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The safety and reliability of the railroad infrastructure are a priority for the railroad industry.
The Federal Railroad Administration requires that inspections be carried out at least twice a
week. This is particularly a challenge for the local railroad that relies on traditional inspection
methods due to the high capital cost of the track inspection machine. The large amount of data
generated by this machine is also a challenge for the local railroads to process since they lack
the required expertise. This research proposes the use of a Bayesian Network to model the
relationship between the components of the superstructure, substructure, and the geometry of
the railroad.

The proposed approach incorporates expert knowledge and a historical railway inspection
dataset to construct a Bayesian Network model that captures the causal relationships among
failure elements. A junction tree was constructed from the Bayesian Network model for exact

inference. The study further evaluates the impact of individual component deterioration on the



overall system performance.

This approach is valuable to all classes of railroads, as it helps transform the large amount of
railway data into a scalable, interpretable format for informed decision-making and risk minimization.
Results from our model demonstrate the ability of the Bayesian Network to serve as a sensitivity

analysis tool and as a mechanism to plan for scheduled maintenance operations on the railroad.
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Chapter 1: Introduction

1.1 General

The railroad plays a vital role in global transportation. The railway has a signi cant
advantage when compared with other modes of transportation. Among the advantages are its
environmental friendliness, ability to convey a large number of passengers, and its ability to
convey voluminous products from one place to another. In the United States, rail transportation
is one of the busiest modes of transportation; nearly one-third of the United States' exports are
moved by rail before leaving the country. In 2022, a total revenue of 113 billion dollars was
generated by rail transport, of which ninety- ve percent was from freight rail and four percent
was from passenger rail [1]. The United States freight rail is mostly privately owned. The Federal
Railroad Administration(FRA) requires that each railroad industry perform its own maintenance
activities on the track to enhance the safety of the infrastructure [2]. The Federal Railroad
Administration is constantly engaging with railroad organizations and research institutions to
collaborate on developing effective strategies that will improve the railway system's safety to
prevent train accidents.

A train accident could be catastrophic. That is, it could cause severe damage to the train,
the surrounding infrastructure, and also claim lives. A train accident could be in the form of
a derailment or a train and vehicle collision at a highway-rail grade crossing. It is the duty of
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the railroad industry to supply accident-related data to the Federal Railroad Administration for
documentation. The Federal Railroad Administration rail equipment accident database contains
information such as the accident type, railroad, location, accident cause, track type, and other
important information required for accident analysis. Train accidents are broadly classi ed into
collision, derailment, highway-rail grade crossing accidents, and other less frequent types. The
track types are classi ed into main, yard, siding, and industry. The severity of accidents from the
various track types could vary due to their varying functions.

An understanding of the various factors leading to accidents on a railway track is crucial. A
Bayesian Network is a tool that could be used to visualize the deterioration pattern of a component
prior to an accident. A Bayesian Network is a graphical model consisting of a qualitative and a
guantitative representation. The qualitative representation consists of the node and the arc. It
follows, therefore, that understanding the causes of the accident is not a suf cient criterion to
design a Bayesian Network. An understanding of what led to the defect that caused the accident is
necessary. For example, a derailment happens on a railway line attributed to a wide gage. A prior
incident must have occurred on the track that widens the gage, this could be a defective sleeper
or a fouling in the ballast, among others. On the other hand, the quantitative representation is
the conditional probability table (CPT). The conditional probability table contains the numerical
probability value of a wide gage given that the sleeper is defective, or the probability value of a
wide gauge given a defective sleeper and fouled ballast. From the above information, a deduction
is made that a well-developed Bayesian Network requires a detailed system understanding, not
just the cause of the incident.

A Bayesian Network is a directed acyclic graph and obeys Markov's rule. It has a wide

variety of applications. For instance, the Bayesian Network is used for disease diagnosis in the
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Medical eld. The relationship between the cause of a disease and its effects can be understood
using a Bayesian Network in a case where there is a de ciency in information. This is achieved
by Bayesian Network structural learning using algorithms like the constraint-based algorithm
and score-based algorithm, provided there is the availability of data. On the other hand, in the
absence of data and in the presence of suf cient information regarding the system, an expert
structure can be created. Attoh-Okine [3] modeled a Bayesian Network of bridge deterioration
using the junction tree approach to make inference on the general condition of the bridge, given
that a component is defective. The condition of the bridge is evaluated for various scenarios
of component defects. The probabilities of the components that make up the bridge model
were evaluated from expert opinion, and the conditional probabilities were based on engineering
judgment.

Given access to track geometry data, ground penetrating radar dataset, and information
from railway experts, we can model a state-of-the-art Bayesian Network that the industry can
rely on. The modeled Bayesian Network will serve as a guide to evaluate the entire system
condition, given that a component is defective. This will help enhance the general safety of the

public.

1.2 Problem Statement

Railroads are prone to the same type of track and geometry defects, which can cause train
accidents. Some of these defects have a greater impact on local rail lines because of the car weight
shifting to 286000 pounds [4]. Abandoned low-density lines from class 1 rail lines are used by

the local railroad. Increasing the car weight, together with its poor infrastructural condition,



will increase the lateral and vertical loading.Increased lateral and vertical loading will increase
the number of track geometry irregularities, such as wide gage, and broken rail [5]. Making a
replacement in the event of a defect with heavier rail is beyond the capacity of the local rail line.
Since light-density rail lines do not generate suf cient cash ow [6]. Hence, local rail lines must
rely heavily on proper rail and track inspections to sustain services [5]. The conventional method
of track inspection is normally done by local rail lines [5]. This conventional method has been
widely adopted, and the results tend to be reasonable [7]. The method is time-consuming and
exposes inspectors to risk.

The Federal Railroad Administration safety standard requires that inspection of rail lines be
conducted at least twice a week [8]. This is a problem for local rail lines adopting the conventional
method. However, the use of an automatic track inspection vehicle is infeasible for local rail
lines because the most signi cant disadvantage of this vehicle is its capital cost [9], making
it a challenge for local railroads to purchase. The automatic track inspection vehicle has the
capability of detecting geometry and surface defects and has an operating speed limit. Thus,
it affects maximum revenue generation for other classes of railroads. This challenge could be
addressed by incorporating other emerging technologies operating at a higher speed and capable
of detecting internal rail defects to achieve a holistic track inspection. Furthermore, during the
process of inspections, this technology generates voluminous amounts of data that local railroads
lack the required expertise to process.

Bayesian Network serves as a valuable tool to process the voluminous amount of data
generated by railroad inspection machines. This is achieved by converting the dataset into
probability values. Final implementation is achieved using software such as Netica and Genie,
among others. This method serves as a valuable tool for local railroads since a voluminous
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amount of data can be processed within minutes to ascertain the condition of the rail line.

1.3 Research Objectives

The main objective of this research is to model a Bayesian Network and a Junction tree.The
Bayesian Network model will be used to gain insight into the enormous amount of data generated
by the railway inspection machine to guide maintenance operations. The Junction tree will
be used to determine the condition of the railroad using the message passing algorithm. The

objectives of this thesis can be achieved through the following sub-objectives:
* |denti cation of the various superstructure, substructure, and geometry defects.

* Modeling of the Bayesian Network structure to help determine the condition of the railroad

given that a component is defective.

* Modeling of the Junction tree to aid message passing and to determine the condition of any

layer within the railroad.

1.4 Scope of Study

A review of literature that covers the railway superstructure, substructure, and geometry is
conducted to identify the various deteriorations in each layer of the track. An overview of the
fault tree model is discussed and compared with the Bayesian Network approach. An extensive
exploratory data analysis is conducted to investigate the failed region in the railway geometry
dataset to aid probability computation. The Bayesian Network model is constructed and is used

for two purposes: rstly, to model a junction tree and to make inference in the junction tree.



Secondly, to incorporate the components at each system level to carry out inference on the Genie

software.

1.5 Organization Of The Thesis

The thesis is organized as follows. Chapter one is the introductory chapter, which gives
a general introduction to the topic and contains the problem statement, research objectives, the
scope of study, and the organization of the thesis. Chapter two describes the railway structure.
That is the substructure and the components that make up the layer, the superstructure and
the components that make up the layer, and the geometry of the railroad. Chapter two also
highlights some of the failure modes in the railroad structure. Chapter three gives an overview
of the Bayesian Network and the fault tree model. Highlight some literature review on Bayesian
Network, discuss some Bayesian Network terminologies, and discuss the junction tree. Chapter
four describes the data sources and the data analysis. Chapter ve gives the results and a discussion

of the results. Chapter six contains the concluding remarks.



Chapter 2: Railway Structures

2.1 Overview

The railway system is classi ed under two categories: the superstructure and the substructure
of the railway line as shown in Fig. 2.1. The superstructure consists of the sleepers, rail, fastening
system, and crib. The substructure consists of the top-ballast, bottom-ballast, sub-ballast, blanket,
placed soil, and natural soil [10]. A defect in any component of the layers of a railroad is likely to
be progressive. For example, a fouled ballast might likely cause the sleepers to settle. Once the
sleeper is settled, the geometry of the railway line is very likely to be affected. This has an overall
effect on the quality of the train ride. Currently, manual inspection and the use of an automated
track inspection machine are used to detect the condition of the rail and the geometry of the
superstructure layer. On the other hand, failure in the substructure layer might be challenging to

detect with the naked eye.



Figure 2.1: Cross Section Of A Railway Track

2.2 Substructure

The railway substructure is designed to safely withstand the load of the superstructure
layer, including the train load. Suf cient attention must be given to this layer during the design
and construction stage since deterioration is not easy to detect. According to Marolt et al. [11],
one of the leading causes of track deterioration is settlement. Hence, adequate measures must be
taken to overhaul weak soil material during the construction stage. Adequate tamping operation
helps to stabilize the soil to the required strength, safe enough for the train ride.

The two types of track substructure are the ballast track substructure, in which the track ralil

is fastened to a sleeper, and the sleeper rests on the ballast. The concrete track substructure, on the
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other hand, supports the rail on a concrete slab. The following sections describe the components

that make up the track substructure.

2.2.1 Ballast

The ballast is a uniform, coarse-grained aggregate that is placed at the uppermost part of the
track just below the sleepers. The railway ballast is between 10-60mm in size [12] and is highly
angular, non-cohesive, free draining, with a high shear strength [10]. The standard depth of the
ballast is usually between 0.3m, and it is packed to around 0.5m within the sleeper to enhance
stability [13] [14]. One of the commonly known defects or failures associated with the ballast
is fouling. Fouling occurs when the void space between the aggregate layers is lled with ne
particles. Fine particles in the void space of the ballast could be due to breakage of angular rock
particles, in Itration of nes from the surface, including coal, and pumping of unstable subgrade
soil under excessive cyclic loads [15] [16]. Ballast contamination due to subgrade pumping and
coal contamination shown in Fig 2.3 is a signi cant cause of track deterioration in many countries
worldwide [12]. However, the leading cause of fouling is the degradation of ballast itself [16].
Fig. 2.2 shows the sources of Ballast fouling. Ballast fouling can result in differential settlement,
which will, in turn, affect the design con guration of the track geometry. Tamping and stone
blowing operations could be adopted to return the track segment to the required con guration.
However, tamping must be done with care to prevent further ballast breakdown.

The current method for the detection of fouling in ballast is the use of a ground-penetrating
radar machine. GPR is a non-destructive method in which a radio wave is used to send electromagnetic

energy into the railway substructure. The incident ray is re ected as it encounters materials of



Figure 2.2: Sources of Ballast Fouling by Selig et al. [16]

varying dielectric properties and is recorded. Data from the ground penetrating radar machine
comprises the signal attenuation, changes to the time of arrival, and the amplitude of re ection
[17].

For ballast quality analysis using the time domain GPR signal Fig. 2.4, the connecting point
for the clean and fouled ballast is not easily detected, especially when the signal is affected by
noise [18]. However, the time-domain GPR signal can be transformed to the frequency domain

Fig. 2.5 using the Fourier transform [19] to obtain the required ballast quality.
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Figure 2.3: (Left) ballast contamination due to clay pumping in Ash eld, New South Wales,
Australia.(Right) ballast contamination due to coal contamination in Rockhampton, Queensland,
Australia. Extracted from [12]

Figure 2.4: Time-Domain GPR Signal
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Figure 2.5: Frequency-Domain GPR Signal

2.2.2 Subballast

The subballast layer is an intermediate layer between the ballast and subgrade. This layer
is constructed with locally available material. Provided that the ltering requirements of sand and
gravel are met, they could serve as subballast materials [13]. The thickness of the ballast layer is
usually kept within the required minimum; the thickness of the sub-ballast layers varies based on
the track's designed axle load [20]. The subballast serves a number of functions. According to
Shahu et al. [20], the layer functions are as follows: (a) It increases the thickness of the granular
layer, thereby reducing the stress level of the subgrade. (b) Provision of a good drainage system,

which prevents softening of the subgrade. (c) The sub-ballast functions as an inverted lter, thus
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reducing the problem of mud pumping.
The sub-ballast layer could also undergo differential settlement when the layer is fouled.

Fouling in this layer could also hinder the drainage condition of the track.

2.2.3 Subgrade

The subgrade is a critical layer of the railway track substructure. It sustains the load of the
train and the superstructure layer. To provide the required maximum services for the track, the
unsaturated soil of this layer must remain in its compacted state [10]. Therefore, understanding
the behavior of unsaturated soil is necessary to enhance the low maintenance requirement, safe
and economic design of the subgrade layer [21]. In a cut section or an embankment, the subgrade
includes the subgrade bed, the embankment just beneath the subgrade bed, and the foundation
[22]. Comprising the subgrade bed are the surface and bottom layer of bedding material, whose
thicknesses are shown in Table 2.1 for some railway lines in China [23] [24].

Table 2.1: Layer thicknesses of subgrade bed for selective types of railways in China.

Types of railway Conventional railway Old heavy-haul railway High-speed railway Intercity railway

Ballast track Ballast track Ballast track Slab track Ballast track Slab track

Thickness (m)
Surface layer 0.6 0.6 0.7 0.4 0.5 0.3

Bottom layer 1.9 1.9 2.3 2.3 1.5 15

The subgrade comprises the Il and the natural ground. The Il material for high-speed
railway lines, which are mostly slab tracks in China [22] is crushed graded stone; group A, and
group B lIs are placed in the surface and bottom layers [25]. The Il material for other railway
lines is the group A and the group B Il used in the bed of the subgrade [23]. Local Il could

13



sometimes be used when the crushed graded stones, group A and B lIs, are unavailable or
unaffordable. This local Il material will require stabilization to meet the strength requirement.
Based on the mechanism of failure, the categories of subgrade failure associated with train
loading are progressive shear failure and massive shear failure [16]. Localized weakness, cut
slope erosion, clay holes, and short shoulder are possible defects of the subgrades, which are
not a direct cause of train load and are challenging to predict [26]. The factors that may cause
the development of subgrade problems include increased train loading, wet soil, clay subgrade,
silt subgrade, and improper construction of the subgrade to meet design requirements. The
remedial solution for the subgrade problem with a wet soil involves the excavation of the soil
and replacement, the use of stabilization materials, etc. The use of geosynthetics offers a cost-
effective and environmentally friendly solution to the challenges [10]. No particular solution
has been recognized to solve the subgrade problem, but since the majority of the failure modes
involve water, an effective drainage system is part of the solution [26]. Table 2.2 and Table 2.3

shows the type and causes of subgrade failure.
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Table 2.2: Types and causes of subgrade failures.Extracted from [16] [26]

No. | Type Causes

1. | Progressive shear
failure

Repeated overstressing subgrade
* Fine-grained soils

» High water content

2. | Excessive plastic
deformation

(ballast pocket) » Repeated loading of subgrade

» Soft or loose soils

3. | Subgrade
attrition with

. * Repeated loading of subgrade stiff hard
mud pumping

soll
» Contact between ballast and subgrade
 Clay-rich rocks or soils

» Water presence

4. | Softening
subgrade surface

under sub-ballast * Dispersive clay

* Water accumulation at soil surface

» Repeated train loading

5. | Liguefaction

» Repeated dynamic loading
» Saturated silt and ne sand

* Loose state

6. | Massive shear
failure (slope

stability) * Weight of train, track, and subgrade

* Inadequate soil strength

15



Table 2.3: Types and causes of subgrade failures continue.Extracted from [16] [26]

No. | Type Causes

7. | Consolidation

settlement « Embankment weight
e Saturated ne-grained soils
8. | Frost action
(heave and . periodic freezing temperature
softening)

* Free water

 Frost-susceptible soils

9. | Swelling/shrinkage

* Highly plastic or expansive soils

» Changing moisture content

10. | Slope erosion

» Surface and subsurface water movement

* Wind

11. | Slope collapse

e Water inundation of very loose sai
deposits

12. | Sliding of side

hilllls * Fills placed across hillsides

* Inadequate sliding resistance

» Water seeping out of hill or downslope s
a major factor
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2.3 Superstructure

The superstructure layer comprises the visible part of the track. However, not all defects in
this layer can be seen with the naked eye. For example, an internal defect in the rail will require a

sophisticated machine to detect its location. The component of this layer is discussed as follows.

2.3.1 Rall

The rail is the surface on which the train moves. The rail is made of steel material and
is subjected to a very high stress from the train. To ensure that the rail possesses the required
strength and withstands forces from all sides, the rail should be fabricated with enough height
[27]. The web and foot should not be thin, and the head and foot should have adequate area and
height [27]. Speci cation for the modern rail manufacturing techniques is contained in the new
standard EN 13674 of the European Community [28].

Rail defects could be surface or internal as shown in Table 2.4 and Table 2.5. Rail failure
sometimes progresses in stages and begins with the development of cracks. The developed crack
in the rail progresses until it reaches a stage when it nally fails. Cannon et al., [29] divided
rail failure into three broad groups as follows: (a) Those defects caused by inappropriate rail
handling, use, and installation. (b) Those defects emanating from manufacturing de ciencies. (c)
Those caused by the inherent resistance of the rail steel to fatigue damage. Categories (a),(b),

and (c) of the classi cation are shown in Fig. 2.6.
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Table 2.4: Common rail defects extracted from [7] [8] [30] [31] [32] [33] [34] [35]

Defects Location De nition

Rail batter Surface Signi cant damage to the rail-end join-rail or
a smooth, polished fracture face brought on|by
friction or impact force

Transverse Internal/surface | Mostly a result of the production process. The

ssure fault has a round, smooth surface shape in|the
middle or core of the tracks that can be either
bright or dark.

Compound Internal/surface | Emanates from an interior longitudinal seam|or

ssure is a natural byproduct of the production process.

The aw has a dark, brilliant, or smooth surfa
characteristic.

Detail fracture

Surfacel/internal

Occurs when there is a longitudinal seam
the gage side close to the rail running surfz
and is caused by shell, head checks, or aki
Not until the rail is broken can it be positive
identi ed.

Engine burn

fracture

Surfacel/internal

Severe stress on the head region cred
between the slipping wheel and the rail runni
surface, resulting in a gradual fracture. Wh
defects sometimes re ect transverse ssur

Ce

on
ace

ated
ng
ile
es,

they should not be mistaken for or categorized

as such.

Horizontal
head

split

Internal/surface

A horizontal break in the rail head that resu
from a longitudinal seam or from productio

Its
n.

At the side of the rail head, it manifests as a

lengthwise crack on the rail.

Vertical split head

Internal/surface

The rail head is separated vertically. It m
be intrinsic to production or result from
longitudinal seam.

Head and wel
separation

Surface

A defect occurs when the head and web s

longitudinally at the ller beneath the web;

this is typically brought on by overload, po
canting, or acidic corrosion.

Split web

Surface

A crack appears on the rail web's side. It c
pass through the rail web or into it. Surfa
pitting, joint application, rail welding, sear
deterioration, and mechanical degradation
all contribute to it.

18

can



Table 2.5: Common rail defects continuation

Defects

Location

De nition

Piped rail

Internal

The area where the rail was rolled had a verti
split.

It is mostly brought on by a seam or

hollow that occurs from the production process.

Broken base

Surface

The most common causes of this break in the

rail base are an improper bearing or a seam,

Defective weld

Internal/surface

There is a pocket in the eld that makes up ov

er

5% of the rail head area, or greater than 10%

of the porosity overall. It results from the we
material between the rail ends not penetrat

properly.

Bolthole crack

Surface

A fracture that starts in the bolt hole and moy
either toward the rail head or the rail base nj
eventually cause the rail end to come apart.

Flattened rail

Surface

d
ing

es
ay

A segment of the rail track that has leveled out

across the rail running surface's width and is
least 0.95 cm below the surface.

Damaged ralil

Surface

at

Wheel ats, impacts, imbalanced wheels, and

other related factors can damage the rail.

Crushed head

Surface

A attened rail is comparable to this kind g
aw. Its size, however, is far greater.

Shelling

Surface

gradual horizontal

=

separation on the rail

head, which primarily occurs on the gage

side. Shelling may also develop a transve
separation.  Shelling's cause is not fu
understood.

Flaking

Surface

rse
ly

rail aw that creates a mosaic or snakeskin-like

pattern on the rail running surface and conta
tiny silver bits. The high wheel stresses in t
wheel/rail contact zone are the main cause o

Spalling

Surface

Spalling, which results from aking, is the
removal of the original metal from the ra
running surface.
signi cant shear stresses, which result in tk
kind of aw.

19

Cyclic loading creates

ins
he
f it.

1%}

ns



(a) Engine burn fracture (b) Rail Kidney defect (c) Rail head-check

Figure 2.6: Rail defects: (a) Engine burn fracture, (b) Rail Kidney defect, (c) Rail head-check

2.3.2 Fastening System

The rail fastening system is an important part or component of the railway track. The
primary function of the fastening system is to effectively clamp the rail to the sleepers so as to
avoid any form of movement of the rail. The essential components of a rail fastening system
are the metal clip, bolts, and insulating polymer plates [36]. The alteration of the rigidity of the
components of the fastening system will alter the design geometry of the railway track. This can
cause the derailment of a train.

The ralil fastening systems are classi ed into two groups [37]. The rst is the Rail Web
Fastening System, which connects the rail web to the sleepers [37]. The second is the Rail Foot
Fastening System, which connects the rail foot to the sleepers [38]. According to Sadeghi et
al., [39], the rail web fastening system consists of components like a locking wedge, shoulder,
rubber wedge, serrated washer, bump stop pad, locking clip, and support bracket. The rail foot

fastening system consists of components such as base plate, clip, washer, rail pad, and screw. Fig.
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2.7 shows the types of rail fastening systems extracted from Sadeghi et al., [39].

(a) Rail web fastening system (b) Rail foot fastening system

Figure 2.7: Types of rail fastening systems

2.3.3 Sleepers

The sleeper is another important component that makes up the railway superstructure. The
sleeper could be made of steel, wood, or concrete. The sleeper acts to support the rail and help
safely transfer the load of the train to the ballast. The earliest material used for sleepers is timber
or wood, and over 2.5 billion timber sleepers have been installed across the World [40]. Timber
has good sound-absorbing properties and is lightweight. The use of steel sleepers arose due to
the scarcity of timber [40]. Today, pre-stressed concrete sleepers are now in use.

Each of the materials used as sleepers on the railway line has its own advantages and
disadvantages. For example, timber or wooden sleepers have the tendency to be attacked by
insects, split, or even rot in a moist environment. The Pre-stressed concrete sleepers, on the other
hand, are heavy, requiring high transportation costs, dif cult to handle, and have an expensive
installation cost [41]. The steel sleeper has the disadvantage of corroding in the presence of

moisture. According to Ferdous et al., [42] composite sleeper have gained little to no acceptance
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