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1. INTRODUCTION

Many countries allocate large amounts for 
the modernization and upgrading of their 
railway networks in order to meet the de-
mands of increasingly dense rail tra�c with 
higher axle loads at ever higher speeds. 
However, this can only be achieved if all rel-
evant key �gures and geotechnical condi-

Ground Penetrating Radar –  
Basis for e�ective Track Maintenance
This article describes the capabilities and functionality of Ground Penetrating Radar (GPR) for higher 
speeds. GPR is a train-borne technology for a continuous inspection of the geotechnical conditions of 
railway tracks. The basic principles of the GPR technology are explained with particular reference to all 
relevant railway speci�c tasks, namely the identi�cation, quali�cation and quanti�cation of ballast 
fouling by using a fouling index, the determination of the quality of track drainage and its quanti�cation 
through a drainage index, and the calculation of the track modulus (TM).     
Special emphasis in the context of GPR investigations is placed on the mapping of sections with clay 
fouling/mud spots inside the ballast bed or at its base and, respectively, inside intermediate layer, 
formation or subsoil. In the past, such weak-spots have caused derailment; they could represent a risk 
for rail-tra�c [11, 13, 14, 15, 16]. Besides, their late detection implies exceedingly high maintenance 
costs.

tions of the respective tracks can be reliably 
evaluated. On this basis only the necessary 
investments in track maintenance, moderni-
zation and support can be de�ned in the ap-
propriate size and can be placed correctly. 
This is particularly true when budgets are 
tight. 

The demands exerted on the track in 
terms of safety grow with increasing speed. 

FIGURE 1:
a)  Trajectories of radar waves, which are re�ected at the layer boundary between two media 

with di�erent dielectric constant («).
b)  Due to the di�erent travel time of the re�ections, the layer boundary is reproduced in the 

radargram (reference: Ground Control and IEV)
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Therefore, failing to detect track damages or 
obtaining inadequate information on track 
damages represents a hazard for every kind 
of railway tra�c. For this reason, a decision 
guidance that facilitates a systematic and 
e�cient renewal of the tracks is important. 
The more intensive the rail tra�c and the 
higher the tra�c speed, the bigger the re-
quirements in terms of an e�cient and reli-
able track inspection.

The mapping of clay fouling or mud sec-
tions is of special importance. Fine-grained 
soil material such as silt or clay wells up from 
the formation and reaches the ballast base 
or even penetrates the ballast layer itself. 
As a consequence, track drainage and track 
stability (i.e. bearing capacity) are strongly 
reduced. This results in lasting deformations 
that require complex maintenance work and 
high costs. If weak-spots are not identi�ed or 
not detected in time, clay fouling can, in the 
worst case scenario, lead to derailment [10, 
13, 14, 15, 16].

During the past 25 years Ground Control 
GmbH, which is placed in Munich, Germany, 
has surveyed more than 100,000 km of rail-
way tracks in many countries in Europe and 
all over the world. Recently, with information 
obtained from GPR results and other data 
(i.e. track geometry and track dynamics), a 
continuous and complete assessment of the 
track’s structural condition is possible.

2. MEASURING PROCESS

The GPR method is an electromagnetic re-
�ection method: Radar pulses are transmit-
ted into the subsoil by a transmitter antenna. 
The energy of the electromagnetic waves is 
partly re�ected at interfaces between layers 
with di�erent dielectric properties and re-
transmitted to the receiver antenna. Based 
on the measured travel time of the signals 
and knowing the propagation speed of the 
waves in the medium, depth and surface of 
the layer can be computed.

 In order to de�ne the depth of the re-
�ector from the surveyed travel time, the 
propagation speed of the radar waves in the 
subsoil has to be determined. The speed of 
electromagnetic waves in the subsoil is re-
lated to the water content of the individual 
material. Therefore, it is generally not pos-
sible to refer to reference values for certain 
rock or soil types. Thus, the radar wave speed 
has to be calibrated for each project area.

The penetration of electromagnetic waves 
mainly depends on the electric conductivity 
of the soil and the applied antenna frequen-
cy.  By using low frequency antennae on low 
conductive subsoil, the largest investigation 
depth can be achieved.

PERFORMING SURVEYS WITH MODERN 
HIGH-SPEED-GPR

Today’s GPR surveys are carried out with 
train mounted systems at speeds up to 160 
km/h. As a general rule, the antennae system 
is fastened at the carrier vehicle’s bu�ers. A 
precise positioning is achieved by an inte-
grated Di�erential Global Positioning Sys-
tem (DGPS) and Doppler radar.

The characteristics of modern GPR sys-
tems are:

 → The equipment can be installed and run 
on a wide range of track-bound vehicles 
(including regular trains or vehicles on 
Hy-Rail).

 → They are fast enough to be integrated 
into the regular tra�c schedule. Hence, 
expensive track closure is no longer nec-
essary.

 → DGPS and Doppler radar are used for an 
accurate (i.e. precision within a meter) 
positioning of the antenna independ-
ent of the speed and length of the track 
surveyed.

 → Measurement data resolution and data 
quality are equally high, no matter what 
length and what speed. 

 → All GPR components are e�ectively 

shielded against interferences from sig-
nalling and communication systems. 

3. GPR TASKS

In contrast with punctual boreholes and 
trenches, modern GPR systems provide con-
tinuous information about the geotechnical 
condition of the track, performing the fol-
lowing tasks: 

 → Continuous mapping of track-bed-thick-
ness and layers below (i.e. intermediate 
layer, protective layers).

 → Distinction between clean and fouled 
ballast and calculation of Fouling Index.

 → Mapping of mud spots or clay fouling 
sections inside ballast bed, at its base or 
inside substructure layers respectively.

 → Detection of sections with drainage 
problems and calculation of “Wet Bed 
Index”.

 → Mapping of areas with insu�cient 
bearing capacity (e.g. settlements) and 
evaluation of the dynamics of track set-
tlement.

 → Control and evaluation of the quality 
of maintenance/renewal/construction 
work (quality of cleaned or exchanged 
ballast, thickness of a new ballast bed, 
quality and thickness of soil layers).

 → Estimation of track condition based on 
track modulus (TM) calculation.

Additionally, GPR data allow for the de�ni-
tion of a sustainable, cause-based and there-
fore e�ective track renewal recommenda-
tions and programs. Optionally, GPR o�ers 
the possibility to accurately map cables, 
pipes and other objects in the track sub-
structure, creating the possibility to provide 
a complete picture of the entire system.

3.1. CLAY FOULING – STRONG EFFECT ON 
TRACK STABILITY

Clay Fouling is one of the main reasons for 
the reduction of the load bearing capacity of 
the track in a relatively short period of time. 
Several derailments in the past were caused 
by mud spots [10, 13, 14, 15, 16] even when 
the limit values for track geometry failures 
according to [2] have not been exceeded 
[13, 14]. It is therefore and because of safety 
reasons, of particular importance to detect 
clay fouling areas reliably, in their precise 
dimension and as early as possible. The rec-
ognition of the problem should be irrespec-
tive of whether the clay fouling exists in the 
substructure, at the base of the ballast bed 
or in the ballast bed itself. Clay fouling can 

FIGURE 2: 
Figure 2: Antenna 
mounted on the train 
bu�ers of a mainte-
nance vehicle
(reference: Ground 
Control)



Ground Penetrating Radar

25ETR  |  INTERNATIONAL EDITION  |  2/2018www.eurailpress.de/etr

»

rapidly deteriorate the sti�ness of the track 
and its quality. The track’s lateral stability is 
massively reduced; longitudinal errors along 
the rails arise. 

Clay fouling is also a serious de�cit from 
an economic point of view. Its timely iden-
ti�cation allows for avoiding slow speed 
sections, thus sparing time and money for 
maintenance procedures. Detecting clay 
fouling before it reaches the ballast bed ena-
bles cost e�ective renewal. Otherwise it will 
be very expensive. There is no option for bal-
last cleaning; a su�ciently compacted pro-
tection layer built of the appropriate materi-
al is essential; the installation of composites 
does not prevent clay fouling from entering 
the ballast bed (see Fig. 3).

Save few exceptions, clay fouling spots are 
not visible at the track surface, and since drill-
ings and trenches do only provide punctual 
results, reliable information is only achievable 
through GPR measurements (see Fig. 4).

A frequency analysis of the measured 
data results in a typical change of the signal 
spectrum in the area of clay fouling. Based 
on the GPR results, borehole program can be 
implemented which can be used for further 
analysis. GPR surveys to detect ballast foul-
ing have been carried out for years in Swit-
zerland, Austria, the Netherlands and France 
among others.

3.2. TRACK MODULUS (TM)

Examining the geotechnical conditions of 
railway tracks requires an index which in-
forms about state and quality of the tracks 
in a quantitative manner. The challenge has 

been to de�ne the track condition continu-
ously. This has been achieved by combin-
ing TM with the results of continuous GPR-
measurements.

It is possible, based on [3, 4, 5, 6, 7], to es-
timate quality and bearing capacity of the 
railway track. Therefore, the TM describes 
the relation between vertical load and elas-
tic de�ection of the sleeper-bearings.

On the one hand the TM can be calculated 
based on the measured de�ection under 
load [18, 20], on the other hand according to 
the soil properties [8, 9, 11]. The measuring 
principle for determining the load de�ec-
tion is described in detail in [12] and [17]. 
The properties of the system components, 
such as the area of in�uence of the sleepers 
under load, can greatly a�ect the TM. Hence, 
around turnouts, the area of in�uence of 
sleepers deviates from the standard track. 
This is because an increased area of in�u-
ence causes an increase in the distribution 
of the load, reducing the de�ection of the 

rail. Notwithstanding, to simplify the calcula-
tion of the TM, the in�uence area of sleepers 
around turnouts are assumed to be constant 
assuming the values of the standard track. 
Depending on the type of sleepers installed, 
the value of the TM can increase sharply 
around turnouts (Fig. 5). In addition, cavities 
under the sleepers increase the de�ection 
of the track under load which in turn in�u-
ences the calculation of the TM, decreasing 
its value.

An additional and new approach for calcu-
lating the TM is based upon the soil proper-
ties which can be described by the Poisson’s 
Ratio or the material density of the soil. The 
soil properties derive from the GPR data. This 
method’s advantage is to be completely in-
dependent from superstructure conditions. 
The individual layers are assigned soil values 
according to condition and bulk density. 
Averaged soil properties are calculated ac-
cording to [1, 19]. The TM can be estimated 
according to [9] and [11]. Previous studies 

FIGURE 4: Visual analysis of GPR data depicting clay fouling along a track  (reference: Ground Control and IEV)

FIGURE 3: Geotextile or composite does not stop �ne particle migration to the surface 
 (reference: Ground Control)
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indicate that this method has signi�cantly 
lower value variations along the track axis 
compared to the approach based on the use 
of track displacement data (Figure 5).

The example in Fig. 5 shows two track 
moduli based on the measured displacement 
under load (red line) and the soil properties 
(blue line). Around the turnouts a signi�cant 
increase of the TM is visible if the calculation 
is based on the measured de�ection. By divid-
ing the TM into quality classes according to [3, 
4, 5, 6, 7], the condition of the track can be sat-
isfactorily estimated (Fig. 6).

 
3.3. TRACK ANALYZER – CONTINUOUS 
PRESENTATION OF ALL MEASUREMENT 
AND TEST RESULTS

Results from GPR surveys, along with all 
identi�ed soil parameters and indices cal-

culated, can be displayed in comprehensive 
track analysis software called “Track Analyz-
er”. In order to provide all information for in-
frastructure managers, track geometry and 
track dynamics data are also integrated and 
displayed in the software (see Fig. 7) which 
also o�ers the �exibility to incorporate other 
tasks and aspects as required by the user.

The Track Analyzer provides infrastructure 
managers continuous information about the 
geotechnical conditions of the track with 
regard to all relevant issues. Moreover, it 
provides a better understanding of the sub-
structure/subgrade conditions and their in-
�uence on the superstructure. This allows for 
a signi�cantly increased track quality, pro-
viding higher route availability and safety.

A big advantage of the GPR method is the 
minimization of the need for intensive direct 
outcropping (probing, drilling, scooping) 

to characterize the underlying geotechni-
cal characteristics of the track substructure/
subgrade which results in signi�cant cost 
reductions. 

 

4. SUMMARY

This paper describes a modern train-borne 
technology for the inspection of the geo-
technical conditions of railway tracks. It is 
based on High Speed GPR and on classical 
procedures for providing continuous infor-
mation about geotechnical parameters and 
indices. A new quality of GPR measurements 
is to provide quantitative indices in addition 
to qualitative results to ful�l the require-
ments of the railway engineers in the best 
possible way.

Special attention is paid to the detection 
of mud spots and clay fouling sections as a 
risk for derailment [10, 13, 14, 15, 16]. To date 
track inspection with GPR is more appropri-
ate than any other inspection method to de-
tect, map and qualify areas with geotechni-
cal problems.

The Track Analyzer software combines 
GPR results with track geometry and track 
dynamics data. This allows for cause-based 
track renewal and targeted investment and 
provides signi�cantly more reliable results 
than conventional methods. This approach 
is especially relevant for limited budgets. ◀
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