
between wheel and the rail subjected to high pressemne of the most important factors leading
to its damage. Therefore to determine the dynamic performance of vehicle track system,
calculating the contact forces acting over this contact patchesyamportant step.

Xin Zhao (2 et al in their research emphasized on how vehicle dynamics, rolling contact
fatigue, wear and plastic deformation are affected by the rolling contact of the \Wieee).
analytical and computdrsased numerical approacheere highlighted since there were no

experimental techniques to determine contact stress under dynamic conditions. TheaNvheel



contact is traditionally divided into normal and tangential parts for study. The normal problem is
associated with the contagptitch and the pressure distribution under certain elastic conditions
while the tangential problem deals with the frictiaere the major focus is to determine surface
shear stress, also known as tangential traction. The 1sliprathe relative velocitpetween the
rail and the wheel surface was also examined. They focused more on the tangential problem and
modeledthe problem with 3D transienifte elemerg with a fine mesh at the patch to establish a
contact solution, which was verified with Hertzieontact theory. Hertz theory is amalytical
model to calculate normal forces in a contact in a simplified way.

Modeling of wheel wear helps in understanding how a wheel design behaves and enables
modification tominimizethe wear ratewhich indirectly etcreases the vehicle rail contact forces.
A reakttime analysis is possible when the finite element model is coupled with multibody dynamics
software to calculate the vehicle motion. The solutions obtained by these models have to employ
some simplificationsuch as neglecting surface roughness, which may lead to inaccurate analysis
of wear on the iigprofile. To overcome thisRovira et al.B) used a combination of rolling contact
algorithm on FASTSIM and experimental methods to solve the contact probleredsurement
of ultrasonic eflection. Here, wear is calculated bgn energy dissipation approach named T

gamma.

1.3.2Vibration propagation through soil

An extensive number of mechanisms are associated with the transmission pifocess
vibrations throup the soi) hence it is quite difficult to predict railway induced ground vibrations.
For over two decades, there have been a many studies to model the propagation of vibrations
induced by passing railways in the surrounding buildings. These models lewvdéyeloped to

determine the transmission of vibration from the tependent force applied to the track. The



vibration was subsequently quantified by studying the modal response of the track, ballast and the
substructure in time domain.

In his reseaitt, Hunt @) presented a methodology where the numerical model was
simplified to an infinitely long track with an isotropic infinite halbace and the building structure
was considered to be lumped mass attached to a spring. He suggested that thisssimglifi
process to calculate vibration spectra in the building present in the proximity of the rail.

Gutowskiand Dym(5) highlighted three origins of intricacies that have to be faced while
predicting the vibratio propagation through the soil
1. The corplexity in understanding soldehavior
2. Trouble in defining accurate soil properties
3. Difficulty in accurately modeling the vibration source.

In his research, Galvin Dominguetal(6) carried out numerical simulations using finite
element method wére two dimensional models were used to examine the impact of various soil
parameters and also the design of the building. He also explained that the study of wave
propagation through the ground is material dependent. He has described distributionuoé press
waves (Pwaves), which displace particles parallel to the direction wave propagation giving rise
to conpressions and rarefactigrend $iear wavegS-waves) where the particles are moving
perpendicular to the wave propagation giving rise to cresttramghs. Certain empirical models
concluded that softer materials such as clay are correlated with high vibrations.

To determine resonant frequencies in the gronmoh elastic modethe three determining
factors are Bi ssond6s r at i odensitEdnd geometeyof mhe gail llaers. , The
knowledge of resonaffitequencies of both soil and building would be beneficial to avoid the high

vibrationlevels



In order to bypass extreme computational resources, Georges Kour@jgsigk(to a
decoupled pproach which considered developing a coupled lumped mass model of the soil using
only finite element modeling and then studying the velfiickck dynamics separately. This model
interprets the effects of seismic wave amplification by initially performnnoglal analyses of the
building and the vehicle. It helps in studying the structural response of a building located nearby
in case the source frequenciggich can be problematic itlose to natural frequency of the
building.

In his theory Krylov (8) staed that mechanical properties of the track and parameters of
soil and train which include nonlinearity in static contact of trsmik combination are the
contributing factors wheit comes to studying the growtmbrne vibrations due to moving train.

Also the distance betweetdjacent sleepers, train speed anddisance between wheel axle and
carriage influence the landuced vibrations. Verbrakg®) employeda finite element model to

determinevibrational velocities in the building

1.4Wave barriers to reduce vibration

In order to counter the influence of vibrations on structural damage in buildircparidrt
of people inside, massessment of the effect of vibration is necessary. A parametric study of wave
barriers to reduce train induced viboa was carried out by Yeorin Yang and Hsiad{ui Hung
(20). In this study, the effectiveness of three different wave barriers, the elastic foundation, infilled
trench and open trench, is examined by different finite element schemes. It adopted a
mathematical model having a twdimensional geometry containing railway creestion, the
wave barrier and the substructure and the dynamic load of the train simulated as harmonic load in

a vertical direction. This study concluded that all three wave bahaees the potential to isolate



vibrations that occur due to high frequenicyAndersen et al11), in theirstudy, proved how open
trenches are useful in reducing vertical ground vibrations.

M.Sanayeiet al. (12) proposed a wave propagation mathematwcatiel which predicted
velocity ratios, velocities and impedances analytically. The analytical predictions were validated
with experimentally measured floor vibrations and they turned out to be sifinlaresult implied
that the upper floor vibrations de relieved by increasing the thickness of a lower level floor in
the building, which is called the blocking floor. The measured feedback of the scaled building
using different thickness slabs at the first floor and the predicted response were amalgzed,
was concluded that blocking floor has the capacity to mitigate structural vibration transmitted to

the floors above it.

1.5Coupling MBS and FEM

Multibody system dynamics is an approdbht has been growing widely in the field of
railway enginegeng. Complex problems having interconnecteddignd flexible systems are
modded using algebraic and differential equations. The multibody systems that consists of these
rigid and deformable are interconnected bint® are explained in detail in Shalaet al. (1%

This approach is extensively used in examining the interaction between rail and the wheels to
extract and calculate an important set of information in the domain of railroad dynamics. The rail
deformations and the contact forces betweenr#ileand the wheel are investigated using
multibody dynamics code.

Ebrahimi (L3) discussed the multibody dynamics for problems involving unilateral contact
between constrained and Roonstrained planar deformable bodies giving risekiteematic

relationslips contrding the behavior of contact considering effect of deformations.



In his study of unsupported sleepers in the rail track system, Recuerd 6} ak€d a non
linear MBS approach to understand the effect of sleeper loss of support on the 3ystem.
creepages which depend on the deformation of the rail were analysed here along with the system
frequencies. Kumaran et. 3f) explained diffeent methods to study the ravheel interaction
dynamics. Shabana et(4b) and Recuero et. al§) modeledhe raitlwheel contact for a moving
train using Multibody system dynamics. A new multibody system method was developed by
Rosario Chamorro et.al7) to model flexibility of the rail which was based on floating frame of
reference formulation. This formuian was incorporated with MBS code to simulate the motion
of railroad vehicles. It used shape functions which are defined in the trajectory frame of reference
to determine the deformations. To study the-wdikel interactions, coupling of finite element
method and multibody analysis has become a very useful approach. TanafESgstatlied the
rail wheel interaction dynamics on ghispeed train using a coupled finite element anltilbody
model. By using finite element method, Galvin et &) (stwlied the raHwheel interaction in
trains which travel with high speeds. Liang et @D) (used MBS approach to model the lateral
impact on trains running on ballasted track-GHandour et a21) investigated the train
substructure interaction under dyma loading by using a cougd technique between finite
element method anduttibody dynamicsThe foating frame of reference technique was used in
this research to study the effect of the substructure orwhaiél interaction. Also a bridge
approach prolem was investigated for problems due to the stiffness variation of the track from

softer substructure to stiffer foundation on the bridge.

In thisthesis we used a coupled approach between finite element method and multibody
dynamics to model the raahd the substructure belainthat can inspect the whesdil interaction

and determine the contact forces which give rise to the suhs&ubtformations. We created a
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finite element model of the track system which included the geometry as well astém@alima
properties of the rail, sleepers, fasteners, track substructure and a clvapretbuilding nearby.
The model was built in commercially available RRSYS softwareusingMechanical ANSYS
Parametric Design Language (MAPDL). Modal mass and st#fiesa is then extracted after
performing modal decomposition on the model and this is then imported into a multibody software
SAMS. The multibody system code is used to simulate the moving train over the rail structure and
study the contact forces thaeagenerated due to this interaction using a contact algorithen.
floating frame of reference technique was used to formulate the forces in the simulation driven by
multibody code. The FFR technique formulated by Shabana Eb)arfalysethe dynamics ba
multibody system which undergoes small strains and large relative rot&temesin this research
the techniques adopted by-Ghandour et aldl) were used but they were further extended to
calculate the nodal displacements and nodal acceleratmmstifie corresponding modal values.
Later, the strains and stresses were also determined in the substructure.

The order of the chapters and a brief description of the content preseistas ifollows:
Chapter 2 discusses the creationioité elemenmodel of the rail, substructure and the building
in Mechanical ANSYS APDL. Chapter 3 outlines the modal analysis performed on the model to
extract modal information. Chapter 4 discusses the multibody dynamic analysis and formulations
used in this systenChapter 5 explains how the results are reconstructed back into the finite
element software after calculating it in MATLAB. Chapteartalyz2sa numerical example and
the results obtained for the analysis and finally Chapter 7 summarizésetii® and suggpts

directions forfuture work in this research.
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CHAPTER 2

FINITE ELEMENT MODEL

Thefinite element method is one of the most effective methods for solving the differential
equations associated withany problems on complex geometries. klfs perform complex
engineering analysis and provides a useful computational tool as it réteiceed to teshultiple
scenariogor experimenting owlifficult prototypes in indefinite situations. The power of this tool
can greatly reduce the cost tietproject. The finite element method is capable of producing
extremely accurate results to many engineering probleitis complex geometries, material

properties and boundary conditions
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Figurel: FE model of the entire kaistem with an adjacent building structure
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2.1GEOMETRICAL DIMENSIONS & MATERIAL PROPERTIES

In this research, the threkmensional finite element model of the rail along with the
adjacent building structure is being built in @mamercial software package ANSYS-MPDL
(Mechanical ANSYS Parametric Design Language). With this finite elestdtware package,
we build a ® model of the rails, sleepers, fasteners that connect them together and the substructure
beneath the rail assily including the ballast, subballast atheé subgrade .We also model a two

story concrete building in the vicinity of the rail system.

The rails and the sleepers are modeled using three dimensional beam elements (BEAM
188). The three sutrsicture layers oballast, suballast, the subgrade and the concrete building
are all modeled using-Bode hexahedral brick element (SOLID185). Spdagnper elements
(COMBIN14) are used to model the fasterems rail padshat connect the deformahiail with

the sleeper and helgase off the deformation between rail atekpers.

8-node brick elements tend to be stiff in bendingahdn usindull integration schemes,
t he materi al behaves badly f or.Hdwevgrleraployingoi s s or
selectve reduced integration asbar methods reduchear locking and volumetric lockinghe
20 node brick elements are noffaeorablefor dynamic analysisA generamass matx is difficult
to generate. Soaturally, to reduce the computational time andigvcomplications in the analysis
since we have elastic material properties, we preferstéo8i1node brick elements with three

translational degrees of freedom associated with eaat nod



13

The modal damping edficient values used for this model was 8%this roughly reflects
the damping in the soil that dominates the geomdttnwas concluded &t keeping the modal
damping cefficient to a minimum of 3%also gives better results arukttercancels out wave

reflection effects over a model where theraasmodal damping.



The material properties and dimensions are described briefly in the table given below:

TABLE I: Finite element model dimensions and material properties

Description Value Unit
Length of the rigid rail 3 m
Length of the flexible rail 21.6 m
Gauge length 1.5113 m
Stiffness of the rail 210e9 N/m?
Density of therail 7700 kg/m®
Poissonds ratio of the 03
Crosssectional area of the rail 64.5e4 m’
Second moment of inertia of the rayjly 2010e8 m'
Second moment of inertia of the rédlz 326e8 m'
Timoshenko shear coefficient for the rail 0.34

Length of a sleepdrength 2.5 m
Gap between sleepers 0.6 m
Stiffness of a sleepers 64e9 N/m’
Density of asleeper 2750 kg/m’
Stiffness coefficient of a pad 26.5e7 N/m
Damping coefficient of a pad 4.6e4 N.s/m
Poissonds ratio of a s 025
Crosssectional area & sleeper 513.8e4
Second moment of inertia of a sleeper 18907e8 m'
Timoshenko shear coefficient for a sleeper 0.83

Stiffness of theballast 260e6 N/m’
Density of the ballast 1300 kg/m’
Poi ssonds ratio of t h 0.3

Stiffness of thesubkallast 200e6 N/m’
Density of the subballast 1850 kg/m’
Poi ssonés ratio of th 035

Stiffness of thesubgrade 200e6 N/m’
Density of thesubgrade 1850 kg/m’
Poi ssonds ratio of the 035

Ballast depth 4.8 m
Subballast depth 0.5 m
Subgrade depth 0.5 m
Density of the concrete building 2500 kg/m’
Poi ssonb6s ratio of the 025

Stiffness of the concrete building 31e9 N/m?
Height of the building 8.2 m
Width of the building 7.2 m
Perpendicular Distance between rail and building 9.15 m

14



15

2.2 BOUNDARY CONDITIONS

1 As the sleepers, modeled using me@lements are connected to the solid brick elements, the
torsionaldegrees of freedom associated with them are constrained.

1 The beam elements have six degrees of freedom: 3 tranaladiweh 3 rotational while the 8
node brick elements have 3 translatiodagrees of freedom at each node. Therefore the
rotational degrees of freedom of the nodes common to both of them are constrained to maintain

connectivity and avoid floatingedundant degrees of freedom.

Figure2: A front vew of the FE mesh model for 3 different laybadlast, subballast and the sgtade made up of
solid brick elements.

1 The rail track is divided into two sections: the rigid section and the deformable section.
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Figure3:3D view 6the FE model of the rail and sleepers showing transition from rigid to flexible.

1 Though the Kure(3) may appear to show meshing on the flexible rail, they are maui¢hed
beam elements as shown iigre (4)
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Figure4:3D view of the beam elements used for rail, sleepers and damper springs.
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Figure5:Top view of the FE model of the rail

1 The rigid section is designed to form a trackobefand after the deformable part of the rail. It
has all its degrees of freedom constrained. It is done to avoid the initial sudden impact of the
wheelset which is dropped from a small distance initially andravanted sharp noise in the

analysis at theeginning of the simulation.

Figure6: Front view of the FE model of the rail

Figure7: Side view of the FE model of the rail

1 Building a section of rigid rail before and the after a flexible railigsssmooth transition and

avoids very large rail deflections initially.
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The substructure is constrained on all sides in the longitudinal direction to avoid out of plane
motion.

The bottom side of the subgrade is fully fixed and constrained for alleegfdreedom to

make sure it is consistent with the physloahaviorof the soil and its attachment with the hard

rock below it.

The common nodes between the beam elements of the rail and the spring elemeéhtsrave
rotational degrees of freedom ctmagned for torsional movement since the vertical load of the
train doesndt contribute much to the trackads
the railway.

Also, the remaining two rotational degrees of freedoms for these common nodes are
constrained to ensure smooth motion of the rail at these connection points. The fasteners

largely constrain this movement.
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Figure8:3-D FE model of the building structure

1 A two storybuilding structure of height 8.@eterswith 7.2 m x 7.2 m length and width is
made of concrete. The FE model of this structure is built usingd8 bock elements with
threetranslational degrees of freedom at each of its :ode

1 To ensure that the model is realistic; the span of beams, heigbluains and dimensions of

slabs constructed at each level meet the structural design norms of an actual building.
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Figure9:FE model of Foundation wall of the building made up of concrete

Figure10:3-D FE model of the building struce with the foundation and sulbgde surrounding it
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