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A B S T R A C T   

Ballast layer condition should be more regularly and accurately inspected to ensure safe train operation; how-
ever, traditional inspection methods cannot sufficiently fulfil this task. This paper presents a method of ground 
penetrating radar (GPR) application to reflect ballast layer fouling levels under diverse field conditions (annual 
gross passing load, cleaning and renewal year, fouling composition and transportation type). The results show 
that the GPR-based inspection method can assess the ballast layer fouling level with a 1–7% difference from the 
traditional sieving results. Fouling composition (especially metal materials) has a great effect on the GPR signals, 
thus affecting the inspection accuracy of ballast layer fouling level. Developing diverse GPR-based fouling in-
dicators (by distinguishing different GPR signal features) can improve the GPR inspection applicability to the 
diverse field conditions.   

1. Introduction 

Ballast layer is a crucial ballasted track component. Compared with 
the other components, it occupies the largest volume [1–3]. It has three 
main important functions: ensuring track stability [4], providing even 
support to the sleeper and providing drainage for the track. Another 
function of ballast layer is dissipating the train cyclic loading by the 
frictions between ballast particles [5,6], through which the train loading 
is reduced to an acceptable level and then uniformly transmitted to the 
subgrade [7–9]. The ballast layer is most responsible for track geometry 
adjustment [10], because other track components (e.g., rail pad) can 
only correct limited track irregularities [11]. 

The deformation and deterioration of ballast layer contribute most to 
the track irregularities [12,13]. Because the ballast layer consists of 
aggregates with large inhomogeneity, for which uneven deformation 
frequently occurs [14,15]. On one hand, the uneven deformation of the 
ballast layer in the vertical direction causes hanging sleepers [16], 
where the sleeper bottom has no contact with the ballast bed [17]. 
Hanging sleepers cause rapid damage to all track components, reducing 
their service lives [18]. More importantly, hanging sleepers affect 
operation comfort and safety. On the other hand, the uneven deforma-
tion in the lateral direction leads to track instability [19,20], because the 
lateral resistance from the track to the train is almost entirely provided 

by the ballast layer [21]. 
Deterioration of ballast layer leads to track stiffness increment 

because fouling (normally as small particles) jams the voids in the 
ballast layer [22]. The jammed ballast layer becomes harder, which 
means it is losing the elasticity [23]. More importantly, the jammed 
ballast layer cannot provide sufficient drainage [24]. Rain water can be 
stored at the ballast-subgrade interface, easily causing ballast pockets 
[25]. When a train runs on the track with ballast pockets, the water is 
drawn upward together with the fouling materials (soil, coal, etc.) [26]. 
This phenomenon is termed as mud pumping [27]. The mud pumping 
problem has not been properly solved [28]. The ballast layer with mud 
pumping has already been in an unacceptable condition, and cannot 
provide desirable performance [5]. Because mud pumping causes that 
the ballast-ballast contacts are lubricated, and then almost 40% of the 
shear strength of ballast assemblies can be lost [29]. This leads to very 
poor operation comfort, and even safety issues [26]. 

Ballast layer fouling and the corresponding mud pumping are com-
mon worldwide track defects [30,31]. To solve this problem, many 
countries have implemented diverse maintenance regulations for ballast 
layer [32,33]. For example, in [34,35]ballast layer cleaning and renewal 
have been used to maintain the ballast layer function by sieving fines out 
and replacing old ballast particle with new ballast. However, the 
detailed maintenance schedule/plan/regulation for performing cleaning 
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and renewal actions are not very accurate or precise, which mostly are 
dependent upon the annual gross passing load (AGPL) and the occur-
rence of mud pumping (as determined by observation) of ballasted 
tracks. 

In addition, refined strategies are in need of dealing with railway 
lines under diverse conditions. Several factors can significantly influ-
ence fouling generation in ballast layer, such as ballast material, trans-
portation type, maintenance history and environment [36]. The 
environment means the regions where the tracks are built, such as soft 
subgrade regions, cold regions, wind-blown sand regions and earth-
quake regions [37]. 

To improve ballast layer maintenance, ground penetrating radar 
(GPR) has been applied to assess the ballast layer fouling level in the last 
20 years [6,38–40]. Many studies have been performed on the GPR 
application methods for ballast layer inspection, including studying the 
proper radar signal frequency [41–45], processing the radar signal 
[46–51] and developing accurate indicators to reflect the ballast layer 
fouling level [35,41,42,52–54]. Limited studies have been performed on 
the field ballast layer, based on which the fouling levels of field ballast 
layer were correlated with GPR indicators [55,56]. Very limited studies 
have attempted to compare these indicators and find the most sensitive 
indicator to precisely reflect ballast layer fouling level [47]. Few studies 
have been performed on applying GPR to inspect multiple railway lines, 
considering diverse railway line conditions [39]. Very few studies were 
found on analysing the fouling composition in the field ballast layer, 
studying its influence on the GPR inspection results [42]. 

Towards these research gaps, this study is performed on multiple 
field railway lines under diverse conditions, such as diverse AGPLs and 
transportation types (passenger or freight line). Field ballast layer 
fouling analysis is performed to calculate the sieving-based fouling index 
(mass percentage of aggregates passing through certain sieve size [57]), 
which is compared with the GPR-based fouling index. The influence of 
fouling composition (especially the metal materials) on GPR inspection 
quality is focused. Most importantly, the field inspections using GPR 
have been performed in several regions in China (including soft sub-
grade region, cold region, mountainous region and earthquake region), 
which can serve as examples for other countries with ballasted tracks in 
regions under similar field conditions. 

2. Methodology 

The methodology includes four parts. The methodology structure is 
given as follows.  

1. GPR equipment and basic principle.  
a. GPR equipment is introduced.  
b. Basic principle of GPR inspection is introduced.  

2. Ballast layer fouling indicators based on GPR signals.  
a. Two railway lines used for obtaining GPR signals are introduced.  
b. Five indicators that are used to reflect the ballast layer fouling 

level are introduced.  
c. Processing the GPR signal (to obtain indicators) is introduced.  
d. Indicator correlation with the fouling index (sieving) is explained 

to create the GPR-based fouling index.  
3. Inspected railway lines. GPR inspection was performed on diverse 

railway lines, and their field conditions are introduced.  
4. Ballast layer sieving-based fouling index results. The fouling index 

(based on sieving results) is explained. 

Note that in this paper, there are two methods to calculate the fouling 
index. One calculates the index from the sieving results of fouled ballast 
particles (explained in Section 2.4). The other calculates the index ac-
cording to the ballast fouling indicators (explained in Section 2.2.4). 

2.1. GPR equipment and basic principle 

2.1.1. GPR equipment 
The GPR equipment was the product from the Geophysical Survey 

Systems, Inc. (GSSI) in USA. The GPR equipment includes two parts, 
three antennas (two 2 GHz air-coupled and one 400 MHz ground- 
coupled antenna) and a data collection unit. For each time of inspec-
tion, only one antenna was used to receive the GPR signal. In this paper, 
the GSSI 2 GHz air-coupled antenna was used as shown in Fig. 1. 

The GPR equipment was fixed on a trolley at a height of 400 mm or 
190 mm above the ballast layer surface. 400 mm was selected according 
to the references [58,59]. 400 mm is the most commonly used height. 
The lowest height for installing the GPR equipment on the inspection 
train is 190 mm, because the GPR system would be mounted in the 
future to achieve multiple types of simultaneous track inspections, such 
as track geometry, rail corrugation and ballast fouling level. 

The antennas were placed upon the positions of ballast layer close to 
the rail (inspected area, Fig. 1) to collect GPR signal. Two reasons were 
considered for the antenna position: (1) the ballast particles below the 
rail generate the most fouling after long-term service, and (2) the GPR 
signals are affected substantially on the condition that antennas are 
mounted upon the rail. The speed of pushing the trolley is controlled 
approximately at 3 km/h. The GPR equipment setup is shown in Fig. 1. 

To determine the time window, in the first inspection, the data 
collection unit was set to collect data every 25 ns, as shown in Fig. 2. 
From the figure, after analysing the GPR signal it can be found that 15 ns 
is enough to cover the thickness of ballast layer, therefore, for the rest 
inspections 15 ns was used to obtain more detailed ballast layer 
information. 

2.1.2. Basic principle 
Large received GPR signal differences were found between the clean 

ballast layer and the GPR signal of the fouled ballast layer. The feature 
diversity of GPR signals can be used to reflect whether the ballast layer is 
fouled. Furthermore, different ballast layer fouling degrees can be 
distinguished by featuring the GPR signals, which can be used to indi-
cate the ballast layer fouling level, as explained in the following para-
graphs and Section 2.2. 

Fig. 2 shows one case of the GPR signal differences between clean 
ballast layer and fouled ballast layer. The two clean and fouled ballast 
layers belong to one same railway line but at different segments. The 
clean ballast layer was cleaned and renewed in 2018, and the fouled 
ballast layer was cleaned and renewed in 2010. 

Fig. 2a shows that the GPR signal of the fouled ballast layer is very 
different from that of the clean ballast layer. The GPR signal of the 
fouled ballast layer shows higher amplitudes (see 10–15 ns), and the 
number of axis crossings (y = 0) is much greater than that of the clean 
ballast layer. 

Fig. 2b shows the power spectrum of the two GPR signals after fast 
Fourier transform (FFT). The conversion for the time-domain GPR signal 
into a frequency domain signal through the FFT was introduced in [44]. 
From Fig. 2b, it can be seen that the power spectrum of the clean ballast 
layer becomes relatively very small after 2000 MHz. For the fouled 
ballast layer, the power spectrum still fluctuates after 2000 MHz. In 
addition, at almost all frequencies, the amplitudes of fouled ballast layer 
are higher than those of the clean ballast layer. 

2.2. GPR-based fouling indicator 

In this section, firstly two railway lines that were used to obtain GPR 
signals are introduced. Afterwards, the calculation means of five in-
dicators are introduced. Then, the validation and sensitive analysis of 
the indicators were performed. Finally, the method of correlating the 
indicators with GPR-based fouling index is introduced. 

Y. Guo et al.                                                                                                                                                                                                                                     
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2.2.1. Two railway lines for obtaining GPR signals 
Two typical sections were selected from following two railway lines 

(Lines #5 and #6 in Table 1) to obtain GPR signals and calculate fouling 
indicators.  

• A section in Line #5 was selected because Line #5 is a very busy 
route in China. There is a clear boundary between two segments (one 
clean and one fouled) in the section. The clean ballast layer was 
cleaned and renewed in 2018, while the fouled ballast layer was 
cleaned and renewed in 2010.  

• A section in Line #6 was selected because this section has three kinds 
of sub-structures supporting the ballasted track, i.e., subgrade, 

bridge and tunnel. Figures and further explanations about the two 
sections are given as follows. 

A section of Line #5. The section length is 2100 m. The sleepers are 
concrete type II mono-block sleepers with spacing at 60 cm. The AGPL is 
83 Mt. The GPR inspection was carried out at the beginning of 
September 2020 (no rainfall in the week prior to the inspection). The 
ballast shoulder in the fouled segement was found to be heavily fouled. 
Black fines (coal) were observed when the surface ballast was removed. 
Vegetation was growing in some locations. The details are shown in 
Fig. 3. 

A section of Line #6. This section is 3 km long with 2 tunnels, as 
shown in Fig. 4. The tunnel lengths are 1266 m and 137 m, respectively. 

Fig. 1. GPR equipment on ballasted track using 2 GHz antennas.  

Fig. 2. GPR time-domain signal and frequency-domain signal for clean and fouled ballast layers.  

Y. Guo et al.                                                                                                                                                                                                                                     
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In this section, there are two simple-supported pre-stressed concrete T- 
beam bridges with lengths at 100 m and 175 m, respectively. The type II 
mono-block sleeper is used in the subgrade segment, while the tracks in 
the tunnel and on the bridge segments apply the type III mono-block 
sleepers. The sleeper spacing is 60 cm. The AGPL of this section is 37 
Mt, which is mainly for coal transportation. 

The ballast layer in the tunnel segment was cleaned in 2019, and the 
subgrade and bridge segments have never been cleaned in the past 15 
years. The segments without cleaning were experiencing mud-pumping 
at the crib and shoulder of the ballast layer. The GPR inspection was 
carried out at the end of September 2020, with no rainfall in the week 
prior to the inspection. 

2.2.2. GPR-based fouling indicator introduction 
The obtained time-domain GPR signals and the accordingly con-

verted frequency-domain signals were used to develop five ballast 
fouling indicators. The GPR indicators are obtained by extracting GPR 
signal features. 

As shown in Fig. 5, the five GPR indicators are calculated by the 
following features: feature area (SfRa; FFT), scan area (StAb), axis 
crossings (CrossNum), inflection points (InflecNum) and feature area 
(after Hilbert transform, HhtAb).  

• Spectrum domain integral area (SfRa) is obtained by integrating the 
spectrum of signal after Fourier transform along the frequency, 
which is the shadow envelope as shown in Fig. 5 (a). 

• The scanning area (StAb) is the scanning area obtained by inte-
grating the absolute value of the time domain signal along the time 
axis inside the ballast layer, which is the shadow envelope as shown 
in Fig. 5 (b).  

• CrossNum is the number of spectrum line crossing the axis in time 
domain, which are marked with circles in as shown Fig. 5 (b).  

• The inflection points (InflecNum) refers to the number of time- 
domain signal intersections between increasing and decreasing 
trend in the ballast layer, which are marked as crossings as shown in 
in Fig. 5 (b).  

• The Hilbert transform is the amplitude envelope area obtained by 
integrating the time-domain signal inside the ballast layer along the 
time axis, which is the shadow envelope as shown in Fig. 5 (c). More 
details about the Hilbert transform can be found in [18]. 

2.2.3. Indicator validation 
The calculation methods of these GPR indicators (detail signal- 

processing and data-processing means) can be found in [60]. The GPR 
indicators are validated by checking the indicator values of ballast layers 
with different fouling levels. Comparison results of the five GPR in-
dicators are shown in Fig. 6. From the figure, it can be seen that the 
values of the five GPR indicators for the fouled ballast layer are higher 
than those for the clean ballast layer. This means that the five GPR in-
dicators can reflect the ballast layer fouling level. 

In addition, the inflection points (InflecNum) have very similar trend 
as the axis crossings (CrossNum), thus, their sensitivities are almost the 
same. Thus, four of the five GPR indicators were analysed on their 
sensitivities of reflecting the ballast layer fouling level (Section 3.1). The 
four GPR indicators are SfRa, StAb, CrossNum and HhtAb. 

2.2.4. Correlating GPR indicator with sieving-based fouling index 
The fouling level of each railway line section was evaluated by using 

the average, highest and lowest values of the GPR indicators. An 
example is given in Equation (1). The three types of sub-indicators are 
calculated with the GPR indicator StA (j) In the equations, j = 1,2,3…n; n 
is the total amount of GPR data for the inspected railway line section. 

StAb(average) =
∑n

j=1StAb(j)
n

(1)  

Table 1 
Inspected railway lines and line conditions.  

Line 
name 

Length 
(km) 

Test 
data 

AGPL 
(Mt) 

Year of last 
cleaning 
and renewal 

Line explanations 

#1  3.6 2021/ 
5/24 

26 2009 This line is a passenger 
and freight mixed line, 
which is a normal 
railway line used as a 
reference. 

#2  9.0 2021/ 
6/7 

– 2013 This line is a new 
railway line for field 
tests with almost no 
traffic, which is used as 
the reference of clean 
ballast layer. 

#3  9.8 2021/ 
8/27 

450 2020 This railway line is 
served only for coal 
transportation. 

#4  13.0 2021/ 
10/20 

17 – This line is only for 
passengers. The 
inspected sections in this 
line have no special 
structures. There are no 
substantial differences 
along these inspected 
sections. This railway 
line is used to compare 
the GPR results in a line 
with the same 
conditions for each 
section.  

13.0 2021/ 
10/21 

17 –  

3.0 2021/ 
10/22 

17 –  

3.0 2021/ 
10/22 

17 – 

#5  2.1 2020/ 
09/03 

83 2018 This line is a very busy 
route in China. Using 
GPR inspection results 
from this line, the 
indicator sensitivity ( 
Section 3.1) can be more 
easily analysed.  

0.4 2020/ 
09/04 

83 2010 

#6  3.0 2020/ 
09/15 

37 2019 This line is a first-class 
general speed railway 
with subgrade, tunnel 
and bridge tracks. Using 
GPR data from this line, 
the indicator sensitivity 
(Section 3.1) was 
analysed for different 
track structures. The 
ballast layer in the 
tunnel section was 
cleaned in 2019, and the 
normal section and 
bridge section have 
never been cleaned in 
the most recent 15 
years.  

Fig. 3. Ballast layer condition of one section in Line #5.  
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StAb(max) = max(StAb(j))

StAb(min) = min(StAb(j))

Eq. (2) presents the correlation between the StAb and the sieving- 
based fouling index results, explained in Section 2.4. FI5mm and FI16mm 
are the mass percentages of aggregates passing sieving sizes of 5 mm and 
16 mm, respectively. More details about the equations (correlating the 
indicator with the fouling index based on sieving) can be found in [60]. 

StAb = 3.1 × 105 × FI5mm − 2.9 × 105 (2)  

StAb = 2.2 × 105 × FI16mm + 2.0 × 106 

Using Eq. (1) and Eq. (2), two equations were developed that applied 
the StAb to calculate the GPR-based fouling index (GFI), as shown in Eq. 
(3). In the equation, GFI5mm is the estimated mass percentage of aggre-
gates that passes the 5 mm sieve using the StAb; GFI16mm is the estimated 
mass percentage of aggregates that passes the 5 mm sieve using the StAb. 

GFI5mm(x) = 2.43 × StAb(x) × 10− 6 + 1.64 (3)  

GFI16mm(x) = 2.61 × StAb(x) × 10− 6 + 13.08 

To estimate the accuracy of the two GPR-based fouling indices, the 
sieving-based fouling index is compared with the two indices. The 

results are shown in Section 3.2. 

2.3. Inspected railway lines 

Railway lines under diverse field conditions were inspected, as 
shown in Fig. 7. Several factors were considered to choose these railway 
lines, including transportation types, regions, maintenance histories and 
current ballast layer conditions by observing. The transportation types 
are the passenger and freight mixed line, new line for field tests and 
heavy-haul line (used only for coal transportation). 

The selected railway lines (Table 1) were cleaned and renewed in 
different years, and the selected railway line types are different. Details 
are explained in Table 1. 

2.4. Sieving-based fouling index results 

In this section, firstly several methods to quantify ballast layer 
fouling level in the literature are introduced. Afterwards, the reason of 
choosing the applied fouling index is given. Finally, the procedure of 
sieving fouled ballast particles (from the field) was explained. 

There are several fouling indices to quantify the ballast layer fouling 
level, such as the percentage of fouling [25,61], percentage void 
contamination [62] and relative ballast fouling ratio [57,63].  

• Percentage of fouling. For example, the Ionescu method to calculate 
the fouling index is FI = P0.075 + P14; P0.075 represents the cumulative 
mass passing through a 0.075 mm sieve, while P14 denotes the mass 
of aggregates passing through a 14 mm sieve.  

• Percentage void contamination (PVC). The PVC is calculated by PVC 
= V2/V1; V2 indicates voids in ballast, while V1 is the fouling volume.  

• Relative ballast fouling ratio. The relative ballast fouling ratio is 
calculated by Equation (4). Mf and Mb are the masses of fouling and 
ballast, respectively, while Gs-b and Gs-f are the densities of fouling 
and ballast, respectively. 

Rb− f =
Mf ×

(
Gs− b/Gs− f

)

Mb
(4) 

Finally, the relative ballast fouling ratio was chosen for quantifying 
the ballast layer fouling level because of the following four reasons.  

• The percentage of fouling was the most commonly-used fouling 
index in GPR-related studies.  

• In most cases, fouling aggregates below 5 mm are most easily 
accumulated at the ballast-subgrade interface. Larger particles are 
not easily shake down.  

• Most importantly, sieving the fouled ballast is the fastest way to 
obtain the fouling level. 

Fig. 4. Ballast layer conditions of one section in Line #6.  

Fig. 5. Indicators produced by processing GPR signal features.  
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• Our method can be considered a simplified relative ballast fouling 
ratio. According to Eq. (4), when ballast density and fouling density 
are the same values, the Gs-b⁄Gs-f is a constant. In this way, Eq. (4) is 
the same as Eq. (5). 

The fouling index based on sieving (5 mm) used to reflect the fouling 
level is shown in Eq. (5). It is calculated using the mass percentage of 
aggregates that are smaller than 5 mm. The calculation methods are the 
same for the fouling indices using 10 mm and 16 mm sieves. In the 
equation, m5mm is the weight of particles below 5 mm, and mall is the 

Fig. 6. Ballast layer fouling level presented by five indicators.  

Y. Guo et al.                                                                                                                                                                                                                                     
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total weight of ballast sample. 

FI5mm =
m5mm

mall
(5) 

The sieving method for fouled ballast includes four steps: weighing of 
samples, soaking samples, sieving samples and measuring ballast den-
sity. More details of the sieving procedure can be found in [60]. 

3. Results and discussions 

3.1. Indicator application and sensitivity analysis 

3.1.1. Indicator application 
The Line #4 ballast layer fouling analysis is used for demonstrating 

the necessity and feasibility of GPR application to ballast layer inspec-
tion. Because the ballast layer fouling levels of different segments in one 
railway line can be very different, even though all the field conditions 
are almost the same. 

The field condition of Line #4 was described in Table 1, some key 
conditions are summarised as follows.  

• Line #4 is a general passenger line in China railways.  
• There are no structural differences along these inspected segments in 

Line #4 (no special structures, no curves, etc.).  
• The AGPL and the maintenance histories are almost the same. 

However, large differences of ballast layer fouling levels at some 
locations were found, as shown in Fig. 8. In Fig. 8a, the red and black 
colours means high fouling levels. At some locations, the ballast layer 
fouling level is very high. This means that it is unreliable to determine 
the ballast layer maintenance schedule only by the AGPL. 

3.1.2. Indicator sensitivity 
The indicator sensitivity analysis is to examine the ability of GPR 

indicators on reflecting the ballast layer fouling level. A high sensitive 
GPR indicator changes significantly with a small change of ballast layer 
fouling level. This is crucial for GPR indicators, especially when using 
the GPR-based fouling index (calculated by GPR indicator) to reflect 
ballast layer fouling level in the field. By using the sensitive indicator, 
the ballast layer fouling level can be evaluated more accurately, ac-
cording to which precise maintenance schedules can be made. 

Fig. 9 shows the results of the four GPR indicators (Line #5). Fig. 9a 
shows the GPR signal using traditional signal processing method, which 
is difficult to visually identify the ballast layer fouling level. This is 
greatly improved after performing the Hilbert transform (explained in 
Section 2.2.2), as shown in Fig. 9b. The green colour has the lowest 
amplitude (low fouling level), and the black colour has the highest 
amplitude (high fouling level). It can be observed that more black colour 
is in the sections K38 + 100 − K38 + 500, which is consistent with the 
sieving results of the dug ballast samples from the field. 

Because this railway line section has same AGPL and year of cleaning 
and renewal, finding out the reason of high ballast layer fouling level 

Fig. 7. Three examples of railway lines inspected by GPR.  

Fig. 8. GPR results of Line #4.  
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was performed. It was found that this section is located within the radius 
of a 2500 m curve. The rapid ballast layer fouling results from the 
centrifugal force on ballast particles (induced by the train passing the 
curve) and the freight dropping into the ballast layer. This means that 
the track structures under abnormal loading (e.g., curve, transition zone 
and turnout) have great influence on ballast layer fouling generation. 
Specifically, the curve, transition zone and turnout are special structures 
where impact loading usually occurs. The impact loading leads to dif-
ferential settlements of ballast layer, which causes higher sleeper stress 
to the ballast layer, accelerating ballast degradation. 

As shown in Fig. 9c, the four GPR indicators are compared. It can be 
seen that the four GPR indicators have the same trend. In particular, 
SfRa and CrossNum present almost the same values, for which in the 
following analysis the three GPR indicators (StAb, CrossNum and 
HhtAb) are used. 

The GPR indicator sensitivity is analysed by comparing the 
maximum indicator value, minimum indicator value and the ratio of the 
maximum to the minimum values, as shown in Table 2. The ratio of 
HhtAb is 4.6, which is the most sensitive GPR indicator. The second 
sensitive GPR indicator is the StAb. 

From the table, it can also be observed that the sensitivity of these 
GPR indicators is effected by the minimum indicator value. This is also 
helpful for the future field ballast layer inspection. Because high ballast 
layer fouling level can even be observed by eye. However, the fouling 
normally accumulates at the ballast-subgrade interface, which is hard to 
be observed. Using this sensitive indicator, small fouling level at the 
initial stage can be detected. 

The GPR indicator results of the 3 km section in Line #6 are shown in 
Fig. 10. The sensitivities of the three GPR indicators (StAb, CrossNum 
and HhTAb) are consistent with the analysis of Line #5. HhtAb is the 
most sensitive indicator, followed by the StAb. 

Regarding the influence of different sub-structures on ballast layer 
fouling level, results show that ballast cleaning and renewal play more 
decisive role than the sub-structure differences.  

• The three GPR indicators (StAb, CrossNum and HhTAb) all show 
high values for the segment of K188 + 500 − K188 + 750. The reason 
can be that this segment has not been cleaned or renewed for the last 
15 years. This means that ballast cleaning and renewal primarily 
effect the ballast layer fouling level.  

• In the tunnel segment, the values of the three GPR indicators are 
relatively low. The reason can be that the tunnel segment was 
cleaned and renewed 2 years ago.  

• In the bridge segment, the values of StAb and CrossNum are high due 
to the long absence of ballast cleaning and renewal. 

In summary, by comparing these GPR indicators, the StAb can be 
suitable for ballast layers on the subgrade, bridge and tunnel. Because 
StAb has the acceptable sensitivity for ballast layer fouling inspection on 
these sub-structures. In addition, the StAb saves computational costs and 
can rapidly reflect ballast layer conditions. Specifically, the calculation 
of HhtAb involves empirical modal decomposition, the calculation re-
quires a longer time than the others. Specifically, the calculation time 
costs 140 s for 1 km with the HhtAb, while only 5 s are required for the 
other three indicators. Therefore, the StAb is used in the following 
analysis, which compares the GPR-based fouling index (calculated by 
StAb) with the fouling index (based on sieving results). 

3.2. GPR-based fouling index validation and application 

The GPR-based fouling index is validated by comparing the index 
values with the sieving-based fouling index values. Specifically, using 
the sieving method described in Section 2.4, sieving-based fouling index 
results of 5 mm and 16 mm (Line #3 and Line #4) are obtained. The 
GPR-based fouling index values of Line #3 and Line #4 are calculated 
using Equations 1–3 and the StAb values. 

After the GPR-based fouling index is validated, some abnormal GPR- 
based fouling index values from Line #3 are analysed due to its unusual 
fouling composition. The fouling composition of Line #1 and Line #2 
was used as references. 

3.2.1. Index validation 
In Table 3 and Table 4, the GPR-based fouling index values are all 

greater than the fouling index (sieving), with value difference ranging 
from − 1% to 2% for the 5 mm sieving size and − 1% to 7% for the 16 mm 
sieving size. The value difference is calculated by the GPR-based fouling 
index minus the sieving-based fouling index. The value difference is 
small, which means that GPR can accurately reflect the ballast layer 
fouling level. In addition, the applied indicator (StAb) and the signal 
processing methods are validated. 

3.2.2. Fouling composition analysis 
Table 5 and Table 6 show that the GPR-based fouling index values 

are all greater than the fouling index (sieving), with value differences 
from 1% to 10% for the 5 mm sieving size, while the value differences 
for 16 mm are from 7% to 18%. 

There are some abnormal GPR-based fouling index values, which 
means that the value differences of Line #3 are larger than those of Line 
#4. The following factors are analysed.  

• GPR equipment. In practice, during GPR testing on these railway 
lines (Section 2.1), no changes were made to the GPR system con-
sisting of the antennas, mainframe, etc., so the large value difference 
is not caused by GPR equipment.  

• Sieving results. The sieving process was rigorously kept the same, so 
the difference is not caused by the sieving error. 

Fig. 9. Indicators from the GPR signal for Line #5.  

Table 2 
Sensitivity of different GPR signal indicators.  

Name SfRa StAb CrossNum HhtAb 

Maximum value  1.00  1.00  1.00  1.00 
Minimum value  0.60  0.43  0.60  0.22 
Ratio of maximum value to minimum 

values  
1.7  2.3  1.7  4.6  
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• Fouling composition. The fouling material composition analysis was 
performed with Line #1 (reference), Line #2 (reference) and Line 
#3. 

For Line #3, the specific ballast fouling composition analysis method 
is given as follows. Four fouled ballast layer samples at two different 
locations (K270 + 867 and K271 + 113) were selected for fouling 
composition analysis, as shown in Table 7. The two locations were 

Fig. 10. Line #6 GPR inspection results.  

Table 3 
Fouling indices for Line #4 (5 mm sieve size passing rate and GPR).  

Location (section 
mark) 

Fouling index 
(sieving) 

Fouling index 
(GPR) 

Difference 
value 

K162 + 470  4.16  4.57  0.41 
K162 + 476  3.75  4.71  0.96 
K162 + 482  3.62  4.55  0.94 
K162 + 752  2.89  4.80  1.91 
K162 + 758  3.47  5.39  1.92 
K162 + 764  4.15  5.48  1.33 
K163 + 352  7.09  5.63  − 1.46 
K163 + 358  4.84  7.04  2.20 
K163 + 364  5.22  6.67  1.45 
K164 + 138  7.12  6.17  − 0.96 
K164 + 144  4.04  6.46  2.42 
K164 + 150  8.02  6.37  − 1.65 
K192 + 860  8.45  6.28  − 2.17 
K192 + 866  6.02  6.40  0.37 
K193 + 210  7.01  7.06  0.05 
K193 + 450  6.51  8.53  2.02 
K193 + 456  8.23  8.11  − 0.12  

Table 4 
Fouling indices for Line #4 (16 mm sieve size passing rate and GPR).  

Location (section 
mark) 

Fouling index 
(sieving) 

Fouling index 
(GPR) 

Difference 
value 

K162 + 470  13.28  16.22  2.94 
K162 + 476  13.28  16.38  3.10 
K162 + 482  11.07  16.21  5.14 
K162 + 752  8.97  16.47  7.50 
K162 + 758  10.24  17.10  6.87 
K162 + 764  11.56  17.20  5.64 
K163 + 352  16.85  17.36  0.51 
K163 + 358  13.55  18.87  5.32 
K163 + 364  14.21  18.48  4.27 
K164 + 138  16.55  17.94  1.38 
K164 + 144  9.13  18.25  9.12 
K164 + 150  17.42  18.15  0.73 
K192 + 860  19.34  18.06  − 1.28 
K192 + 866  15.26  18.19  2.92 
K193 + 210  18.09  18.89  0.81 
K193 + 450  15.22  20.47  5.25 
K193 + 456  19.09  20.03  0.94  

Table 5 
Fouling indices for Line #3 (5 mm sieve size passing rate and GPR).  

Location (section 
mark) 

Fouling index 
(sieving) 

Fouling index 
(GPR) 

Difference 
value 

K270 + 867  3.84  14.06  10.22 
K270 + 887  6.75  13.75  7.00 
K271 + 113  5.99  9.56  3.57 
K271 + 118  7.97  9.44  1.47 
K271 + 200  13.91  15.19  1.28 
K271 + 218  6.72  13.41  6.69 
K271 + 226  7.88  13.97  6.09 
K271 + 304  5.03  15.55  10.52 
K271 + 314  6.24  16.34  10.10 
K271 + 324  6.25  16.53  10.28  

Table 6 
Fouling indices for Line #3 (16 mm sieve size passing rate and GPR).  

Location (section 
mark) 

Fouling index 
(sieving) 

Fouling index 
(GPR) 

Difference 
value 

K270 + 867  8.00  26.41  18.41 
K270 + 887  13.91  26.08  12.17 
K271 + 113  10.92  21.58  10.65 
K271 + 118  14.43  21.45  7.02 
K271 + 200  19.62  27.62  8.00 
K271 + 218  12.61  25.72  13.10 
K271 + 226  14.71  26.31  11.61 
K271 + 304  10.58  28.01  17.43 
K271 + 314  13.56  28.85  15.29 
K271 + 324  13.38  29.06  15.68  

Table 7 
Ballast fouling composition and content for Line #3.  

Location Difference 
value (16 
mm) 

Sample 
number 

Weight 
of ballast 
with iron 
ore (kg) 

Other 
composition 
weight (kg) 

Weight 
percentage 
of the iron 
ore 

K270 +
867 

18.41 1  22.47  6.91 77% 
2  8.93  2.28 80% 

K271 +
113 

10.65 3  5.39  23.65 19% 
4  5.96  20.87 22%  
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selected because the value differences (18.41 and 10.65) are very large 
compared to the others. The results show that the ballast samples of Line 
#3 have a very high content of iron ore, while the iron ore was not found 
in the samples of Line #1 or Line #2. 

Due to the metallic composition of the iron ore, more energy 
reflection of radar electromagnetic waves occurred in the ballast layer, 
which leads to an increase in the GPR signal fluctuations. Then, the GPR- 
based fouling index becomes higher value, because it is calculated using 
the GPR indicator, which is obtained by featuring these GPR signal 
fluctuations. 

In summary, the GPR-based indicator can be used for inspecting 
ballast layer fouling level. In addition, it can be found that the fouling 
composition has great influence on the GPR-based fouling index (by 
influencing the GPR signal fluctuations). Therefore, more focuses can be 
on this GPR application development direction. For example, the 
research direction can be the use of GPR signals to analyse detailed 
ballast fouling composition, e.g., water, metal, etc. 

3.3. Ballast layer field condition analysis 

The railway lines are inspected using GPR and the GPR-based fouling 
index are calculated using Eqs. (1)–(3). The GPR-based fouling index, 
sieving-based fouling index and their filed conditions are compared. The 
field conditions include AGPL, cleaning and renewal year for each 
railway line, as shown in Table 8. 

The table shows that the ballast layer fouling level mostly depends on 
the cleaning and renewal year and the AGPL, nevertheless, the railway 
line type also has great effects on the ballast layer fouling level. 

For example, in the railway lines for freight transportation, higher 
fouling level is observed. For example, Line #3 is a special line for coal 
transportation in China. The line was cleaned and renewed in October 
2020, and GPR inspection was performed after only one year. However, 
the fouling level is higher than Line #4 (passenger only) and Line #2 
(railway line for field tests). 

Even though cleaning and renewal year dominate the influence on 
ballast layer fouling level, the prediction of maintenance schedule is still 
not easy only using these two conditions. Specifically, Line #4 and Line 
#2 were cleaned and renewed in the same year, and the volume of traffic 
on Line #4 was greater than that on Line #2. However, the difference in 
fouling level (both 5 mm and 16 mm) of Line #4 and Line #2 is not 
significant. Therefore, for the same railway line, it is regular that the 
fouling level increases with the increasing of cleaning and renewal year 
and AGPL, but the fouling level is not directly proportional to the 
cleaning and renewal year or AGPL. This means that it is not possible to 
determine the fouling level only by combining cleaning and renewal 
year and AGPL. 

GPR inspection and sieving results for each railway line show that 
the fouling level in most of the inspected lines is uniform. However, 
some locations/segments have significantly higher fouling level. The 

length of these locations/segments ranges from tens of metres to hun-
dreds of metres. Although these railway line sections have not met the 
threshold of cleaning and renewal (stipulated in standards [34]), their 
ballast layer fouling level has already been quite high. This demonstrates 
the importance of applying GPR for future ballast layer inspection. In 
addition, the necessity of creating standards of GPR application with 
consideration of diverse railway line conditions is also demonstrated. 

4. Conclusions and perspectives 

4.1. Conclusions 

In this paper, the application of GPR to ballast layer fouling assess-
ment is studied, especially to the ballast layers under diverse field 
conditions. Different GPR indicators reflecting ballast layer fouling level 
are analysed on their sensitivities. Afterwards, using one indicator, a 
GPR-based fouling index is developed. The GPR-based index is validated 
with the sieving-based fouling index, and then the GPR-based fouling 
index is used to analyse fouling level of multiple railway lines under 
diverse field conditions. The factors influencing the GPR fouling index 
results are analysed, such as the fouling composition. After performing 
this study, the conclusions are given as follows.  

• A good correlation between the GPR-based fouling index and the 
sieving-based fouling index was found. This means that GPR is very 
promising for ballast layer fouling inspection.  

• The GPR-based fouling index (calculated with the indicator StAb) is 
the most suitable index for ballast layer fouling evaluation, because 
the difference between the GPR-based fouling index and the sieving- 
based fouling index is small.  

• Fouling material has a great influence on the GPR-based fouling 
index, especially in the case of iron ore, because it has big influence 
on the GPR signal fluctuations. 

4.2. Limitations and future perspectives 

After performing this study, some limitations were observed in this 
study, which are given as follows. 

From the sensitivity analysis, it can be seen that the applicable GPR 
indicator can be StAb, but it is not a perfect one. The five GPR indicators 
used in this study are sensitive to different conditions. For example, in 
the bridge segment (Fig. 10), the CrossNum and StAb are more sensitive 
than the HhtAb. HhtAb can better represent ballast layer fouling level by 
colours; however, it cannot perfectly reflect the ballast layer fouling 
level on bridges. This indicates that different indicators can have 
different sensitivities to different sub-structures for tracks. Therefore, it 
is better to combine these indicators or develop another means of signal 
processing, by which a new comprehensive GPR indicator can be 
developed. Because relevant studies using data science are blooming, 

Table 8 
Annual gross passing load, cleaning and renewal year and fouling level for each railway line.  

Line Cleaning and renewal year AGPL (Mt/year) Sieve size (mm) Fouling index (GPR) Fouling index (sieving) 

Max Min Av Max Min 

#1 2008 26 5  20.95  8.49  12.99 18 10 
16  33.81  20.43  25.26 29 21 
25  51.73  38.43  43.23 53 37 

#2 2010 Very low 5  18.11  5.14  7.46 9 4 
16  30.76  16.84  19.32 16 7 
25  48.70  34.86  37.33 44 27 

#3 2020 450 5  –  –  – 15 4 
16  –  –  – 20 8 
25  –  –  – 31 20 

#4 2008 17 5  5.61  3.25  3.83 8 3 
16  17.35  14.80  15.43 19 9 
22.5  35.36  32.83  33.46 32 15  
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then using the most suitable algorithm to develop the most sensitive 
indicator is a promising research direction. 

Further development of GPR signal analysis to identify fouling 
composition is necessary. The ballast fouling compositions vary in 
general. However, only the iron ore was analysed in this study, because 
it has the largest influence on the GPR-based fouling index. Regarding 
other fouling materials, such as water, coal and sands, it is a very good 
research direction to identify them as well. In particular, coal is the main 
fouling material in coal transportation lines not only in China, but also in 
other countries (e.g., Australia), while sand is the main contamination in 
ballast layers in desert areas. 

In addition, the ballast layer moisture has great impact on the GPR 
signals, as the recently released report stated, see [64]. More focuses can 
be put on this research direction. The moderate-frequency GPR can 
better identify the moisture in the ballast layer. Therefore, the combi-
nation of high-frequency and moderate-frequency GPR can be 
considered. 

A study was performed on correlating the GPR-based fouling index 
with ballasted track geometry deterioration. The correlation is under 
investigation according to our current inspection data. More filed in-
spection data analysis (including rail-related data) has been performed 
on this, and next publication will be on this topic. 

Even though several railway lines were inspected and some GPR 
inspection results were analysed, the data are still not sufficient for a 
deeper analysis on the ballast layer deformation. In the next step, GPR 
inspection will be used for long-term inspection, mainly on ballast- 
related track settlement. This is very helpful for ballast layer mainte-
nance guidance. 

The GPR-based fouling index was only correlated with one kind of 
sieving-based fouling index. The PVC and relative ballast fouling ratio 
can reflect the void percentage of the ballast layer, and the working 
principle of high-frequency GPR is to detect the voids in ballast layer. 
Therefore, correlating the GPR-based fouling index with all of these 
kinds of sieving-based fouling indices is an interesting research 
direction. 
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