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This study explores the use of infrared thermography (IRT) technology for the non-destructive evaluation of
ballast fouling in railway tracks, focusing on the influence of parent rock types and fouling materials. Utilizing
thermal imaging, the research investigates how variations in ballast conditions affect surface temperature, which
serves as an indicator of structural integrity and health. The experimental setup involved ballast samples derived
from three different rock types—basalt, limestone, and andesite—fouled with commonly encountered materials
like sand and clay at varying percentages. Results demonstrate that fouling level and type significantly influence
the thermal signatures captured by IRT passive camera. Notably, ballast derived from darker rocks exhibited
higher temperatures, indicating greater emissivity, while fouled ballast showed distinct temperature patterns
compared to clean samples, emphasizing the potential of thermal imaging in detecting and quantifying fouling in
ballast layers. This research underscores the viability of IRT passive camera in the routine maintenance and
monitoring of railway infrastructure, providing a foundation for further development of integrated diagnostic

tools for railway management systems.

Introduction

Railway ballasted tracks are globally recognized as the backbone for
rail transportation infrastructure. The ballast layer, comprised of large-
sized crushed rocks with angular and rough surfaces, plays multiple
critical roles, including facilitating drainage throughout the structure
and enabling adjustments to track geometry and stiffness throughout its
lifespan [25,32]. Despite its benefits, the presence of fouling—arising
from particle degradation or the incursion of external materials like
subgrade soil, coal, and wind-blown sand—constitutes a pervasive
defect, diminishing the ballast’s functionality, notably its drainage
capacity.

Railway track assessments, including the ballast layer, are in their
nascent stages, focusing primarily on the diagnosis and prognosis of the
superstructure and substructure conditions. Various non-destructive
testing (NDT) methods have been employed to enhance the structural
health monitoring of these tracks, including ground-penetrating radar,
train-mounted  sensors, and infrared thermography (IRT)
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[9,56,37,12,18].

Infrared Thermography (IRT), also known as thermal imaging, is a
standout among these techniques, providing a temperature-based anal-
ysis to support infrastructure health monitoring, particularly for railway
tracks. This method involves detecting infrared energy emitted by ob-
jects, converting it to temperature, and visualizing it through color-
coded images—cooler areas in blue and warmer areas in red [53]. The
Forward-Looking Infrared Radiometer (FLIR) is a widely adopted tool
for capturing these thermal images and identifying temperature differ-
entials [21,10].

IRT has been validated as a highly effective technology for assessing
the structural conditions of various civil engineering assets, as demon-
strated through its diverse applications:

e Dhakal and Elseifi [16] effectively used IRT to detect segregation in
asphalt overlays and the potential for reflective cracking, crucial for
preventive maintenance planning. Pozzer et al.[54] utilized IRT-
derived thermograms to calibrate a finite element model that
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Fig. 1. Infrared wavelength intervals and characterized range for IRT: Classifying NDTs conducted on railway ballast based on electromagnetic spectrum

[38,3,48,64,30,59,8,11,12,29,47,42,26,27,24,39,43,31,15,23].

Table 1

General properties of rock-type ballast derived from distinct queries.
Rock type Color Water absorption’ LAAT®

(%) (%)

Limestone Light grayish white 0.55 22.6
Basalt Gray 0.56 185
Andesite Dark purple 0.39 23.0
! Astm [7].

[N

Los Angeles abrasion index Astm [6].

detects subsurface delamination in concrete bridge decks. The
analysis also optimized the timing for conducting thermographic
inspections, enhancing maintenance accuracy and timing.
Employing a combination of IRT and advanced image processing
techniques, Kulkarni et al.[35] identified subsurface voids in road-
ways that were indicative of underlying culvert failures, thereby
preventing potential road collapses. In a further study, Kulkarni et al.
[36] implemented unmanned aerial vehicles (UAVs) to capture
thermal images of pavement surfaces, significantly improving the
efficiency and coverage of road health assessments.

Almutawa and Eid [4] discovered an inverse relationship between
soil moisture content and surface temperature using IRT. This finding
indicates that an increase in moisture content, which raises the soil’s
specific heat capacity, results in a reduced temperature differential,
thus providing critical insights into soil conditions [58].

IRT has demonstrated substantial success in the field of railway
infrastructure as well. The utility of this technology extends across
various types of railway tracks, evidencing its versatility and
effectiveness.

e Slab tracks. Ye et al. [66] applied IRT along with an edge-detection
algorithm to identify surface cracks on slab tracks. This method
allowed for precise detection of flaws by analyzing the thermal

images of the slab surfaces, showcasing IRT’s capability in pin-
pointing structural vulnerabilities.

o Ballasted tracks. In a seminal study, Clark et al. [13] explored the use
of IRT to monitor the condition of railway ballast, particularly to
identify varying levels of fouling. This included the use of a FLIR
camera equipped with an infrared detector which proved effective in
discerning temperature variations associated with different fouling
intensities. Subsequent studies, such as those by Tan et al. [59] and
Hosseini et al. [29], expanded on this foundation with both labora-
tory and field tests under static and dynamic conditions.

e Comprehensive fouling detection: Liang et al.[39] further refined the
application of IRT in detecting ballast fouling. Their work included
detailed analysis of surface temperatures and involved mixing ballast
with common fouling materials such as gravel and sand at fouling
degrees of 0 %, 20 %, and 40 %, thereby enhancing the under-
standing of fouling impacts on thermal properties.

Additionally, the potential for integrating IRT with other NDT
methods like ground penetrating radar and interferometric synthetic
aperture radar has been recognized [17,34]. Such integrations promise
to advance the comprehensiveness and accuracy of subsurface di-
agnostics, supporting a multi-scale, multi-physics approach to infra-
structure analysis. In this regard, Fig. 1 categorizes the NDT methods
used in railway ballast evaluation, including IRT, based on the electro-
magnetic spectrum. This classification helps in understanding the
diverse approaches and their respective applications in maintaining and
monitoring railway infrastructure integrity.

The comprehensive review on the potential applications of IRT for
infrastructure inspection underscores the critical influencing factors that
impact its accuracy and detectability. These factors are crucial for
optimizing data acquisition processes, as detailed by Garrido et al. [22]
and Tomita and Chew [61]. While ground penetrating radar has been
established as a robust method for evaluating railway ballast cleanliness
[40], IRT uniquely contributes by providing insights into the surface
conditions of railway ballasted tracks.
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a Clean ballast particles

b.1 Sand

b.2 Clay

b Fouling materials

Fig. 2. Materials used in the present study.

Gradation of ballast particles and
fouling materials
100
~—Clay
—@—Sand

80 | —e—Fresh ballast
S
%
£60 -
&
Y]
=
£40 -
9
£
=

20 -

0 T T T
0.001 0.01 0.1 1 10 100
Sieve Size (mm)

Fig. 3. Gradation curves of fresh crushed ballast particles and
fouling materials.

Previous studies have leveraged thermal imaging to investigate
ballast contamination effectively [59,29,39]. However, significant
challenges remain in utilizing this technology for comprehensive ballast
layer health monitoring. These challenges primarily arise from the
varying effects of parent rock types and fouling materials on the thermal
readings.

In response to these challenges, the primary objective of this study is

to assess the capabilities of thermal imaging for the nondestructive
evaluation of ballast fouling, with a particular focus on the impacts of
parent rock types and fouling materials. To achieve this, a comprehen-
sive set of experiments was conducted:

e The experiments were designed to measure thermal radiation from
both clean and fouled ballast samples. These samples were system-
atically prepared with varying concentrations of common fouling
materials such as clay and sand as well as providing both dry and wet
conditions. Using a thermography camera, we recorded the surface
temperatures of these samples to analyze the thermal effects of
different fouling levels.

e Additionally, the study considered the influence of different parent
rocks on thermal readings. Ballast particles from various rock sources
were tested to identify any discrepancies in thermal behavior
attributable to rock type. This aspect of the research helps in un-
derstanding how different geological backgrounds can affect the
outcomes of thermal imaging.

e The methodology involved rigorous laboratory testing of the pre-
pared ballast samples using IRT technology. This was done to
simulate real-world conditions where different types of ballast and
fouling materials are present, thereby enhancing the realism and
applicability of the findings.

e The diverse conditions tested in these experiments reflect common
scenarios encountered in railway asset management. This approach
ensures that the IRT-based assessments developed here can be
effectively translated into practical strategies for maintaining and
monitoring railway infrastructures.
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Fig. 4. FLIR camera used for capturing thermal images and prepared samples.
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ballast

A visible light image A thermal image

b.1 Rock type: Limestone

A visible light image A thermal image

b.2 Rock type: Basalt

ballast

A visible light image A thermal image

b.3 Rock type: Andesite

b Clean ballast samples: visible light and infrared thermal images

Fig. 4. (continued).
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FR: 40% FR: 40%
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a.1 Rock type: Limestone a.2 Rock type: Andesite
a Fouling material: Sand

Fig. 5. Ballast particles fouled with characterized fouling materials inside the cylindrical container.
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FR: 20%

FR: 40%

FR: 60%

b.2 Rock type: Andesite

b Fouling material: Clay

Fig. 5. (continued).

Materials and instruments
Railway ballast

Ballast particles obtained from three queries are used to consider the
influence of parent rock. Table 1 presents the physical and mechanical
properties of railway ballast particles derived from various parent rocks,
namely limestone, basalt and andesite. Fig. 2.a shows the clean ballast
samples derived from three distinct parent rock types. Furthermore,

Fig. 3 depicts the gradation curve established for fresh ballast particles.
Fouling materials
The present study considers sand and clay as fouling materials, as

indicated by the gradation curve illustrated in Fig. 3. Moreover, Fig. 2.b
illustrates the two types of fouling materials.
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Fig. 7. Effect of parent rock on surface temperature of clean ballast particles.

Instruments and testing procedure

An infrared thermal imaging device, the FLIR C3-X, as illustrated in
Fig. 4.a, operates within the 7.5-13 pm spectral range. This device is
utilized to capture thermal images of ballast samples, both clean and
fouled. The camera offers a resolution of 96 x 128 pixels and can
measure temperatures ranging from —20 °C to 150 °C with an accuracy
of + 0.1 °C. The emissivity value recommended by FLIR [19]is adopted
for accurate thermal readings. Additionally, to monitor environmental
conditions during testing, both a thermometer and a hygrometer are
utilized. These instruments measure the temperature and humidity
levels at the center and on the surface of the ballast samples, providing
essential data for accurate analysis.

IRT typically utilizes two distinct methodologies: active and passive
thermography. The active method uses an artificial heat source, like a
halogen lamp, to provide a controlled heating scenario. The other is
passive thermography, which relies on natural sources of heat such as
solar energy to excite the subjects of study, see ref. [45,62]. In this study,
the passive method is employed. This setup ensures that both natural
and enhanced environmental conditions are considered, providing a
comprehensive analysis of the thermal properties of the ballast under
varied circumstances.

To prepare the compacted samples of ballast particles in the
laboratory-scale testing program, multiple large cylindrical containers
with a diameter of 300 mm and a height of 300 mm are employed, as
depicted in Fig. 4a. The weight of the fresh ballast particles used for each
test ranges from 32 to 35 kg. Following the insights of Pappalardo and
Mineo [51], using a cylindrical shape for the sample container is
preferred over a prismatic shape due to its benefits in reducing bound-
ary/edge effects. This geometric advantage is crucial as it minimizes
distortions in the thermal imaging process.

The ballast particles placed inside the containers are exposed to
direct sunlight to determine the thermal properties by employment of
IRT technology. As illustrated in Fig. 4.b for three different rock types,
the thermal images are reproduced using ironbow palette to represent a
steady brightness and color gradient from higher temperature towards
lower one. In this regard, brighter colors, like yellow, indicate warmer

temperatures, whilst the purple, dark blue and black represent cooler
temperatures. Observations from the thermal images of these ballast
samples indicate that cooling predominantly occurs at a faster rate at the
sample’s boundary compared to its core. This pattern aligns with find-
ings from IRT studies on cylindrical soil samples [41], underscoring the
consistency of thermal behaviors across different material types.

Quantification of ballast fouling due to intrusion of external materials

To quantify the level of intrusion of sand and clay, representing
external fouling materials, among the ballast particles, the fouling ratio
is computed as follows:

Mg
FR=—x1 1
R M, X 00 @
FR = Fouling ratio (%)

My = Dry mass of the fouling material (kg).

Mg = Dry mass of the clean ballast sample (kg).

In this paper, FR values of 20 %, 40 %, and 60 % along with the clean
ballast samples (0 % FR) were prepared, as illustrated in Fig. 5.

Surface temperature analysis of ballast

Post-processing techniques are applied to raw infrared images to
extract statistical data for the quantification of surface temperatures.
Fig. 6 illustrates the two principal methods used for this purpose:

1 Average surface temperature: The software in [20] is employed to
calculate the average surface temperature across the entire sample area
(see Fig. 6.a). This tool provides a straightforward and reliable means to
gauge the general thermal state of the sample.

2 Regression analysis on thermographic sequences: For a more
detailed temporal analysis, the average temperature is computed for
various sequences of thermal images captured at discrete times. These
data are then analyzed to determine how the temperature varies over
time, using an exponential trendline to model these changes [65,55] (see
Fig. 6.b). This method allows for an in-depth understanding of the
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Fig. 10. Schematic layout representing thermal conductivity among ballast particles considering effect of fouling and moisture.

thermal dynamics within the sample.
Results and discussions
Effect of parent rock on thermal properties of clean ballast

The variety of rock types, especially those with distinct surface colors
and water absorption capacities, offers valuable insights into how the
physical characteristics of crushed particles affect the use of thermal
imaging for measuring the temperature of ballast surfaces. This under-
standing is crucial for optimizing the use of IRT in railway maintenance
and monitoring.

e The temperature readings captured by the IRT passive camera are
consistent with those obtained from thermometers placed at both the
mid-depth and the surface of the sample. This consistency supports
the reliability of thermal imaging as a method for assessing ballast
condition.

As shown in Fig. 7, ballast from dark-colored rocks generally exhibits
higher surface temperatures due to increased emissivity. Conversely,
limestone, which is lighter in color, tends to have a lower surface
temperature. This contrast is particularly pronounced during midday
when solar radiation is strongest, enhancing the emissivity differ-
ences between different rock types.

Further analysis of thermal images from individual ballast particles
confirms the observed trends across the full samples. Generally,

11

darker rocks reflect less light and emit more thermal energy, while
lighter rocks show opposite traits. For instance, andesite, with its
rougher surface, has higher emissivity compared to the smoother
surface of limestone, which reflects more light and emits less heat, as
described by Vollmer and Mollmann [64].

Thermal properties of fouled ballast based on IRT

Effect of fouling

In this study, an initial investigation focuses on aligning the surface
temperature readings from the IRT passive camera with those measured
by thermometers installed at the surface and median depths. This
comparison is crucial for verifying the accuracy of thermal imaging in
real-world conditions.

As depicted in Fig. 8, during the morning hours (10 AM to 1 PM),
fouled ballast generally shows a lower surface temperature compared to
clean ballast when the surface temperature exceeds the median tem-
perature. This finding suggests that fouling might insulate the surface
somewhat from solar heating. Conversely, from 1 PM to 5 PM, as the
temperature gradient reverses (surface temperature less than median
temperature), fouled ballast tends to exhibit higher surface tempera-
tures. This pattern indicates enhanced heat retention in the fouled
layers, highlighting the optimal time frame for conducting thermal im-
aging to detect fouling effectively.

While some studies like those by Clark et al. [14] and Hosseini et al.
[29] have found that fouled ballast can exhibit higher temperatures than
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Fig. 12. Schematic illustration of fully fouled and partially fouled conditions compared to clean ballast.

clean ballast, others such as Liang et al.[39] and Tan et al. [59] report
lower temperatures associated with higher levels of fouling. Advanced
imaging techniques such as hyperspectral imaging have further eluci-
dated these dynamics, revealing that fouling increases the reflectance
but reduces the emissivity of the ballast-fouling mix, as per findings from

12

Ichi and Dorafshan [31]. This alteration in physical properties due to
fouling could explain the observed discrepancies in temperature
readings.

As depicted in Fig. 9, the thermal imaging reveals a gradient in
temperature between the voids and the granular particles (comprising
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Fig. 13. Effects of fully fouled condition compared to partially fouled condition on surface temperature of fouled ballast.

ballast and fine fouling materials). This gradient is primarily due to
variations in thermal conductivity, which significantly influence how
heat is absorbed and dissipated within the structure.

During the initial period, as the air temperature rises and the mate-
rials are heated by the sun, the ballast particles absorb heat. This results
in a higher recorded temperature in areas with fewer voids where heat is
retained more effectively. Conversely, in the latter part of the day, these
particles begin to release the absorbed heat. This phenomenon leads to a
quicker decrease in temperature within areas that have a higher con-
centration of voids, as these regions have less capacity to retain heat.

This observation aligns with findings by Sabato et al. [55], who
noted similar trends in thermal imaging studies for detecting subsurface
voids in road infrastructures. On the other hand, Vazquez and
Thomachot-Schneider [63] documented a slower cooling rate in frac-
tured rock environments where the ambient temperature is lower than
that of the rock itself. This slower rate is attributed to the reduced
diffusivity of air in the cracks, which impedes heat flow and alters the
thermal dynamics observed.

Density and particle size distribution (PSD) of granular media
significantly influence their thermal conductivity, as these factors
dictate the medium’s ability to transfer heat [49]. Understanding these
relationships is crucial for optimizing material properties in various
engineering applications.

The primary mechanism for heat transfer in granular media is con-
duction through the granular skeleton. This pathway is heavily influ-
enced by the density and arrangement of the particles within the
medium.

According to Lyu et al. [44] and Zhang et al. [68], a mix of densely-
packed fine and coarse particles tends to decrease the number of air
pores. This reduction in porosity not only extends the paths for heat
transfer but also increases the overall thermal conductivity by creating
more contact points between particles. Additionally, as noted by Nguyen
et al.[50], Haigh [28], and Alrtimi et al. [5], higher densities in granular
mixtures reduce the amount of entrapped air, which is a natural insu-
lator and thus a barrier to heat flow. This configuration enhances the
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material’s thermal efficiency.

Fig. 10 provides a schematic representation of these dynamics in
granular materials such as ballast, illustrating how particle density and
distribution affect thermal properties. Furthermore, the recent model by
Zeng et al. [67] has quantitatively demonstrated how the presence of
fine particles can alter the thermal conductivity of dry soils, providing
valuable predictive capabilities for material design and assessment.

Effect of fouling materials and percentage

To evaluate the impact of different fouling materials and their con-
centrations on the thermal properties of ballast, Fig. 11 provides crucial
visual data. It clearly shows that an increase in fouling content typically
results in a more pronounced difference in surface temperature between
clean and fouled ballast as captured by IRT. The nature of this temper-
ature discrepancy—whether it increases or decreases—depends signifi-
cantly on the specific time period during which imaging is conducted.

Research has indicated that higher fouling ratios enhance the ther-
mal distinction between clean and fouled ballast across various depths,
creating a more complex thermal profile that can be critically analyzed
[60]. Additionally, differences in emissivity between particles and pores
have been observed to affect surface temperatures, with areas of higher
pore concentration showing warmer temperatures [51,47].

This analysis reveals that ballast fouled with clay generally exhibits
lower surface temperatures than sand-fouled ballast. This observation
aligns with the known thermal properties of these materials: sand has
higher thermal conductivity but lower specific heat than clay, assuming
equal moisture content and density [1,70]. Furthermore, Zhang et al.
[69] have documented that larger particle sizes typically result in lower
heat resistivity compared to finer grains, underscoring the role of par-
ticle size in thermal dynamics.

The thermal resistivity and capacity of the ballast are also influenced
by the type of fouling material. For instance, rock minerals generally
exhibit lower thermal resistivity than clay minerals due to different
particle interactions. Over time, particularly when environmental tem-
peratures and solar radiation decrease, fouled ballast—whether with
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sand or clay—tends to maintain higher temperatures than clean ballast.

Effect of partially/fully fouling intrusion in the ballast

IRT is used to detect variations in surface temperature of ballast,
which are influenced by changes in density, porosity, specific heat ca-
pacity, and thermal conductivity of the subsurface. These factors
collectively affect heat transport within the ballast layer [33]. Notably,
if the fouling material is deeply embedded within the granular layer, far
from the surface, the temperature contrast between clean and fouled
samples becomes less discernible.

As illustrated in Fig. 12, experiments were conducted with samples of
clean, partially fouled, and fully fouled ballast, each representing an
equivalent fouling ratio but varying in the depth of fouling intrusion.
The results, shown in Fig. 13, reveal that the temperature difference
between partially fouled and clean ballast is not as pronounced as that
between fully fouled and clean ballast. This suggests that shallow fouling
does not significantly affect surface temperature, a finding supported by
negligible temperature changes observed in the lower third of the
granular layer.

Temperature comparisons further indicate that fouled ballast
generally shows lower surface temperatures than clean ballast when the
external temperature is high, and higher temperatures when external
temperatures are low.

To elaborate on these temperature dynamics, thermal images were
captured at different times (from 10 AM to 1 PM and from 1 PM to 5
PM), and regression analysis was applied to model the data (Fig. 14).
This analysis confirmed that fouled ballast, particularly when the
fouling reaches the upper layers, shows a moderated rate of temperature
change due to its higher thermal mass. These observations are consistent
with broader trends noted in previous studies (Fig. 8) and are aligned
with Jankid et al.’s [33] findings on thermal contrasts in concrete
delamination, where visible temperature differences were linked to the
physical properties of the materials involved.

Additionally, research by Mineo and Pappalardo [46] on the thermal
properties of porous versus dense rock types has shown that porous
materials tend to cool faster due to their greater surface area exposure
and the presence of interconnected voids. These voids act as channels
that facilitate heat flow from the warmer interior to the cooler exterior,
further illustrating the complex thermal dynamics within different
substrates.
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Effect of moisture on thermal properties of fouled ballast based on IRT

Figs. 15 and 16 provide a comparative analysis of the average surface
temperatures of clean and fouled ballast samples under both dry and
moisturized conditions, across different rock types and fouling
materials.

In general, moisturized fouled samples typically register lower
temperatures when their surface temperature surpasses that of the sur-
rounding ground. This trend reverses when the temperature gradient is
inverted, i.e., when the temperature increases from the surface down-
wards. This differential behavior highlights the complex thermal dy-
namics influenced by moisture in the ballast. For clean ballast samples,
both dry and wet conditions tend to produce similar IRT results. This
consistency is attributed to the effective drainage capacity of clean
ballast, which prevents water retention that could otherwise alter
thermal readings.

The presence of moisture in soil particles within the ballast increases
the overall thermal capacity, necessitating greater energy for heating or
cooling to be detectable by surface thermal imaging. This effect is
intensified by the increased volumetric heat capacity associated with
higher bulk density and moisture content, as identified by Abu-Hamdeh
[2]. Such conditions enhance the particle contact points, effectively
creating thermal bridges that facilitate heat transfer.

According to Zhang et al.[69], soil samples with higher water con-
tent exhibit enhanced heat transfer capabilities due to the reduced
thermal resistivity of water compared to air. This observation is
consistent with findings by Persson [52] on heat transfer in granular
media. The interaction between moisture and fouling materials (such as
sand or clay) can improve thermal conductivity. This improvement oc-
curs as moisture creates a conductive bridge across air gaps within the
soil matrix, as shown schematically in Fig. 11. Conversely, Zhu et al.[70]
reported that while thermal conductivity increases with density, it de-
creases as water content rises, suggesting an inverse relationship in less
dense, water-rich environments. Similarly, Sass et al.[57]found that wet
conditions generally lead to cooler surface temperatures.

Despite these general trends, the actual temperature readings of
moisture-fouled ballast can vary depending on the specific environ-
mental and air temperature conditions at the time of measurement.

Conclusions and perspectives
Conclusions

This study explored the efficacy of Infrared Thermography (IRT) for
identifying ballast fouling, considering variables like parent rock type,
fouling material, moisture levels, and fouling percentage. The key con-
clusions derived are as follows:

o Darker rocks such as andesite and basalt typically show higher sur-
face temperatures compared to lighter rocks like limestone. This
difference in temperature can be crucial for detecting changes in
composition and potential fouling issues using IRT, making it a
valuable tool for inspecting various types of ballast.

IRT technology has demonstrated that fouled ballast often has a
lower surface temperature than clean ballast when there is a decrease
in temperature with depth. Conversely, when there is a temperature
increase with depth, fouled ballast tends to exhibit higher tempera-
tures. Additionally, a greater fouling ratio intensifies these temper-
ature discrepancies, aiding in the detection of fouled conditions.
Significant differences in surface temperature between dry and wet
ballast samples, particularly with moisturized fouled ballast, high-
light the effect of thermal capacity of water. This phenomenon in-
dicates that moisture content is a critical factor in thermal imaging
and can significantly influence IRT results.

The research also underscores some limitations of IRT; specifically, it
struggles to distinguish between clean and fouled ballast when the
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Fig. 16. (continued).

fouling ratio is minimal (e.g., 20 % fouling ratio) or the fouling
material is not deeply embedded (e.g., only reaching up to one-third
of the ballast layer’s lower thickness). This suggests that IRT’s
effectiveness may vary based on the extent and depth of fouling.

Future perspectives

This research has identified several challenges that need to be

addressed to enhance the application of IRT in real-world scenarios.

The variability in field conditions such as temperature fluctuations,
the presence of water vapor, changes in solar radiation, variations in
orientation of ballast layer towards sunlight direction, and the
effectiveness of IRT in low-temperature environments must be
further studied to improve the reliability of thermal imaging.
Integrating machine learning algorithms, particularly convolutional
neural networks (CNNs), could revolutionize the way images are
processed. These technologies are capable of performing complex
pattern recognition and classification tasks, including identifying
different fouling ratios and distinguishing between various parent
rock types. This approach would enhance the precision and effi-
ciency of IRT analyses.
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Utilizing IRT passive cameras mounted on coaches or drones presents
a promising method for conducting extensive field investigations.
This setup allows for continuous monitoring of the railway infra-
structure, potentially speeding up the detection and assessment of
ballast fouling.

Since IRT primarily provides surface-level data and does not give
insights into the depth of structural defects, combining it with
ground penetrating radar could offer a more comprehensive evalu-
ation. This hybrid method would enable the detection of both surface
and subsurface anomalies, thereby facilitating a more thorough
assessment of track bed conditions. The integration of these tech-
nologies is especially pertinent in scenarios where the ballast surface
is obscured, such as after rainfall, making it difficult to assess fouling
directly from the surface.
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