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When planning a new track or improving a track that is currently in-service, it is
important to predict the probable rate of track deterioration as a function of the
variables related to the train and its periodicity. This literature review reveals that
there are currently no track deterioration methods available analyze the condition of
a railway track. A prediction of deterioration requires accurate quantification of each
track component and track geometry behavior and a better knowledge of interactions
between components and geometry. This extended survey found more than 100
methods (or studies) related to track deterioration, including other literature reviews,
but very few of these methods work when several track deterioration issues occur.
This paper aims to build upon these, adopting a methodology for a systematic critical
literature review that identifies, evaluates, and classifies these primary studies to predict
the track deterioration according to criteria of assessment. Finally, it establishes the gaps
and the challenges that will need to be overcome in future research.

Keywords: railway track, permanent way, track components, track geometry, track deterioration, track
degradation, track monitoring, systematic literature review

INTRODUCTION

The effects of adverse traits on the railway track, which is known also as the permanent way, are
cumulative. Railway materials such as the rail, sleepers, fastenings, and ballasts require routine
attention and renewal at frequent intervals (Hay, 1982). If the permanent way is not impeccably
aligned and leveled, roughness contributes to vibration (Yan et al., 2019) and oscillations of the
train, which can cause discomfort to the passenger, damage to the freight (Tzanakakis, 2013), and in
worst case scenarios, catastrophic accidents. The condition of the permanent way has an important
function in the behavior of a railway system (i.e., maintenance, operational safety, and passenger
comfort) and it is important to consider any irregularities and ascertain the phenomena that cause
track deterioration, and to forecast irregularities (Gong et al., 2016).

Track conditions must be assessed by measurable degradation parameters (El-Sibaie and Zhang,
2004). These include the condition of railway components and geometry, which have a close
relationship within the process of track degradation. According to Guler et al. (2011), if a
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component is in poor condition this will contribute to the
deterioration of the component, and it will not be able to fit
the desired track geometry. Each parameter must be weighed
for its magnitude in impacting the permanent way activity
(El-Sibaie and Zhang, 2004).

This literature investigation has shown that there are no ready
methods of evaluating the deterioration and condition of the
railway track. A prediction of track condition requires accurate
quantification of each track component and each track geometry
and a better knowledge of interactions between components and
geometry. During this extended survey, more than 100 methods
and studies related to track deterioration were found. Very
few of these methods of inquiry covered more than one track
deterioration issue.

This systematic critical review aims to identify, evaluate, and
classify primary studies of track prediction into groups according
to the complexity of both the method and the validation, whilst
also taking into account the quality of the study. The application
of tactics in evaluating the track deterioration and its elements
(track components and track geometry parameters) are also
evaluated. Consequently, it compares these track deterioration
studies with a hypothetical study (the best one) and identifies
gaps in research.

This paper is structured into five sections. Section
“Background” presents a background of the permanent way
and its environment. Following this, Section “Methodology”
presents the methodology used to develop this systematic
literature review. Section “Results and Discussions” then
discussing the main findings, sharing these methods and
assessing their complexities and qualities in order to group them.
Lastly, Section “Conclusion” concludes the paper and outlines
gaps in this research.

BACKGROUND

The function of a railway track is to support the load of the
railway vehicles (Hay, 1982) and to guide their movements
(Iwnicki, 2006), enabling the railway vehicles to move without
risk of derailment (Lichtberger, 2005). To investigate the specific
load effect on the track, it is necessary to create a map of the
different parts of the system.

A modern conventional track can be subdivided into
seven components (rails, rail pads, sleepers, ballast, sub-ballast,
geosynthetics, and subgrade), each having a specific function in
trainload support (Le Pen, 2008). In turn, this same permanent
way has a position in the space, called track geometry, which
is the spatial position of the rail track. According to Faiz and
Singh (2009), the “X-axis” of the track represents the distance
along the direction of travel, “Y” is the axis parallel to the
running top rail (surface), and “Z” defines the axis perpendicular
to the running permanent way. Each rail has 2 degrees of
freedom, and these 4 degrees of freedom are normally replaced
by an equivalent system consisting of cant, level, alignment,
gauge, and twist (Esveld, 2001), which represent track geometry.
Descriptions and the function of these track components,
including thresholds and geometry, are explained in detail by

Hay (1982), Selig and Waters (1994), Esveld (2001), Lichtberger
(2005), Profillidis (2006), Tzanakakis (2013), and Li et al. (2016).

A railway wheel causes vertical and horizontal forces on the
permanent way. Additionally, the long-welded permanent way
is subject to the influence of longitudinal forces arising because
of changes in temperature (Lichtberger, 2005). The permanent
way is stressed by quasi-static (low-frequency) and dynamic force
components of higher frequency (Lichtberger, 2005). According
to Iwnicki (2006), the principal difference between a railway
vehicle and other types of wheeled vehicle is the guidance
provided by the permanent way. The combination of vehicle and
track should be regarded as one, because they are an integrated
system. The separation between these subsystems is also the place
where this interaction manifests: the wheel-rail contact, which
enables vehicle bearing and guidance (Li et al., 2016).

Both the railway vehicle and the permanent way have
irregularities, which produce different magnitudes of force
due to the resonances they create within the permanent way
components (Tzanakakis, 2013). To understand the relationship
between permanent way failure behavior and track geometry,
it is important to identify the forces on the rail created by a
train traveling on it, and the responses made to those forces.
It is also important to recognize the causes of these forces to
be able to eradicate them and increase the longevity of the rail
(Tzanakakis, 2013).

According to Li et al. (2016), wheel loads and train speeds
have increased and lines have been optimized during the last
decade, which has placed increased demands on the track
structure. A combination of delayed permanent way maintenance
together with more production (i.e., traffic, axle load, and
speed) has caused the rate of permanent way degradation
to increase (Martland, 2013). The most significant factor in
degradation (wear, fatigue, and settlement) is therefore the
dynamic load (De Man, 2002; Kaewunruen and Remennikov,
2008), which is related to the axle load and track geometry
(Tzanakakis, 2013). Many factors can influence the permanent
way and adequate methods must be applied in maintaining it
(Jovanovic et al., 2014).

Track condition is divided into two groups of measurable
parameters. The first contains the component deterioration
parameters, which is the usual term used to describe the
deterioration of each component in a permanent way (El-Sibaie
and Zhang, 2004). In other words, it is which, how, when,
and how much a component with a specific composition, form,
dimension, and mechanical property loses its function as part
of the permanent way. According to Guler et al. (2011), it is
hard to apply a unique descriptor that records the status of
all deterioration.

On the other hand, according to Vale and Ribeiro (2014)
the second group of measurable parameters, namely geometry
degradation is random by nature. The geometry of the permanent
way is the position of the railway track in three-dimensional
space (Faiz and Singh, 2009). According to Vale and Ribeiro
(2014), track degradation is the decrease in quality of geometrical
parameters (i.e., longitudinal and transversal level, gauge, twist,
and cant) over a period of time. In another definition, track
geometry degradation is which, how, when, and how much one
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or more than one geometric dimension in a finite space of
the track fails to maintain their known standard characteristics.
Component deterioration and geometry degradation are both
affected by the environment, traffic, vehicle speed, construction
methods, and maintenance history.

Bing and Gross (1983) discuss a common basic method of
degradation analysis, which involves using an empirical model
(i.e., correlation, variance, and regression) to assess a huge sample
of observations about track parameters. However, alterations in
data recording and explanation may undermine the outcomes.
Simulating track degradation in this way makes it possible to
allow for uncertainty in predictions of track degradation, as they
are expected to increase with time, due to the imperfect methods
of determination of the input parameters used in the model
(Bing and Gross, 1983).

Additionally, in empirical modeling, a modern approach
called Artificial Intelligence - AI (ie., Artificial Neural
Networks - ANNs and Neuro-Fuzzy Logic - NFL, a combination
between ANN and fuzzy logic) is increasingly used among
scientists, as discussed by Elkhoury et al. (2018). These methods
are recognized to have high predictive accuracy. In multi-layered
neural networks, the neurons are arranged in a layered fashion.
The input and output layers are separated by a group of hidden
layers in which the layer-wise architecture of the neural network
is referred to as a feed-forward network (Aggarwal, 2018). Guler
(2014) modeled railway track geometry degradation with ANN,
considering the variables involved in track geometry degradation,
which produced important findings on the relationships between
the rate (deterioration) and independent variables.

An alternative to empirical models is mechanistic models,
which involve establishing the mechanical properties of track
components (Zhang et al., 2000). They are based on physical
information, establishing the mechanical properties of all the
elements of the track and railway vehicles (Sadeghi and
Askarinejad, 2011). Track structure analysis methods based
on mechanical models are used to calculate individual track
components including forces, stresses, and defects. They are
successful in calculating forces, tensions, and the probability of
the development of failures in the individual components of the
permanent way (Zhang et al., 2000).

According to Soleimanmeigouni et al. (2016) several
researchers, including Sadeghi and Askarinejad (2010) and
Rhayma et al. (2013), have also attempted to combine physical
and empirical models to explore the best application of both
methods. By complementing the mechanistic model with an
empirical one, it is possible not only to study the structural
behavior of the track components, but also to analyze the
functional performance of the track geometry. Thus, this leads
to the development of an empirical-mechanistic method, which
allows a more dynamic and current interaction.

Shafahi and Hakhamaneshi (2009) have compared four
models including one mechanistic model suggested by the
Office for Research and Experiment of the International Union
of Railways (ORE) and three empirical models: the Markov
chain model, the ANN, and the Neuro-Fuzzy models. In this
study, the Markov model proved to be robust in predicting
the random behavior of the track deterioration process, and

seems to be superior to conventional regression models, such
as the ORE model.

The full railway track complex is preserved to deliver
satisfactory track geometry. This is why there are track
components. Repair decisions are frequently controlled by the
geometry, and they are necessary not only when many track
rail failure corrections ruin the geometry, but also in instances
when track ballasts can no longer preserve the design geometry,
or sleepers and fastenings cannot conserve the permanent way
gauge. However, according to Esveld (2001), the process of
determining whether, when, where, and how best to intervene
is far more complex, as it involves evaluation of track condition
and how much it is influenced by both track structure and track
geometry, and consideration of the relationship between them.
Systematically identifying the tactics (model and approach) that
are used around the world to evaluate track deterioration is the
first step in establishing the gaps in literature on this topic and
proposing new techniques to fill them.

METHODOLOGY

Based on the systematic literature review method proposed
by Kitchenham (2004) and Torres-Carrion et al. (2018), this
research is divided into planning, conducting, and reporting the
review. Figure 1 provides an overview of the macro-procedure of
this methodology.

Planning

This systematic review aims to summarize existing information
on track deterioration. Prior to conducting this review and
following Torres-Carrion et al. (2018), it was ensured that the
review itself was necessary, live reviews of the phenomenon of
interest were identified. The current state of track degradation
studies is the starting point of this review, before the
development of research questions, and a contextualization of the
scenario of research.

The following research questions are proposed in this paper:

e Research Question 1 (RQ-1): Which methods have been
developed in predicting an integrated track deterioration in
an in-service railway?

e Research Question 2 (RQ-2): How have these methods been
designed?

e Research Question 3 (RQ-3): What predicting technologies
have been applied to monitor the track deterioration
processes?

One of the fundamental devices used to provide a good
understanding of the issue was the “mentefacto conceptual,’
a tool for addressing a complex situation, represented by an
ideogram (Torres-Carrion et al., 2018). In this paper, the track
deterioration is the issue, and the permanent way or track is the
study. This is different from some kinds of regular interaction, for
instance, track design, and track schedule. This process permits
monitoring before a track component fails (Yan et al., 2019);
it also provides information on downgrading the track quality.
Figure 2 shows the “mentefacto conceptual” of this review.
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FIGURE 1 | Flowchart of the Methodology.

The platform used for the first filtering is “Primo de Ex
Libris,” under library license. This is a systematic search using
a semantic sentence in the English language and identifying
literature through specific words.

Conducting

In Kitchenham (2004), when the protocol has been accepted,
the review can be developed. The steps are iterative/incremental,
which means the research will run until the research questions
are answered. The main idea of this type of review is to find as
many primary sources related to the research question as possible
avoiding, for example, a language bias. The “identification of
research” is complementary to the protocol. Torres-Carrion et al.
(2018) also suggest conducting a literature search in the Web of
Science, Scopus, and Google Scholar. Once the relevant potential
primary studies have been identified, they need to be assessed for
their relevance (Kitchenham, 2004).

The sub-stage study assessment is supported by the criteria
of inclusion and exclusion, the complexities of both the method
and the validation, and the study quality, represented in criteria
such as approach, systematics, extension, context, and peer
review, among others. In this paper, it is proposed that the

primary studies will be assessed according to three indicators:
the complexity of the method, complexity of the validation, and
study quality. A primary issue is that there is no agreed concept
of study quality.

In this research the complexity of the method is used as an
indicator of how much the method considers the requirements
necessary for it to be complete. It has a rank of —5 to +5,
which represents how much the study applies its potential
to develop the research about track conditions. In order to
assess the complexities of the methods of the primary studies
previously listed, seven criteria are proposed: approach, type (or
model), systematics, element, segment, scale, and extension. The
maximum total value (35 points) and the minimum total value
(seven points) are marked on a scale of —5 to +5, proportionality.
The criteria used are described in Table 1.

A second indicator - the complexity of the validation - is
also ranked from —5 to +5, according to whether the studies
validate their respective research on track condition. In order to
assess the complexities of the validations of the studies previously
listed, six criteria are proposed: time period, reach, the error
of measurement, context, correlation, and test-oriented. The
maximum total value (30 points) and the minimum total value
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FIGURE 2 | “Mentefacto conceptual.”

(6 points) also fit to a scale of —5 to +5. The criteria used are
described in Table 2.

In this paper, study quality is the third proposed indicator,
which is ranked from 1 to 5, representing how much the study
applies the full potential to develop the research about track
conditions. To assess the quality of the primary studies examined,
eight criteria were used: peer review, thick description, analysis
of the variables, omitted variable bias, credibility, transferability,
reliability, and confirmability. The maximum total value (40
points) and the minimum total value (8 points) are fitted to a scale
of 1-5. The criteria are presented in Table 3.

With the objective of identifying the groups in which the
listed studies might be classified, it is that the values be
plotted in a scatter bubble chart, showing on the X-axis, the
complexity of the validation; on the Y-axis, the complexity
of the method; and, on the diametric independent axis, the
study quality. At this stage, the quality of the systematic
review is defined (Torres-Carrion et al., 2018). This synthesis is

descriptive, involving a quantitative summary that shows the
principal findings and gaps.

Reporting the Review

According to Torres-Carrion et al. (2018), outcomes are
published to the scientific community to gain opinion from other
experts in the field. Systematic improvements to a review are
always needed and this is a continuous process that has seen early
benefits as a result of its implementation.

RESULTS AND DISCUSSION

In this paper, the results and discussions are organized as follows:
the related literature reviews of the issue, then the primary
studies about track deterioration, and then a summary of these
primary studies.
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TABLE 1 | Criteria of assessment to the complexity of the method.

Criteria Description Factor Value
Approach The input of the method Numerical 1
Experimental 3
Hybrid 5
Type The output of the method Mechanistic 3
Empirical 1
Empiric al-Me 5
chanistic
Systematics ~ The process of the method Full 5
(data collecting, analysis, Partial
validation)
Unique 1
Element The part of the permanent way Full
(superstructure substructure Partial*
Geometry)
Unique 1
Segment The layout of the permanent Full
way (straight, curve, tunnel Partial*
bridge, switch ramp up/down)
Unique 1
Scale The real scale of the study Full 3
(full reduced, mixed) Down 1
Mixed 3
Extension The extension of the studies Full 5
(field, laboratory, office) Partial 3
Unique 1
*Two or more.
TABLE 2 | Criteria of assessment to the complexity of the validation.
Criteria Description Factor Value
Time period Time period in which is <2 years 1
developed the 2years <p <4 3
validation years
>4 years 5
Readier Length of the <100 km 1
permanent way in 100 3
which is developed the km < p <200
validation km
>200 km
Error of measurement Whether there is Yes
standard error of No 1
measurement
Context Whether characteristics Yes 5
and test characteristics No 1
aren’t separated
Correlation Whether there is a Yes 5
correlation between No 1
test scores on parallel
forms
Teste oriented Whether the test is a Yes 5
teste oriented, rather No 1

than item oriented

TABLE 3 | Criteria of assessment to the study quality.

Criteria Description Factor Value
Peer review Whether there is a pear review Yes 5
No 1
Thick description Detailed description of the Full 5
phenomenon Partial 3
None 1
Analysis of the variables  Analysis of the main effect variables Full 5
in the model Partial 3
None 1
Omitted variables bias Whether there is omitted variables Yes 1
bias No 5
Credibility Internal validation (feedback on Full 5
results from the participants) Partial 3
None 1
Transferabilitv External validation (the degree that Full 5
findings can be transferred or Partial 3
generalized to other settings)
None 1
Reliability Describing the changing contexts Yes
and circumstances that are No 1
fundamental to qualitative research
(observing the same finding under
similar circumstances)
Confirmability Refers to the extent that the Yes 5
research findings can be confirmed No 1

or corroborated by others
(searching for negative cases that
run contrary to most findings)

Related Literature Reviews

As described in the methodology section, the related literature
reviews of track deterioration answer the research questions
proposed in this paper. The answer to each of the six studies is no,
at least partially. Table 4 presents these studies, charting whether
they have answered the research questions.

The unanswered research questions are specified and labeled
in Table 4. Although the literature reviews in these studies do not
fully answer the research questions, they support this paper by
complementing the survey.

Primary Studies

Using the methodology outlined above, 106 primary studies
were initially selected. Most of these are concentrated in five
countries, China, the UK, the US, Sweden, and Iran, however,
other countries such as Germany, India, Japan, Spain, Austria,
and Switzerland are also represented. The US is a highlight
due to the research carried out by the Association of American
Railroads - AAR through the Transportation Technology
Center, Inc. (TTCi), and supported by the Federal Railroad
Administration (FRA), a regulatory authority. Most of these
studies examine high speed or cargo/passenger railway systems,
and the papers were published in peer-reviewed journals during
the between 2010 and 2019. Most studies have an observable
approach (measured data from a recording vehicle, for instance),
a supporting empirical formulation (statistical analysis such as
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TABLE 4 | Related literature review.

Author

Title

Related research’s
question (RQ)*

Has the author
answered the RQ?

Why the author hasn’t
answered (fully) the RQ

Soleimanmeigouni et al. (2016)

Elkhoury et al. (2018)

Higgins and Liu (2018)

Dahlberg (2001)

Soleimanmeigouni et al. (2018)

Ferreira and Murray (1997)

Ngamkhanong et al. (2018)

A Survey on track geometry
degradation modeling

Degradation prediction of rail tracks: a
review of the existing literature
Modeling of track geometry
degradation and decisions on safety
and maintenance: A literature review
and possible future research directions
Some railroad settlement models — a
critical review

Track geometry degradation and
maintenance modeling: a review
Modeling rail track deterioration and
maintenance current practices and
future needs

State-of-the-art review of railway track

RQ-1 andRQ-2 RQ-I-No;RQ-2: Yes RQ-1: focus on track geometry
(partially)
RQ-1 andRQ-2 RQ-:No-RQ-2: Yes RQ-1: focus on track geometry
(partially) or track components
RQ-1 Yes (partially) RQ-1: focus on track geometry
RQ-1 Yes (partially) RQ-1: focus on track
components
RQ-1 andRQ-2 RQ-I:No;RQ-2 Yes RQ-1: focus on track geometry
(partially)
RQ-1 andRQ-2 RQ-I-No;RQ-2: Yes RQ-1: focus on track geometry
(partially) or track components
RQ-3 Yes (partially) RQ-3: focus on track

resilience monitoring

components

*See Section 3.1 “Planning.”

regression and/or probability), and focus on track geometry.
Figure 3 illustrates this data.

An empirical model was built from a set of input and output
variables. In modeling deterioration this can be used to deal
with many descriptive factors that influence track conditions
(Yousefikia et al., 2014). One of the advantages of this method
is that, since actual data is used to build the deterioration process,
an adequate estimate of the track condition can be obtained
(Yousefikia et al., 2014). On the other hand, a major drawback
is the lack of a physical basis for permanent way components
and their interactions, which may result in some directionless
outcomes (Sadeghi and Askarinejad, 2010).

The mechanistic model involves establishing the mechanical
properties of track components. One of the advantages of this
is that it can integrate the reaction of the track to production
parameters. For instance, a unique defect on the fastening system
may not cause any significant consequences, but several defects
will cause the deterioration of other components and the full
track. This indicates that these models cannot handle a range of
operating, environmental, and maintenance conditions and do
not allow for different degradation behaviors (Lovett et al., 2013).

Dahlberg (2001) and Guler et al. (2011) present other studies
on the mechanistic formulation, discussing advantages and
drawbacks. Guler et al. (2011) analyzed several mechanistic
methods looking at the degradation of permanent way geometry,
including the track damage model proposed by Sato (1995),
the track degradation developed by British Rail Research, and
the settlement model presented by the Technical University of
Munich. Dahlberg (2001), comparing several important track
prediction models, including those from Japan, the United States,
the European Union, Africa, and Australia.

Sadeghi and Askarinejad (2010) have elaborated on a
deterioration model combining mechanistic novel and statistics
that took into account data on both track geometry and
track components. The basic advantage derived from the

use of an empirical-mechanistic model is that it allows the
parameterization of geometry and basic properties. Therefore,
these parameters can be altered and adapted to the different range
requirements (Melo et al., 2019a), allowing for spatial variations,
temporal effects, and fatigue of the elements.

Additionally, for the success of an empirical-mechanistic
model, it is necessary to carry out laboratory and field
experiments (examining track components) in building
experimental models, using measurement data (track geometry)
in the calibration process. Examples gathered in the field must
take into account the sort of segment (straight, curve, switch,
bridge, tunnel, ramp up/down, etc.) and build all the elements
of the permanent way in the laboratory. Additionally, avoiding
bias, and allowing for measurement errors and validation tests
is essential (Melo et al., 2019b). This model is partially observed
in studies by Guerin (1996) and Frohling (1997), and in models
by Sadeghi and Askarinejad (2007) and Rhayma et al. (2013).
These four studies approximate the hypothetical target when
researching the track deterioration process (Melo et al., 2019b),
because they apply specifically - but not only - the empiric-
mechanistic model and the hybrid (numerical and experimental)
approach to the study of track deterioration.

After analyzing and selecting these primary studies, they
are classified in four different groups: Level III (L-III; low
complexity of both the method and the validation), Level II-a
(L-1I-a; high complexity of the method and low complexity of
the validation), Level II-b (L-II-b; low complexity of the method
and high complexity of the validation), and Level I (L-I; high
complexity of both the method and the validation). Additionally,
the selected studies are assessed by their quality, as described in
the methodology (Section “Methodology” above).

To offer one a more facetted assessment of these primary
studies, an indicator of study quality was applied. The studies
were classified into a range of 1-5, independently of the group
previously described. This indicates whether the study has been
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FIGURE 3 | Primary studies: (A) applied country, (B) published in, (C) sort of publication, (D) document type, (E) approach, (F) model, (G) element studied, and (H)
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FIGURE 4 | The primary study distribution in groups (left), and in study quality (right).
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subject to checks and controls, including a peer review. Most of
the studies selected were evaluated as being 2 on the scale from 1
to 5. Figure 4 illustrates this data, and Figure 5 summarizes the
study assessment.

Level llI (L-111) Group

L-III is the group where most of the studies are plotted (73%).
Based on the criteria of the complexity of the method and the
complexity of the validation, the L-III group includes studies that
have low complexity in both the method and the validation. This
means that the studies have not only applied a more observable
(not experimental) approach and empirical analysis but also
carried out a short validation process.

Level lI-b (L-b-Il) Group
The L-II-b is the second group where most of the studies
are plotted (23%). This group includes studies that have low

complexity in their method and high complexity in validation.
This means that the studies have focused more on validating the
method than on the method itself. In this case, there is more
attention paid to the measurement of errors. In turn, these studies
have applied a more empirical formulation.

Level ll-a (L-a-1l) Group

The L-II-a group represents studies that have high complexity
in their method and low complexity in validation. This means
that these studies have used more numerical and/or experimental
approaches, and empirical mechanistic models. On the other
hand, less attention has been given to the validation process.

Level | (L-1) Group

Lastly, there is a group named L-I, which has few studies
classified into it (only two studies in total). The L-I group
represents studies that have high complexity in both their
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FIGURE 6 | The study groups in according to the complexity of the validation,
the complexity of the method, and the study quality.

method and validation. This means that the studies have not
only applied more numerical and/or experimental approaches,
empirical mechanistic models, and systematic research (field,
laboratory, and office) but also, that they have developed an
extended validation process. It is at this level that the best
methods for studying track deterioration are located.

Summary of the Primary Studies
The primary studies included in this review are summarized in
Figure 6 and Table 5, which illustrates an overview of all 106
selected studies. The figures show the concentration of these
studies in the groups L-IIT and L-II-b, with low complexity of
the method, varied complexity of the validation, with most of
them ranked as a 2 for study quality. This means that most of the
studies related to the track deterioration process do not have the
necessary complexity and quality to deal with evaluating the track
condition and how much it is influenced by both track structure
and track geometry, as well as the relations between them. In
other words, they do not have the accuracy to predict track
deterioration. This may explain why, to some extent, this review
largely found that studies were underpinned by empirical models
(statistical, for example), which are more easily developed than,
for instance, mechanistic or even empirical mechanistic ones.
Supported by these studies and findings, it is possible to
identify which tactics - including model and approach - have
been established by more than one peer review process. Table 6
shows that the most of valid tactics (established tactics) are related
to both empirical (statistical) models and observable approaches
(recording vehicles, for example) when these are applied to the

TABLE 5 | Selected primary studies and their respective groups.

Group  Authors

L1l Hamid and Gross, 1981; Bing and Gross, 1983; Shenton, 1985;
Kearsley and As, 1995; Zhang et al., 1997; Simson et al., 1999;
Tolppanen et al., 2002; EI-Sibaie and Zhang, 2004; Jovanovic, 2004;
Kawaguchi et al., 2005; Hokstad and Langseth, 2005; Meier-Hirmer
et al., 2006, 2009; Lobo-Guerrero and Vallejo, 2006; Sadeghi and
Askarinejad, 2009, 2010, 2011; Antoni and Meier-Hirmer, 2008; Kumar
et al., 2008; Dell'Orco et al., 2008; Shafahi et al., 2008; Shafahi and
Hakhamaneshi, 2009; Oberg and Andersson, 2009; Zwanenburg,
2009; Faiz and Singh, 2009; Faiz, 2010; Sadeghi, 2010; Quiroga and
Schnieder, 2010; Chang et al., 2010a; Guo et al., 2010; Luber et al.,
2010; Guler et al., 2011; Vale and Calgada, 2011; Xu et al., 2011; Gong
et al., 2016; Mercier et al., 2012; Andrade and Teixeira, 2012, 2013b;
Andrews, 2012; Corriere and Vincenzo, 2012; Chaolong et al., 2012;
Prescott and Andrews, 2013, 2015a,b; Lovett et al., 2013; Audley and
Andrews, 2013; Andrews et al., 2014; Khouy et al., 2014, 2016; Li and
Xiao, 2014; Yousefikia et al., 2014; Vale and Ribeiro, 2014; Khouzani
et al., 2014; Wei and Liu, 2014; Zhu et al., 2015; Bai et al., 2015, 2016;
Jovanovic et al., 2015; He et al., 2015; Ahac and Lakusic, 2015;
Shafiee et al., 2016; lvanov et al., 2016; Qian et al., 2016; Mahmoud
et al., 2016; Cardenas-Gallo et al., 2017; Chen et al., 2017; Do et al.,
2017; Wei et al., 2017; Minbashi et al., 2017; Das and Bajpai, 2018;
Sadri and Steenbergen, 2018; Peralta et al., 2018; Sadri et al., 2018;
Nielsen and Li, 2018; Osman and Kaewuruen, 2018; Chiachio et al.,
2019; Al-Jubooria et al., 2019

Li et al., 2006; Zhang et al., 2000; Lyngby, 2009; Chang et al., 2010b;
Berawi et al., 2010; Andrade and Teixeira, 2011; Guler et al., 2011;
Quiroga and Schnieder, 2011a,b; Sadeghi and Askarinejad, 2012;
Westgeest et al., 2012; Andrade and Teixeira, 2013a,b; Xu et al., 2013;
Guler, 2014; Nguyen et al., 2016; Nimbalkar et al., 2016; Karttunen

et al., 2016; Xin et al., 2016; Zarembski et al., 2016; Karimpour et al.,
2017; Falamarzi et al., 2018; An et al., 2018

Sadeghi and Askarinejad, 2007; Rhayma et al., 2013; Vale and Lurdes,
2013; Andrade and Teixeira, 2015

L-l Guerin, 1996; Frohling, 1997

L-ll-b

Lll-a

elements of track components (except “all” elements together).
This replicates an empiric model when it is associated with
the elements of track geometry, being the most usual and
less complex procedure. This may also clarify why most of
the studies under investigation are related to the empirical
formulation (both track components and track geometry), and
also observable approaches (applied predominantly to the track
geometry). In different circumstances, there are more complex
techniques, termed empirical mechanistic models and hybrid
(numerical and experimental) approaches. These are recognized
as potential tactics and are applied in various studies, indicating
potential opportunities in the development of more advanced
investigations of track deterioration.

This critical review has two main outcomes. In general, the
studies included in this literature review do not deal with the
interrelation between track components and track geometry
when analyzing track deterioration. The most used and least
complex techniques (empirical models and observable approach,
not experimental) are “established tactics” while the less ordinary
and more complex ones (empirical mechanistic models and the
hybrid approach) are recognized generally as potential tactics. In
other words, few studies have developed advanced investigation
techniques for analyzing track deterioration with numerical and
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TABLE 6 | The established and potential tactics in evaluating track deterioration and its elements.

Tactics

Model

Approach

Application of tactics (model and approach) in
evaluating the track deterioration and its “elements”
(components and geometry)

Empiric (statistical)
Empiric-mechanistic

Mechanistic

Observed

Hybrid (numerical and experimental)

Experimental
Numerical

Rail
Fastening system

Track element Track component
Sleeper
Ballast
Sub ballast
Reinforcement
Subgrade
All

Track geometry Gauge

Super elevation

Vertical Leveling

Alignment

Twist

All

- Established tactic, Potential tactic.

experimental modeling supported by statistic, probabilistic, and
mechanistic models together.

Although it is recognized that this review does not include
all existing studies, this critical systematic literature review does
establish a reasonable understanding of how track deterioration
is discussed. These studies provide insights that will aid in
the development of this research over time, indicating that
approaches to track deterioration must be updated. That is
also why this kind of critical literature review is qualified as
“systematic.” In response, it is recommended that future reviews
revise this methodology and increase its accuracy to include
other languages in the search, such as Spanish, French, German
and Portuguese, and improving the “mentefacto conceptual” by
including for example, the keywords “fouling” and “wear” as
related to, respectively, the ballast and the rail.

CONCLUSION

This study has proposed a procedure for undertaking a systematic
literature review identifying, evaluating, and classifying primary
studies that predict the process of track deterioration (structure)
and degradation (geometry) in an in-service railway. More
than 100 studies that deal with this process were selected,

most of which concentrated on five countries, namely
China, the UK, the US, Sweden, and Iran, though it did
identify some studies focused on other countries, including
Germany, India, Japan, Spain, Austria, and Switzerland. Most
of these discuss high speed or general cargo/passenger railway
systems and were published in peer-reviewed journals during
the last 10 years.

Although there are a wide variety of methodologies for
evaluating track condition, generally they have focused on an
observable approach (recording vehicle) of the track geometry,
supported by empirical analysis (statistical), with a low degree of
validation, as shown in Figure 6 (Level III group) and Table 6
(established tactic). It is recognized that this critical review has
its limitations and it could be improved once other languages
and countries are included in the search and reviewed using the
“mentefacto conceptual.”

The figures reveal that despite the advances in statistic
analytical methods there remains scope to improve existing track
condition methodologies. One of these improvements is related
to applying the best theoretical target in fully predicting track
deterioration (Level I group), which includes associating the
empirical mechanistic model (the best of statistic and mechanistic
formulation) and the hybrid (numerical and experimental)
approach. This is the main finding of this investigation.
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In practice, unlike other techniques, a hybrid numerical
and experimental approach and an empirical mechanistic
model together may take into account the interactions
between track elements (track components and track geometry)
and the environmental effects through real measured data
(experimental), and a complex mathematical calculation
(numerical analysis and mechanistic model). Additionally, these
tactics assume uncertainties (statistic and probabilistic model) in
preventing even the best method being a perfect in model over
time, due either to input parameters, for example axle loads,
temperature variation, and material strengths, and outcomes
such as displacements, forces, stresses, and strains. This systemic
review has attempted to demonstrate that by using technological
advances in computational methods and by incorporating these
techniques, it is possible to fill the current gap in modeling, and
create models that allow for the multiple processes that lead to
track degradation.
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