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Abstract

One very important issue is the need sanificant improvement of railways passing over areas of
poor soil conditions due to continuous aiehation and a low bearirfgpom the ballasted foundation.

One general problems happened under substructuverdical settlement and lateral settlementhef

layers. In order to minimize these problems enhancing the bearing capacity of the subgrade soils can
be the major solution. The subgrade soils is known by poor bearing capacity, high plasticity and high
swelling factor. It is called black cotton soio, the bearing capacity of the soils can be improved by
geotechnical ground improvement. Hence, geogrid reinforcement is used as a method of improving
the performance of the railway tracks. Therefore; geogrid is reinforced in between Ballast-and sub
ballast to minimize the layers vertical settlement and to minimize track lateral spreading of the
materials ABAQUS software package is used as a tools in aiadythe finite elementodels of a

half of ballasted railway structures. Hencenadel embankments were simulated numerically using
finite element procedures. Further numerical simulations were then performed on ballasted
embankments reinforced with and without geogrid to model accurate ballasted track conditions and
the effects of cdimement on performance. The numerical simulations demonstrate that geogrid
reinforcement effectively decreasertical settlement anohcrease lateral confinement of a ballast

embankment.

The results suggested thatrtical deformation of ballasted rady is reduced by.7.7%0, when
geogrid is reinforced in between ballast and-ballast, andiue to the reinforcement of geogrid on
ballasted track the latdrdeformatiorof the track was rather stabilized30.8%6. The use of geogrid

in ballast stabilizaon could demonstratdo a sustainable solution for a common and expensive

problems of poor subgrade soils.

Keywords: ABAQUS, GeogridBiaxial Geogrid cross machine direction, machine direction, and

Finite element method.
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CHAPTER ONE

1. INTRODUCTION

Railway is one of the modes of transportation which is increasing in Ethiopia at recent period. Its
purpose of a modern railway is to provide economical and comparatively rapid transportation. To
achieve this, the railway track structure has to providaf@ @nd stable platform under severe
vertical and horizontal alignment constraints. Therefore, it is important to identify the specific
roles that each different component plays and how they combine and perform as an entity. There

are two classificationsfaailway track. These are: Ballasted track and Slab track.

Ballasted track is a layer of broken stones, gravel, and any other granular materials placed and
packed under and around the sleeper for distributing load from the sleepers to the formation.

Whereas slab truck is constructed from concrete or from reinforced concrete.

1.1Background of the Study
Different kinds of infrastructures are distributed in Ethiopia. Among these infrastructures, the
construction of railway is one of the major types that apaeding through Ethiopian country.
Now in our country the construction of railway track is started by calling National Railway
Network from ballasted track with a total length of 2046km and 34 km Light Rail Transit system
for the capital city of Addis Aldaa. This railways will accelerate to sustain social and economic
development of EthiopifERC].
Before distributing such like construction; it is necessary to give a care for all works prior to start
its building. Since, every activity is done on ground, knowing of the ground condition (properties
of the soil) is the major one. Hence, this is thegydfigeotechnical engineer that give a care during
investigations and route selections.
This thesis concerns on ballasted railway truck. This ballasted rail truck probably build from soils
and aggregates. Railway swsdructure tracks (rails and sleepease normally placed on a sub
structure that consists of two or more layers of different materials. The top layer (below the
sleepers) is a layer of railway ballast. Below the ballast there might be layers-lodiEdd, a
formation layeand the subgrad(natural soil). Herdigure 1.1 below shows that the cresection

of the railway structures.
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Ballast

Sub-Ballast
r/
/

Figure 1.1 Component of railway crassctiondHuan Feng]

Ballasted railway is selected material because it is easily constructed and economical than slab
track. It supports the track structure such as the rails and the sleepers against vertical, lateral and
longitudinal forces from the trains. Conventional bstlis a coarssized, norcohesive, granular
material of a uniform gradation. It should be strong, ‘veedring, stable, drainable, easy to clean,

workable, resistant to deformation, easily available, and reasonably cheap to purchase.

Hence, increasing ¢hstrength and stability of ballasted railway materials by using geotechnical
improvement method is necessary. The rail track should be designed:

V To resist large repeated train loadings and provide protection to subgrade soils against
both progressive shetailure and excessive plastic deformation.
V To account for the deterioration of ballast due to breakage and subsequent implications

on the track deformations.

In order to have the above requirements, the potential use -@lygéeetics in the improvemen

of track stability and reducing the maintenance cost is well established. The research is very
necessary particularly for area ballast underlying of soft soils and difficult to treat and replace it.
So, the applications of ground improvement method sy &ax improving rather than replacing
them.

To deliver this broad variety of geotechnical functions,-g@tthesis have been established in
mass of forms and material combinations. These includeygés, geotextile, geaets, gee

composites, gemembraes and geaells.

Among all types of Gegynthesis material8iaxial geaqgrid is selected because of the ggml

reinforcements performs the following functions:
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U It provided internal confinement (lateral stability) to the ballast layer, thus improving its
vertical stress distribution characteristics.

U Confinement was achieved by the gga restraining the lateral and vertical deformation
of the ballast layefindraratna, B. & Nimbalkar, S]

U Create a rigid platform where horizontal shear strains and vertical settlements are
controlled and minimized.

U Increase the bearing capacity and the load distribution by enlarging the foundation slip
failure line, thus reducingertical stresses,

U Provide a god dainage.

The potential use of gesynthetics (i.e. gegrid) in enhancing the performance of ballast under
repeated loading analyzed using a FEA. A plane strain finite element analysis by ABAQUS is

carried out and used btbtain the optimum location of gasgnthetics in railway track substructure.

The primary objectives of this research is to enhance the performance of ballasted materials in
minimizing of the vertical settlement and lateral deformation of the ballastskyting of gee
synthesis material called g@pid. Literatures have been carefully reviewed and preliminary
analysis were performed for typical sections of Addis Ababa railway networks using finite element
method with the software ABAQUS.

ABAQUS is a sute of software for finite element analysis (FEA) is known for its high
performance, quality and ability to solve more kinds of challenging simulations than any other
software.This analysis is comprised for ballast embankment reinforced with or withogfrigks.
Finally, their result model were compared to show the function of improvements and

recommendation is given to it.

1.2 Problems of Study

The ballast layer is a basic constituent of the traditional track construdtioashe selected
crushed grarnar material placed as the top layer of the structure in which the sleepers embedded
to support the rails. So that to resist the load applied by train the quality of Substructure materials
are very necessary. But, some subgrade soils may not fit tostesiskinds of load which applied

on it. Specially, poor subgrade soils. Hence, this paper concerns for the railway track passing over

poor subgrade soils. Poor subgrade soils known by less bearing capacity, high vertical settlements,
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high liquid limits aml less modulus of elasticity. Due to the failures of these subgrade soils, when
load is applied on the upper layer, it highly start to affect thdaydring of ballast. Hence, the

railway substructure start to deform beyond the permissible settlena¢etally the material start

to spread and the effects of differential settlement can be happened on the rail. As the results of
these problems the effect can happen on the upper layers of the strata. These problems ae: Braking
of the sleeper, misalignmeat the rail, rotting of the sleeper failing, highly deformed of subgrade

beyond allowable settlements and etc. are caused on the railway track

I. Braking of the sleeper,

Figure 1.2. Sleeper brakirgg old railway found at Dire Dawa

ii. Misalignmentof the rail,

Misalignment

N “
&P

Figure 1.3 misalignment of radlf old railway found Adama

iii. Rotting of sleeper are failing.

Figure 1.4. Rotting of the sleeper failinfgl railway found Adama
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Therefore, this research concerns on poor subgrade soils that found in our country called Ethiopia
which are found in Addis Ababa along ASMERA Road construction site. The soil mass structure
is easy to be deformed under external force. Mostly it is exyaasil with soft plasticity and low
bearing capacity. It is recommended to calculate the bearing capacity and sedimentation of the
layer in design for the purpose of checking and to remove and replace the layer with other fill.
Hence, according t€hina hternational Engineering Consulting Corporattbhese layer should

not be directly used as filling materials. It is suggested that crushed stone be used for replacement
filling. But, rather than replacing the layer with other fill, using the applicatiogrodéind
improvement is the necessary one i.e. treating the soil rather than replacing them by geosynthesis

material called geogrid.

So that, in order to minimize these problems reinforcing the ballast materials with welded biaxial
geogrid material is selead on this thesis as a primary solutions. Welded biaxial Geogrid is a type
of polymer geosynthetic usually placed between the layers to provide additional confining pressure
and strengthen the ballast due to interlocking with surrounding ballast agglegatiscussed

on topic 2.6.

1.3.Objective of the Study

1.3.1. General objectives
U Toinvestigate the performance of geogrid reinforcement in minimizing the rate of settlement

and to stabilize the tracks lateral deformation encountering on a weak foundatioof soils

ballasted rail track geometry.

1.3.2. Specific objectives
U Analyzing the settlement versus stress on the subgrade of the track due to the

reinforcement of geogrid on ballasted rail track.

U To give the Comparison of the total deformation on subgrade betweenforced and
reinforced ballasted track.

U Compare the stresdrain distributed on Subgrade layer for both unreinforced and
reinforced.

U The consequence of this research should provide awareness into future design methods

for Railway Company and designers.
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1.4.Scope and Limitation of the Study
The performance of the ballasted railway track can be improved by many geotechnical ground
improvement methods. But, in this research; it is limited tegyehesis materials called geogrid.
Geogrids is selected becauskits functions. To analysis the case study of Addis Abeba project,
finite element analysis of static method is carneed by using a software called ABAQUS. The
data are from Ethi®jibouti Railway Project and Addis Abeba Light Rail Transit Project
Company abng the directions of Asmera Roddnly a station which have a less bearing capacity
or soft subgrade is selectebinmediate settlement is a major problems happenmette ballasted
materials because of the materials majority is an aggrédaalynamic load is not considered in

this thesis; rather only static loads with its dynamic effect is considered instead.

1.5.Methodology
To understand the problem of railway foundation, first literature on railway foundation is
reviewed. Specially, Subgta is considered, because of it is the main part of the railway which
carried the loads of the track and sustain the loads to come up on it. Hence, usggtgesis
material improvement called geogrid the analysis of railway ballast is done by usifizares
called ABAQUS. Only geogrid reinforcement is done in between Ballast andélaist. The
physical characteristics and technical specifications are listed by tables. While doing this, manuals
and any publications are reviewed. The data sourcefrareEthiopian railway Construction
Corporation, Addis Ababa Light Rail Transit Project Company along the directions of Addis
Ababa and American Railway Engineering and Maintenance of Way Associations (AREMA)

manual. Generally the procedures are:

+ Literature reviewing and Data collecting,

+ Modelling and finite element analysis of the ballast with or withoutgyeab material
using a software package called ABAQUS,

+ Considering the results of finite element analysis of the track section unreinfocted an
reinforced with geqyrid.

+ Checking of the Subgrade settlement and giving of a conclusion and recommendation.

Initially, a literature survey from different books, papers and thesis on the topic are done. This
serves as a good plat form to begin and &dhe thesis properly. Then, all characteristics of the

materials at the specific location are collected as input data.
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Furthermore, the basic Static material properties, Load applied on it are modeled by employing
the linear elastic model. The measurethdeom the site investigation carried out are incorporated

in the model. The basic soil parameters and others are determined to be used in the subsequent
steps.

Later, accurate condition is abstracted and a model of the layer system is produced afiteslis ¢
out a layer with and without geogrid reinforcement cases. This is the most important step in the

thesis and serves as a bridge between the input data and the FEM analyses.

A FEM programABAQUS is used to analyze the problem. Models are developedimnudated
in ABAQUS to perform 3D complex analyses. From the analysis, displacement values for different

cases are determined as major output. Finally, comparisons and conclusions are drawn.

1.6.Organization of the Thesis
The thesis is organized in the faNing four mainChaptes.

Chapterone introduces ballasted railway, problem of study, objective, limitation and scope of the
study.

Chaptertwo presents the literature review giving an overview about ballasted track geometry,
properties and load applied on it. The applications of geosynthetics in railroad tracks also critically

reviewed and discussed.

Chapter two describes the general overvie of the thesis, gives a picture of the

study area, FE properties of ballasted materials, how to modeling by ABAQUS, step of analysis.
Chapterfour refer with the discussion results and parameter study of the analysis.

Finally, Chapterfive summarizes thmain findings of this research study; conclusions have been
made based on the result of the FEM analysis. Eventually, recommendations have been made for

further research.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1 Introduction
Ballasted rail track is one of the types of railway. A ballasted rail track is categorized by two main
divisions of components: the superstructure and the substructure. The superstructure comprises the
rails, fastening system and the sleepers. The suhstewzovers the ballast, the shallast and the

subgradg¢Cho Ching Joe Kwan]

The coarse strata on a railway track generally consist of an upper ballast layer comprised of large,
angular particles (typically 2060 mm) and a lower layer of capping makresembling road

base. The main functions of the ballast layer are to control the stress intensity projected onto the
weaker subgrade, to decrease the frequency of track maintenance by minimizing track settlement
and sleeper movement, and to promotedrapainage via the large pore struct{irelraratna, B.,
Lackenby, J.]

RAIL

VFASTENING SYSTEM

: SLEEPER)|

ey e Ty > Vo
RS ARV W8 IS YIS
RS AR O T TOM BALLAS T

e

|SUBBALLAST]

& BALLAST

[PLACEDSOIL (FILL)
NATURAL GROUND (FORMATION) ]_X’

|SUBGRADE (PLATFORM) |

Figure 2.1 components of a ballasted rail track structure (transverse sighktstim) Kennedy]

2.1.1. Rall

The rails are the only part of the track component that comes into direct contact with the train. The
main purpose of the rails is to guide train wheels. These longitudinal steel members must have
sufficient stiffness to transfer the concentrated whealdoanto the sleepers with minimum
deflection between sleeper supports. Hence the rails must be of certain dimensions and profile.
The profile of the rail coupled with the profile of the wheel has a significant bearing on the ride
quality [Cho Ching Joe Kwa.
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2.1.2. Fastening

The fastening system acts as a means of retaining the rails against the sleepers. The general
functions and requirements of the fastenings asbsorb rail loads elastically and transfer them

to the sleeper. The fastenings must be able to help the rails resist any vertical, lateral, longitudinal
and overturning movements. The fastenings are also an aid to damp traffic vibrations, prevent or
reducerail/sleeper attrition as well as providing electrical insulation for track sig@als Ching

Joe Kwan]

2.1.3. Sleeper

The general functions and requirements of the sleepers are to receive the rail loads and distribute
them over the ballast. The sleepelsoaact as a restraint against any lateral, longitudinal and

vertical rail movement through anchorage of the superstructure into the ballast. The sleeper must
also be resistant to mechanical wear and weathering. The two most common types of sleepers are

wood and concrete sleepg@ho Ching Joe Kwan]

2.1.4. Ballast

Ballast is a crushed granular material placed as the top layer of the substructure in which the
sleepers are embedded. A wide range of ballast materials can be found on the tracks, such as
dolomite, rlyolite, gneiss, basalt, granig artzite limestone, slag and gravel. The typical ballast
material is gravesize with most particles between 6 and 64mm diameter. The voids in the ballast
layer provide essential drainage of water falling onto the tradkadso allow the maintenance
requirement of rearranging ballast particles to adjust track geofdestin Kennedy][Indraratna,

B, Rujikiatkamjorn]

The engineering behavior of ballast have a key role in governing the stability and performance of
railway trackg[Indraratna, B, KhabbazBallast is the largest component of the track by weight

and volume. The thickness of the ballast should be suclh#naubgrade i®aded as uniformly

possible Goodquality railway ballast should have angular particles, high specific gravity, high
shear strength, high toughness and hardness, high resistance to weathering, rough surface and
minimum hairline cracks, gakbearing capacity, good drainage capacity, and suitability for pacing
[Justin Kennedy][Chaitanya Calla] The main functions of ballast are to distribute the load from
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the sleepers, to damp dynamic loads, and to provide lateral resistance and ragdedrai
[Indraratna, B, Khabbaz]Cho Ching Joe Kwan]

2.1.5. Sub-ballast

Subballast is the granular layer of material separating the ballast and the subgrade and generally,
subballast materials consist of broadly graded sgwael mixtures or broadly gradedushed

natural aggregates or slags. The-babast layer further reduces the stress at the bottom of the
ballast layer to an acceptable level for the top of the subgrade. Another important function of the
subballast layer, is to act as a separator andgureinterpenetration between the subgrade and the
ballast. By acting as a separator the-baltast layer prevents the upward migration of fine material
emanating from the subgrade, the attrition of subgrade by ballast and can provide drainage of water
either flowing to the subgrade form the ballast or vice vgraatin Kennedy]JCho Ching Joe

Kwan].

2.1.6. Subgrade

The subgrade is the foundation for the track structure and it can either consist of the existing natural
soil, which is most likely to be a fine gnad soil with silt and clay components, or placed fill. The

main function of the subgrade is to provide a stable foundation for the track structure. Therefore,
the subgrade has a significant influence on track performance and maintenance. The strength and
stiffness of the subgrade ultimately dictates the amount of load that can be applied to the track and

consequently controls the required depth of overlying granular mafduaatin Kennedy]

Table 2.1 Global requirements for the saddlast and subgradayer[Ngo, Ngoc]

Parameters Required values
Sub-ballast Subgrade

California Bearing Ratio(CBR)[%0] >25 >5

Ev2 [MPa] 100 35

Compaction through Proctor[%] 100 97

Maximum deviation from design subgrade profile [m1 .1 <10
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2.2 Geotechnical Properties oBallasted Track

2.2.1. Physical Properties of Ballast

The physical properties of ballast are largely accountable for successful ballast performance in the
field. They can be divided into two categories. The first group is concerned with the properties of
individual particles, durability test, and shape and surface examination before the ballast can be
declared suitable. The second category considers the physical properties of ballast particles that
are in contact with each other, but not influencing deformalibase properties are permeability,

void ratio, bulk density and specifigavity [Indraratna, B, Khabbaz]

The specific gravity and bulk density of the ballast are two properties that play pivotal roles in ralil
track safety. Bulk density is a functiontbg particle specific gravity and the void rdtiedraratna,

B, Khabbaz] It has been shown that the higher the specific gravity of the parent rock, the greater
the holding capacity of the ballast and the lower the degradation. The lateral stabilityeaf cu
tracks, which is essential for track safety, can be improved by the use of ballast with high specific
gravity. The bulk density and specific gravity control the stability of the track, and should be
maximized without significant reduction in drainafjedraratna, B, Khabbaz][The Specific
Gravity of the ballast was determined in the same way as the Kaolin clay, by dividing the mass of
dry ballast particles in a large steel container by the mass of desired water displaced by the dry
ballast particles. fie test was repeated eight times for repeatability and to enable a representative
sample of the large ballast particles to be teghestin Kennedy]

2.2.2. Mechanical Properties of Ballast with its Failures

Three important aspects of mechanical propertiesltddi, namely shear strength, settlement and
degradatiorjindraratna, B, Khabbaz]

A. Shear Strength

When soils at high stresses and rocks at low normal stresses are testelih@ansghear strength
response is obtained. Hence, one value set of cohesion intercept c, and the angle of shearing
resistance, cannot be used to represent accurately the fnkelopes corresponding to the entire

range of stress¢bdraratna, B, Khabbaz]

This nonlinear shear strength envelope is represented by the following equation:
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- a— P
Wherd ds the uniaxial compressive strength of parent rock is determined from the point
load test, m and n are dimensionless constatissthe skear strength at failure, ande is

the effective normal stregmdraratna, B, Khabbaz]

B. Ballast Degradation

The main causes of ballast degradation are excessive repeated loading and vibration, temperature
and moisture fluctuation, and impact load orllast due to severe brakingndraratna, B,

Khabbaz] The degradation of ballast can be lowered by:

using a finer grading (reduced D50),
choosing a ballast with as low production of fines as possible if there are options,
avoiding coarse grained rocks,

always using the ballast that has the lowest Los Angeles abrasion value,

® a0 T p

Not using tamping more than absolutely necesgaoar Nalsund]

C. Ballast Fouling

The life and performance of the railway track is very much dependent on the ballast layer. The
ballag layer is subjected to deformation and degradation during traffic loading. Various sources
of ballast fouling have bed@ho Ching Joe Kwan]

+ Ballast Breakdown.

+ Infiltration from ballast surface.

+ Sleeper wear.

+ Infiltration from underlying granular layers.
+ Subgrade infiltration.

2.3Load on Ballast
The forces imposed on the track structure could be classified as mechanical (both static and
dynamic) and thermal. Types of forces and their sources are: a)Satadbads induced by the
selfweight of the vehicle and reaction forces in curves, b) dynamic loads resulting from track
irregularities such as differential settlements in the ballast bed, corrugations, discontinuities and

welds and joints together with vehedllefects, c) thermal loading due to temperature variations in
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continues welded rajlonescu, DanielaJhe forces acting on the railway track structure can be

classified broadly into:

2.3.1. Vertical Forces
2.3.2. Lateral Forces
2.3.3. Longitudinal Force$Chaitanya Callg][lonescu, Daniela]

.....

Figure 2.2 Types of Wheel Load distribution in trafReo Ching Joe Kwan]

2.3.1. The Vertical Force
It is the combination of a static load and a dynamic component superimposed on the static load.

The static load is the dead weight of the train and superstructure, while the dynamic component,
which is known as the dynamic increment, depends on the pagdsand the track condition
[Huan Feng] Vertical forces act perpendicular to the plane of the rail and the actual direction

depends on the track level and grfideaitanya Callg][lonescu, Daniela]

For the purpose of design, the sleepaltast contacpressure is generally assumed to be inform

and is given byquationHussaini, Syed Khaja Karimullah]
Pa="@ — (2.2

Where R =average contact pressuge,= maximum rail seat load, B= width of the sleeper.

L= Effective length of the sleeper supporting the load g, &factor depending on the sleeper

type and track maintenance.
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2.3.2. Lateral Forces

A lateral forces agberpendicular to the direction of traffic. Principal sources are the lateral wheel
force which is due to lateral friction force between wheel and rail and force of wheel flange pushing
against the railChaitanya Calla]The sources of lateral forces iretltbaded track condition is as
follows: (a) on straights, the lateral component of dynamic force due to geometry deviation; (b) on
curves, the addition of necompensated centrifugal forces; (c) wheel flange contact against the
outer rail in curves; (d) osswind action for both straight and curved sections. Over all, the lateral

forces are more dependent upon the track curvature than the vehicl¢lepegcl, Daniela]

2.3.3. Longitudinal Forces

These forces are applied in direction parallel to the railscande caused due to: (a) braking or
accelerating of the train, (b) thermal expansion and contraction of the rail, (c) track creep, (c)
temperature effects, especially in CWR triiCkaitanya Callg]lonescu, Daniela]

2.4. Track Settlement

Railway track willsettle with repeated traffic loading due to permanent deformation in the ballast

and underlying soil. Hence, Traffic loading is the main cause for settlement and the intensity is

often governed by the quality and behavior of ballast;tmllast and theubgrade[Cho Ching

Joe Kwan]

Settlement occurs when stresses exceed the yield limit of the ballast and settlement can be

accumulated and it is possible to model sleepers hanging from tf@hailanya Calla]

Generally, Track settlement occurs in twojonatageg Tore Dahlberg.

1. Directly after tamping, when the track position has been adjusted to a straight
level, the settlement is relatively fast until the gaps between the ballast particles
have been reduced and the ballast is consolidated,

2. The secondstage of settlement is slower and there is a more or less linear
relationship between settlement and time (or load). This phase of settlement is caused by
several basic mechanisms of ballast and subgrade behavior:

+ Continued (after the first phase) volunmeduction, i.e. densification of the ballast
and sub ground, caused by particle rearrangement produced by repeated train

loading,
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+ Subballast and/or subgrade penetration into ballast voids. This causes the ballast
to sink into the sulballast and subgradené the track level will change
accordingly,

+ Volume reduction caused by abrasive wear. A particle may diminish in volume
due to abrasive wear at points in contact with other particles, i.e. originally
cornered stones become rounded, thus occupying less spac

+ Inelastic recovery on unloading. Due to mislgp between ballast particles at
loading, all deformations will not be fully recovered upon unloading the track. In
this case the permanent deformation is a function of both stress history and stress
state,

+ Movement of ballast and subgrade particles away from under the sleepers. This

causes the sleepers to sink into the ballast and subgrade.

2.4.1. Factors affecting the Settlement of Ballast

Under induced traffic loading, railway ballast aggregates experience numerous micromechanical
processes i.e. slip, sliding, rotation and rolling take place which eventually leads to deformation.
There are various factors governing ballast deformation wstalier loading conditions. These are

loading amplitude, frequency, and number of load cycles, confining pressure, particle breakage,

pore pressure and characteristics.

2.4.2. Settlement Model
The expression of track settlemgninder repeated loadings expressed in thflerm [Cho Ching

Joe Kwanj
y=v(1—e™)+px 2.3

Wherex = loading of the track either expressed as a number of load cycles or as tonnage carried
by the track (see Figure 2.3). The cdemsandant s

long term settlement behavior.

0]
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Number of cycles, or tonnage x

y= 5+6x

Settlement

-
<«

Figure 2.3 Track settlement as function gho Ching Joe Kwan]

2.5. Effect of GeoSynthesis on the Performance of Biasted Railway

One of the promising approaches to improve the track performance is to reinforce the ballast with

geosynthetics. Once in place, the ggiad-reinforcement offers the following major benefits to

the rail industry:

\Y

\%
\%

It holds the ballast in place by restraining its lateral movement thereby preventing the
track settlement and rail misalignmgRussaini, S. K Karimullah]

It increases the confining pressure on ballast thereby reducing particle degradation that
helps mantaining the ballast angularity and track shear streifigissaini, S. K
Karimullah]

Increased ballast life (life cycle cost savingsREMA, 2010].

Reduced roadbed thickness (initial cost savjAqJEMA, 2010].

Transfer the load to subgrade like a slatoac

However, the effectiveness of reinforcement in providing the above mentioned benefits depends

on the level of interaction between ballast and geogrid. In such a situation, the desiigst

interface shear strength could be treated as a meagheeadjility of geogrid to inhibit the lateral

spread of particles; thus, providing guideline about its suitability as reinforcing material for

stabilizingballastHussaini, S. K Karimullah]

2.6. Geogrid

A geogrid is defined as a geosynthgtiormed by a regular network of tensile elements with

apertures of sufficient size to allow stril@ough of surrounding soil, rock or other geotechnical

materials. Geogrids are principally used for reinforcement purposes, they can also help to provide

effective separation between two soil and granulalajlersiAREMA, 2010].
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Geogrids are polymeric products formed by joining intersecting @bsgrids are mainly made

from polymeric materials, typically polypropylene (PP), high density polyethylene EjBRd
polyester (PET)They have large open spaces also known as "apertures”. The directions of the ribs
are referred to as machine direction (md), orientated in the direction of the manufacturing process

or cross machine direction (cmd) perpendiculahtomachine direction ridqgvww.naue.com]

—~————————— (md) machine direction ribs J—* 1

Junction

A

PR

<+—— (cmd) cross machine direction ribs

Figure 2.4 Geogrid definitiojwww.naue.corh

They are manufactured as either biaxial or uniaxial. Biaxial geogrids are those that exhibit the
same strength in both machine and cross machine directions while uniaxial geogrids exhibit the
primary strength in the machine direction with minimal strengiiough to maintain the aperture

structure, in the cross machine directiamvw.naue.com]

Biaxial geogrids are primarily used in base reinforcement applications, while the uniaxial geogrids
are often used in the other markets. These are applications aiengineer is trying to improve

the performance of a gravel base over poor $ailgnv.naue.com]

Geogrids are used under parking lots, airport runways, gravel construction roads, highways, dam
levees and railroad tracks. The geogrid used in this studyptoriented geogrid that is made of
polypropylene and manufactured by extrusion and biaxial orientation to enhance its tensile
properties. It is generally used for soil stabilization and embankment reinforcement. This geogrid
has high tensile strengthigh elastic modulus, and strong resistance to construction damage and
environmental exposure. With its large apertures (>25 mm), this geogrid provides strong

mechanical interlock with coarse ballast grdinglraratna, B., Mohamed A]

The size of Gearid is taken from the recommendations of AREMA section 10.6 accordingly;
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Size: The aperture size of gayid does not exceed the average (D50) particle size of the fill
material being used when reinforcing at the-ballast layers. For ballast layers treewf a larger
aperture gegrid (greater than 1.7 inches (143 mm) almost always leads to optimum performance,
irrespective of the particle size of the ballast as research said.

Welded biaxial geogrid is used among types of geogrid. Because it hasleeniplfunctions
[Amir Shahkolahij

V Higher pultout resistance is mobilizedue to its structured flat bars and strong
junctions than woven geogrid, extruded geogrid etc.,
V Has higher stiffness in all directions,

V Has higher stiffness, torsionagidity/aperture stability, higher interlocking effect and low
installation damage than others
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According to AREMA the physical properties of Ggad used in Track stabilization is as follows

[AREMA, 2010]

Table 2.2 Physical Properties fdseogrid used in Track stabilizatiofSREMA, 2010]

Properties Test Method | Units Minimum Value | Minimum Value
(subballast (Ballast
reinforcement) Reinforcement)

Aperture Size| Direct Inches(mm) 0.7-1.60 1.702.50

(Min-Max) Measurement (17.840.6) (43.263.5)

Open Area Direct % 70 75

Measurement

Rib thickness ASTM D1777 | Inches (mm) 0.05 (1.27) 0.05(1.27)

Junction thickness | ASTM D1777 | Inches(mm) 0.16(4.0) 0.17(4.4)

Aperture  stability | Us Army | Ib-ft/deg (kg- | 0.47 0.419(5.8)

modulus @ 20cm | Corps of | cm/deq) (6.5)

kg Engineers

Flexural rigidity | ASTM D1388 | (Ib-ft) 0.0542 0.0335 (450,000)

(Machine Direction) (mg-cm) (750,000)

Tensile Modulus @| ASTM Ib/ft (kN/m) 18,500 x 30,000 | 19,000 x 32,500

2% strain (machine D6637-01 (270 x 437) (277 x 474)

X cross machine

direction)

Junction direction GRI GG287 | Ib/ft (kN/m) 1080 (15.7) 956 (13.9)

Junction efficiency | GRI GG287 % 90 90

Carbon Black ASTM 4218 % 0.5 0.5
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2.7. Application Locations of Geogrid

Geogrids tend to be used in one or both of two main locations within the roadbed[gdREMA,
2010}

a) At the bottom of, or within the ballast (Figure2.b) this provides direct ballast
reinforcement and thereby reduces the rate of track settlem#rdrafore increases the
length of the maintenance cycle. This approach is generally favored when the roadbed is
founded on a relatively firm subgrade.

b) At the bottom of the suballast, directly on the existing or prepared subgrade (Figure
2.6) this is doa in order to increase the bearing capacity of the track foundation. This

approach is generally favored when the roadbed is founded on a relatively soft subgrade

GRANULAR
SUB-BALLAST BALLAST

GEOGRID

Figure 2.5 Geogrids at the bottom of, or within the ba[RREMA, 2010]

GRANULAR
SUB-BALLAST BALLAST

GEOGRID

SOFT SUBGRADE

Figure 2.6Geogrids at the bottom of the shhllast, directly on the existing or prepared subgrade
[AREMA, 2010]
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Figure 2.8 Mechanism of Biaxial Geogrid reinforeéedetween Sulballast and Subgrad®iike

Horton]

2.8. Ballast with Geogrid
Significant performance benefits have been documented when geogrids are included within the
ballast or sulballast layers of a roadbed section. The effects of the reinforcement &reladyt
apparent where the roadbed is placed on soft or medium strength subgrades. Some of the
documented benefits in the use of geogrid reinforcement within the roadbed section include the

following [AREMA, 2010].

U Increased ballast life,

U Reduced roadbethickness (initial cost savings),
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U Reduced track deflection resulting in less wear and tear of the mechanical
components of the rail track,

i Maintenance of good drainage within the roadbed section,

U Smoother transitions between areas with differing subgrade strengths.

The reinforcement mechani sm, often termed Am
aggregate particles partially penetrate and interlock within the apertures of the geogriqu&utbse
compaction results in the aggregate and geogr.i
helps to distribute train loads and thereby reducing stresses on the s|/&REdA, 2010]. See

Figure 2.9

Geogrids work by interlocking with the grdaudor soil material placed over them. The apertures
allow for strikethrough of the cover soil material which then interlocks with the ribs (flat
straps/bars) providing confinement of the overlaying granular/soil material due to the stiffness and
strengthof the ribs (figure 2.9)www.naue.com]

Figure 2.10 a geogrid an interlock with the soil aggrefyatev.naue.com]

When reinforcing sulballast layers, it is recommended that the aperture sitee @feogrid does

not exceed the averagesgDPparticle size of the fill material being used. For ballast layers however,
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research has shown that the use of a larger aperture geogrid (greater than 1.7 inches (43mm))
almost always leads to optimum performanarespective of the particle size of the ballast
[AREMA, 2010].

The main objectives of this study were to investigate the effects of geogrid, and how its location
and placement affected the deformation of ballast. The inclusion of geogrid withinlést lagler
reduced the lateral and vertical deformation of ballast, which was attributed to the ballast particles

interlocking and being confined by the geodhidjo, Ngoc]

2.9. Reinforcement Mechanism of Geogrid
The foundation created for understanding thecihanism of geogrid reinforcement which was
governed by the type of geogrid for a given particle gradation. The mechanism between geogrid
and railway ballast is governed by the interlocking effect of attributed to the ballast particles
partially penetratig through the apertures in the geogrid. Having incorporated geogrids within a
ballast layer or at the interface of the ballast andmallast, geogrids interact with the surrounding

particles to carry the tensile loads induced by the rail veHidigs, Ngoc].

Through the interlocking and shear interaction between the ballast and geogrids, the ballast
particles are restrained laterally and tensile forces are transmitted from the ballast to the geogrids.
The vertical load applied through the ballast aggregategeahe geogrid can now generate tensile
resistance in the ribs with very small deflection. As the geogrids are much stiffer in tension than
the ballast, lateral stress in the geoggthforced ballast is decreased and reduced settlement can
be observedThis interaction between geogrid and ballast aggregates increases the shear strength

and thereby increases the load distribution capacity of the track substftlgarégoc]

Subgrade \

Subgrade Geogrid

Figure 2.11 Load distribution with and without geogrid reinforcerfidgb, Ngod
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2.10Summary
Track geometry is the main concern to reduce the rate of settlements for poor subgrade soils. These
geometries are Subgrade, shdilast, ballast, sleeper, rail, and fastener. Hence, to minimize the
deformation occurred because of small elastic modulssdt soils; many expensive, disturbing
and common repair operations are often required to maintain the ballast characteristics. Because
of this, a geosynthetic (geogrid) has to be a simple and economical method of reinforcing track
ballast for performingti The literature review presented in thlsapterprovided understanding
and appreciation of how a geogrid is reinforced in between these geometry to enhance its
performance of the materials. The ballast specifications and its typical characterisgcs wer
discussed. The review also indicated good understanding on the subject regarding track component

and track forces and the effects of Geosynthesis on the performance of ballast.

This literature also covers in depth ballast degradation, the influerfoe dfiving forces of ballast

and ballast settlement. The functions of geosynthetics (geogrid), its characteristics and
requirements, significance and use, application location and reinforcement principles are reviewed.
The remainder of this thesis will ex@ne and discuss the result of the analysis and modeling of
railway ballast reinforced by geogrid with the aid of FEA package ABAQUS.
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CHAPTER THREE

3. MODELING AND FINITE ELEMENT ANALYSIS OF RAILWAY WITH GEOGRID

3.1. Introduction
General evidencef experimental consequences from Finite Element modeling and stimulating

implications from parametric studies automatically directed to the numerical modeling and
simulation of geogrid reinforcement with actual ballasted railway foundation geometry and

conditions.

Upcoming work and correspondence with ERC (Ethiopian Railway Corporation), in addition to
consultation of current CIECChina International Engineering Consulting Corporatomge has
resulted in standard railroad ballast design and geosygifications, allowing numerical studies

of the effects of Geogrid on track settlement, subgrade stress distribution under various conditions

A plane strain slice of the crosgction of a half of a ballasted railway substructure was modeled
with a finite element mesh refined to observe important behavior of the foundation under loading,
with or without geogrid reinforcing the sdtallastballast interface. The parametric studies
examined the effects of subgrade stiffness, geogrid stiffness, and sa#agth. The selection of

material properties, loading of the track and Finite element analysis can be carried out.

Hence, ABAQUS is used as a finite elemsntver software package to formulate the finite
element model for Rail track with geogrid reirdfed bases. The results of the analysis were
compared with an unreinforced rail track sections at the same geometry and material properties.
At the end, the comparison between reinforced and unreinforced of the ballast summary have been
given.

3.2. Generd Overview of the Project
The project is located in Addis Ababa, the capital of Ethiopia, which was the location of the head
office of African Union. The altitude of the plateau is 2,400m. With an urban population of over
3,400,000, it takes 24% of thetal population of Ethiopia. The urban area is 530.13 kamd the
density reached 5,607.96/knTo effectively solve the problem of urban transportation,
especially that of the downtown area, the government of Ethiopia decides to build a light rail in
the city of Addis Ababa. Currently this project has planned two lines, thaveastine and the
southnorth line. About 3 km is the sharing section for botWWEoute and NS route, which has

the greatest passenger current.
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Figure 3.1 Design Alignmermf Addis Ababa Light Rail Trans[ERC]
The area selected for this thesis is the station betWB#&?21+010 to YDK21+070The station
center mileage is YDK21+040 with a length of 60m.

3.2.2 Topography and landform of the Area
This stationbelongs to Ethiopian Plateau terrace landform and the terrain is flat, wide and
undulating slightly, with the altitude of 2,4@@ 2,404m and relative height difference of about
2m. The vegetation is sparse and residential areas on both sides are derse, Bhong which
the traffic is heavy, is located at the reserved corridor in the central ASMERA ROAD, with a width
of about 10m. Refer to figure 3.2 for the topography and landform.

Figure 3.2 Topography and Landform of Surveya§ERC]
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3.2.3. Recommendations for engineering design of the area after all tests

The stationexploration reveals that the overburden layer of the survey area is very thick (1~6m)

and contains 5 kinds of rogoil layers in all, whiclspecifically are:

Stratum Name of
Code Rocks and
_ Depth Depth
Soil
<]-2= Plamn
mhﬁd D.D- ]. . Dﬂm
stone fill
<2 Clay 0.00-2.00m
<2-2-1> | Clay 2.00-5.00m
<3-1> Completely
weathered 5.00-6.00
toff
=5.7= Strongly LA AEIAIE IO
Weathered =6.00m
toff

Figure 3.3. Borehole log Shgd&RC]

The soil layers are generally known as clay soils called Black cotton soils according to local

peoples. These black cotton soils have tlop@rties of swelling during summer or when it get

moistureand shrink during dry time. It has known by high plastimitex, high free swelling
ratio and very small vertical compressive modulug &cording to laboratory resultBhese
suggested that the soils bearing capacity is very poor to resist the load comindencét, it is
recommended to replace these layers by cruabgregate as per CIECCIlfina International

Engineering Consulting Corporatipn
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3.3. Geometry and CossSection
The Embankment is 7.70 meters in width at the crest, 9.70 meters at the basbalfastipand
0.60 neters in height. (See figure 3.4

5.85 J.654+A
0.3 0.3
1 _ A
4% o Ballast 4% \
9 = Subgrade
5 “

Figure 3.4Embankment crossection[ERC]

3.4.Cross Sections oBallasted Materials

3.4.1. Rail Section

Table 3.1Rail profile used is UIC5(Kedir Abdu]

Rail Profile UIC50
Section weight Kg/m 54.77
Rail height mm 15200
Head width mm 70.00
Web thickness mm 15.90
Foot width mm 13200
Moment of inertia b mnt 2337.90
Moment of inertia y mnt* 419.20
Section modulus of the head rim 278752.83
Section modulus of the base rhim 311180.62
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Figure 3.53D model of rail profile UIC50
3.4.2. Rail Pad Typell Section [Kedir Abdu]

The rail pad fothe case study is modeled as the following dimensions:

Length, L =240mm, Width, W= 140mm, Thickness, t = 5mm

3.4.3. Sleeper section
The Sleeper is modeled with the following dimensions shown below (Sleeper typ¢KBa8)
Abdu]

Table3.2. Seeper profile usefKedir Abdu]

Parameters Value

Concrete Volume Approx. 0.127m3
Length (L) 2520 mm

Width (W) 300 mm

Sleeper height (H) 233 mm

Height of center of rail base (h1l 225 mm

Height sleeper center (h2) 175 mm

Support surface (total) 639.2 cm

3.5. Geo-Synthetics
The dimensions of gesynthetics is selected based on the recommendations stated in AREMA

and based on verified dimensions from literatures.
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Table 3.3Physical and strength characteristics of geogrid [Ieddaratna, B.,MohamedA]

Characteristics Unit Data

Material - Polypropylene
Mass g/m2 420

Aperture size (rectangular) mm/mm 24 x 23
Tensile strength at 2% strain KN/m 10.5

Tensile strength at 5% strain KN/m 21

Peak tensile strength for the weaksstl | KN/m 60

strength CBR values

3.6. Analysis Using a Finite Element Model

3.6.1 Introduction
Finite element modeling of reinforced Railway foundation includes geometry modeling, load
modeling and material modeling. The commercial FEM program ABAQUS /CAE was used in this
study. ABAQUS is a powerful finite element software package. It can dealbedtfes with

various loads, temperatures, contacts, impacts, and other environmental conditions.

3.6.2. Analysis using ABAQUS/CAE

ABAQUS is a suite of powerful engineering simulation programs, based on the finite element
method that can solve problems rangingrfroelatively simple linear analyses to the most
challenging nonlinear simulations. It has an equally extensive list of material models that can
simulate the behavior of most typical engineering materials including metals, rubber, polymers,
composites, refiorced concrete, crushable and resilient foams, and geotechnical materials such as
soils and rockABAQUS 6. 12].

Designed as a genetailirpose simulation tool, ABAQUS can be used to study more than just
structural (stress/displacement) problenibe elenent functions are gathered in the global
equation system containing material and geometrical data. The forces applied on the element
geometry are represented by load vectors that act in the nodes. The matrixes quickly increase in
size and demand high contpuperformance to be solved. The nodal deflections are the solution
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to the equation system. The values between the nodes are received by interpolation with either

linearly approximations or polynomials of n degrees.

A complete ABAQUS analysis usually casts of three distinct stages: preprocessing, simulation,
and posfprocessing. These three stages are linked together by files as showARAGRUS 6.
12].

Preprocessing
Abaqus/CAE or other software

Input file:
job.inp

Simulation
Abaqus/Standard
or Abaqus/Explicit

Output files:
job.odb, job.dat,
job.res, job.fil

Postprocessing
Abaqgus/CAE or other software

Figure 36 ABAQUS Analysis stagegABAQUS 6. 12]

3.6.2.1 Preprocessing
It comprisesal the steps to createthe model with ABAQUS/CAE. The following grincipal

stepsare taken squentially:

x  Creding a part/defining themodel geometry
x  Defining thematerial and sedion propetties.
x  Creating an assembly.

x Configuring the analysis.

x  Asdgninginteradion properties.

x  Applying boundary conditions and loads
x  Designingthe mesh.

x  Creding, runnng, and monitoringajob.

Below are discussonsof procedures and assumptionsmadefor the preceding stepsin modelingthe
Railway layersystem. Before starting ofABAQUS/CAE, the dimension can be set, because

ABAQUS/CAE has no its own Unit by default.
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Before starting to de pie this or any model, deading which system of units used. Because of
ABAQUS has no buitin system of unitsAll input data must bespedy d in consistent units. Thus,
in this model SI (mm) is used as shown in Table 3.4

Table 3.4: Consistent units used in the model input and oyipaitdet Endalemaw]

_ Elastic ) _
Quantity Length | Force | Mass Time | Stress | Density
Modulus
SI(mm) mm N Tone(16Kg) | MPa S MPa 10%kg/mn??

3.6.2.1.1. Creating a Part /Defining the Model Parameters of Railway Geometry

The modd is creaed with a threedimensonal, deformable body with a sdid, extruded base

feature. Parts can be created as native to ABAQUS/CAE, orbeammported created by other
applications either as a geometric represent at
a model native to ABAQUS/CAE using the sketcher, by a deformed 3D extrusion option is

created. hefollowingdimensonsare used:

I. Modeling of Rail

Figure 3.7Modeling in ABAQUS sketcher of Rail
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Figure 3.8Modeling in ABAQUS 3D of Rail profile.

All materials are modeled according to this procedures. It is noted in appendix B of this thesis.

The next step in creating thmodel involves defining and assigning material and section

properties to the part. Each region of a deformable body must refer to a section property, which

includes the material definition. In this model the rail, sleeper are made of steel and assumed to

be

i near el astic

wi t h

i ts

own youngods

subballast are made of rock or crushed aggregate andraule is made of soil. Geogrid is made

of polypropylene materials with its own material propertiesisTa single linear elastic material

are created with properties tabulated below.

The

3.6.2.1.2. Material Properties

materi al

properties u

sed for FEA [

specifications and design specification of Addis Ababa/Sdbbauti railway project.

1. Rail: UIC50 Properties [ERC]

Table 3.5 FE properties of Rall

Profile UIC50

Property Unit Value Remark

Mass Density, 0fkgmn |7.729%1¢

Elastic Modulus, E MPa 206000

Poi sons Rati o, - 0.3

Tensile Strengthikm MPa >1180 Standard High Strengtt
Steel

Elongation at Rapture, in 2 incheg % O 10

modul e

ste
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2. Sleeper:Type-ll S58 concrete sleeper[ERC

Table 3.6 Typdl S58 concrete Sleeper FE Properf{ibs]

Profile Unit Value Remark
Concrete Grade MPa 50/60

Mass Densi kg/mm? 2.3*10°

Elastic Modulus, E MPa 36000

Poi sons Ra - 0.3

Unit Weigh Kg/m® 2400

Weight Kg Approx. 312

3. Ballast, SubBallast and Subgrade properties [ERG

Table 3.7FE properties of Ballast, sthimallast and subgrade

Unit Ballast Sub- Subgrade Remark
Ballast
Value
Mass Den ¢kg/mn | 1.810° 1.8*10° 1.6*10°
Elastic Modulus, E| MPa 170 170 6.28
Poi sons | - 0.3 0.3 0.25
Internal Friction % 48-55° | 48-55° 16.5 Justin Kennedy
angle(Q)
Cohesion (c) MPa Approx.0 | Approx.0 | 73.3x10° ERC

The Subgrade is supposed to be quite soft to show the consequence of geosynthetics reinforcement
and this is the type of Subgrade that exist at the Chalvidg21+010 to YDK21+070along the

route of Addis railway project.
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4. Geogrid Properties

Table 3.8 FE properties of Geogfith]

Property Unit Value Remark
Mass density, 6 Kg/mm3 00. 9

Elastic Modulus, E MPa 350

Poi sons Rati o, ( - 0.35

Ultimate Elongation(min) % 500

Tensile strength MPa 60

Seam Peel Strength N -

Flexural rigidity (machine direction) Mg-cm 750000

Junction strength, N/mm 15.7

3.6.2.1.3. Creating an Assembly
Each part created is oriented in its own coordinate system and is independent of the dher parts

in the model. Although a model may contain many parts, it contains only oneassembly. The
geometry of the assembly is defined by creating ingances of a part and then postioning the
ingances relative to ead other in a global coordinate system. Thus,the Rail, Sleeper, Ballast,
Subballast and Subgradare assembled together with and without Geogrid Reinforcement
Therefore; based on the above geometric parameters, ballast embamkmémted and

unreinforced with geogrid are modeled with ABAQUS as shbetow.
A. Unreinforced FE Model

The geogrid unreinforced model consisted28f735 number of nodes arkb,094 number of
elementswith Element types: C3D8R DASHPOTA SPRINGA

A threedimensional axsymmetric finite element model waeveloped as shown in Fig. 3The
Rail, Sleeper, Ballast, Stliallast, and Subgde layers were used (Figure )3t simulate the
railway structure of the track. Eighbde elements were useddhghout the mesh. The number
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of elements that were used for each material were as follows: Sleeper, 140; Ballast, 1710; Subgrade
soil, 4446

Figure 3.9Unreinforced Railway trachkBAQUS 3D-model
B. Reinforced with Geogrid

The geogrid einforced model consistext 26,717 mmber of nodes20,950 number of
elements an&lement types: C3D8R DASHPOTA SPRINGAhe large number of
nodes and elements is because of more refinement is used around the geogrid. The
volume of the model is 3.06841e+009 Fitls masss 1.60432e+01%one

Figure 310 Reinforced railway trachBAQUS 3D-model

3.6.2.1.4. Configuring the Analysis
Analysis steps can be mostly characterizedas an initial step and analysis steps. A crosssection

of a half of a ballasted railway substructure was modeled with a finite element mesh refined to

observe important behavior of the foundatiorer loading, with or without geogrid reinforcing

the subgradéallast interface.
































































































