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ANNOTATION 

The bachelor thesis deals with the determination of the fouling level of the ballast layer using 

GPR technology in dependence on the change in the relative permittivity of the material, before 

and after the mechanical cleaning process. Repeated GPR measurements of the ballast layer 

were performed on selected sections of the railway line. After data processing, permittivity 

changes were determined on selected sections between each survey steps. In conclusion, the 

relation of the fouling level with the relative permittivity values of railway ballast is described. 
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ANOTACE 

Bakalářská práce se zabývá stanovením míry znečištění štěrkového lože pomocí georadaru 

v závislosti na změně relativní permitivity materiálu před a po procesu strojního čištění 

na vybraném železničním traťovém úseku. Bylo provedeno opakované GPR měření štěrkového 

lože na vybraných úsecích železniční trati. Po zpracování dat byly určeny změny permitivity 

na vybraných úsecích mezi jednotlivými fázemi měření. V závěru práce je popsán vztah míry 

znečištění štěrkového lože s hodnotami relativní permitivity materiálu železničního štěrkového 

lože. 
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ZÁKLADNÍ GPR TERMINOLOGIE / BASIC GPR TERMINOLOGY 

 Air-coupled antenna: GPR antenna used with limited offset above the surveyed medium 

 Antenna Array: Group of mono- or bi-static antennas working simultaneously  

 Antenna: a device which converts electric power into EM waves and vice versa 

 A‑scan: a curve consisting of amplitudes on the timeline, representing time period between the sending 

and receiving of the signal 

 Attenuation: loss of EM wave energy due to propagation and interaction with media 

 Bandwidth: Frequency band defined by the upper and lower frequencies  

 Bistatic antenna: the transmitting and the receiving antennas are physically separated 

 B-scan: survey line/profile (a series of consecutive A-scans with a certain stationing increment) can be 

obtained, when the antenna moves at the profile 

 Central frequency: the arithmetic mean or the geometric mean of the lower cutoff frequency and the 

upper cutoff frequency of a band-pass system 

 Conductivity: Physical property of a material that describes the ability of its free charges to move in it 

due to an applied electrical field. It is a frequency dependent property 

 Control unit: electronic equipment that controls GPR signal transmission and data collection 

 Coupling: the ability of the GPR antenna to transfer electromagnetic energy from transmitter through 

the surveyed media to the receiver 

 C-scan: linking B-scans to a 3D image, recording of such a 3D measurement 

 Depth of penetration (range): Maximum depth a radar signal can penetrate and detect a target.  

 Dielectric permittivity: physical property of a material that describes the ability to charge or polarize 

under an electric field. It is a frequency dependent. 

 Dipole antenna: a linear polarization antenna consisting of two conductive elements fed at the middle 

by a balanced source.  

 Ground-coupled antenna: GPR antenna designed to maximize the EM coupling with the surveyed 

medium and to operate in close proximity to it  

 Horn antenna: a linear polarization antenna that consists of a flaring metal waveguide.  

 Magnetic permeability: physical property of a material that describes the ability of a material to be 

magnetized.  

 Monostatic antenna: the transmitter and the receiver of an antenna are physically the same 

 Radargram: 1D, 2D or 3D set of GPR data 

 Sample: data point on a trace 

 Scattering: phenomenon occurring in a heterogeneous environment, consisting in change of amplitude 

and direction of electromagnetic waves.  

 Survey step: the distance between two adjacent 

 Target: heterogeneity in the surveyed media causing scattering or reflection 

 Trace: see A-scan 

 Two-way travel time: the time required for the radar signal to travel from the transmitting antenna 

to a target and return to the receiving antenna. 

Above-used terminology is based on background literature of COST TU1208 Action - Civil 

Engineering Applications of Ground Penetrating Radar
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0. Introduction 

Railways, as one of the most used modes of transport, requires high demands on their 

maintenance. This maintenance should be performed on the basis of comprehensive 

and accurate diagnostics. Current diagnostic methods require high financial costs associated 

with their destructive nature as well as losses caused by traffic constraints and related 

complications. Requirements of railway infrastructure managers aim to maximize the reduction 

of diagnostics time and subsequent repairs, in order to maximize the reduction of the related 

financial costs. 

For these reasons, a new, non-destructive form of diagnostics of the railway body, which is the 

Ground Penetrating Radar (GPR), has recently taken place. This method is still not the most 

typical way of monitoring the state of the railway body, but it is gradually being applied due 

to its advantages. These advantages include, in particular, the speed of survey execution and 

the possibility of continuous measurement of long sections, non-destructive nature, possible 

depth range, and low transport demands of GPR compared to other types of diagnostics 

equipment. 

GPR use on railways includes the search for watercourses, clogged culverts and other artificial 

objects, engineering networks, and the actual diagnosis of the condition of railway body 

construction. The diagnosis of the railway body comprises, above all, railway substructure 

and the railway superstructure condition assessment. This is the main focus of my bachelor 

thesis.  

Due to cyclic loading and weather effects, railway track ballast gradually deteriorates. When 

voids in the ballast are filled so-called ballast fouling, i.e. contamination of ballast occurs. This 

happens when ballast aggregate breakdown and when infiltration of other materials from the 

ballast surface or infiltration from the base of the ballast layer appears.  

To remove fragments and dirt from the ballast, machines called a ballast-cleaners or 

undercutters are commonly used. These machines perform continuous cleaning of the existing 

worn material with the possible addition of new fresh ballast. This essential process, followed 

by tamping, is both costly and time-consuming, therefore it is necessary to accurately determine 

at what stage of track ballast life cycle, and degree of pollution, is this activity needed and most 

economically advantageous. To obtain this information, a long-term and repeated monitoring 

of the track ballast condition is necessary to carry out. 
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1. Aims of the thesis and methods used 

Thanks to my employment at Hrochostroj a.s., the company that is undertaking 

the reconstruction of the rail superstructure using heavy rail mechanization, I had the 

opportunity to work directly on the construction sites and get practical experience from this 

field. In the context of choosing the topic of my bachelor thesis, it was, therefore advantageous 

to use my employment opportunities and to combine the practice with the research done at the 

Department of Transport Structures (KDS). Thus, GPR use on the railways was one of the most 

appropriate options. Then, I have devised and then consulted the specific aim of my thesis 

resulting from my interest in changing and monitoring the condition of the railway body over 

the lifetime of the railway track. 

Due to the vast majority of professional literature related to the selected topic in the English 

language and the assumption of publication of thesis results in same language, I chose the 

English language as the processing language of my thesis. 

The bachelor thesis topic was set as: 

Determination of fouling level change railway ballast layer during machine cleaning 

process by measuring changes of relative permittivity using GPR technology 

The thesis is focused on the diagnostics of the railway ballast layer condition and the 

determination of the fouling level change before and after the mechanical cleaning process by 

measuring the changes in the relative dielectric permittivity (RDP) of the material by the GPR 

equipment. Before the GPR survey and review the current state of the research, I needed to get 

acquainted with GPR technology both theoretically and practically (software and practical 

survey). After these activities, I have set the following partial goals according to the thesis 

assignment specifications. 

Partial goals of the thesis: 

1. Implementation of GPR measurements on the ballast layer, 

2. Determination of RDP/signal propagation velocity variation before and after the 

mechanical cleaning process, 

3. Description of the relationship between the fouling level and GPR data. 
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To achieve these goals, I chose the following procedures and methods numbered here 

in analogy to the partial goals of the thesis: 

1. Repeated survey at different stages of the track's life cycle with different antenna 

configurations and in several sections of a railway line, 

2. Time-domain analysis of individual A-scans from each survey phases on each section 

in ReflexW software using Known Height Method (KHM) for depth/velocity 

calibration, 

3. Comparison of changes in RDP/velocity values before and after the mechanical cleaning 

process and collation with the literature values and fouling indicators.  
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2. Machine cleaning process on railways 

Cleaning the ballast layer is one of the physically most demanding tasks one can encounter 

in maintenance and reconstruction process of the railway body. This applies to both manual 

cleaning and to ballast cleaners (undercutters) operations. The quality of machine cleaning 

process affects the quality of maintenance and reconstruction itself directly and to a great extent. 

It is, therefore, necessary to assess the cleaning process of the ballast layer in a complex way, 

not just in terms of cleaning operation itself. This complex process involves gravel extraction, 

choked places treatment, ballast cleaning operation itself, controlled reuse and settlement 

of aggregate under sleepers, cooperation with the spent ballast disposal unit, as well as track 

grid fixing. This all leads to an increase of a track speed in terms of track geometry for more 

than 30 km/h. Nowadays, in the framework of reconstruction and maintenance, considerable 

attention is being given to undercutters’ characteristics and performance. The demands in terms 

of machine performance, their ergonomic and environmental parameters, simple maintenance 

demands, and above all reliability associated with quality of the cleaning process are raising 

constantly, and are sought-after parameters in this industry. The same can be stated about the 

weight and dimensions of the machines and their traction properties. 

In history, the Czech Republic, or the Czechoslovak Socialist Republic, was one of the key 

states producing heavy rail mechanization. MTH (in Czech „Mechanizace traťového 

hospodářství“, translated like the mechanization of the railway truck economy) Praha company 

has been producing undercutters since 1966. It is important to mention that the MTH company 

production had a significant impact on the Czechoslovak economy by the manufacturing the 

rail mechanization. Nowadays, the market with undercutters in Europe is taken over by the 

Austrian company Plasser & Theurer, which is also the main developer of other heavy-rail 

machinery. A new trend is to connect the undercutters together with other machinery to the line 

assemblies, i.e. one massive machine, and thus significantly speeds up the work. 

Machine cleaning process 

The ballast layer has to meet certain requirements for track operations, such as uniform load 

bearing capacity, high resistance to longitudinal and transversal sleepers’ displacement, simple 

track geometry adjustment, track flexibility and water drainage (which affects, for example, 

sleeper durability or bearing capacity). This is closely related to the ballast/blanket-layer 

interface, which is also required to have a sufficient load bearing capacity, sufficient frost 
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resistance, the ability to prevent fine particles from entering the ballast layer and proper 

drainage of the bottom of the rail body (which is achieved by track bed shape and geometry). 

The cause of ballast layer contamination is proportional to the exceedance of fine particles (up 

to 22.5 mm), dynamic forces and consequent mechanical grinding of the ballast layer aggregate, 

blow dirt, traffic pollution, tamping and sleepers packing. All these factors result in water 

throughput limitation, reduction the internal friction, uneven settlements (vertical defects), 

increase of stress in ballast layer and the formation of choked places due to fine particles 

penetration into the surface of the track bed.  

The purpose of the ballast layer cleaning is to remove fine grain particles and to restore the 

ballast layer proper characteristics. It is important to note, that the fouling material generated 

by the capillary action of watery underlying bed cannot be removed by cleaning process in long 

term, but only by increasing the bearing capacity of the railway substructure. 

According to European Railway Research Institute (ERRI) the ballast layer cleaning process 

should be performed when fouling reaches approximately 30 % of the ballast layer material 

total weight, in the case of the partial replacement of sleepers, or during the reconstruction 

of the rail superstructure (before replacing the track grid to prevent its deformation). According 

to [1], the ballast cleaning process is applied in the interval of 12 to 15 years on a typical 

intensively operated main line and is undertaken only in connection with other major treatment. 

In real conditions, it´s based on the subjective decision of district inspector. When planning the 

cleaning process, it is important to set up a work schedule in the following order:  

 to determine the fouling level,  

 to check the throughput of the excavating equipment (width, thickness, obstacles, 

bridges),  

 to assess the superstructure condition - to ensure the holding of fasteners,  

 to determine the direction of work and to restore drainage function,  

 to determine the method of removing spent ballast and determine waste deposits,  

 to determine the amount of aggregate for profile renewal,  

 to develop a technical procedure,  

 remove the track earthing, 

 to dig the ditch (1 m x 0,3 m) to insert the excavating chain. 
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Work activities should not start in a transition curve or at the rail joint. Elevation transition as a 

work starting point, bridges, and work ending point, should be specified. No other parts of the 

track, such as trails, drainage, traction lines, cables, can be damaged. Spent ballast must not be 

deposited on the slopes of the track body and near drainage ditches. In case of inappropriate 

weather conditions, the work efficiency should be checked, in particular, the quality of the 

cleaning, the depth of excavating, lifting bar inclination and the quality of the new additional 

aggregate. 

The finishing works include the removing the excavating equipment, adding aggregate for 

profile renewal, assessing the change of the fastening temperature on the continuous welded 

rail and its repair, attaching the dismantled equipment, disposing of the waste, modifying the 

track geometric parameters, tamping and other activities. After three months, the geometric 

parameters of the track have to be re-adjusted due to settlement. 

The cleaning process itself consists of inserting an excavating chain beneath the sleepers. This 

chain extracts the aggregate from the ballast layer to a depth of up to 350 mm below the sleepers 

(track bed). Extracted material passes through sieves and screens, where the high-quality 

material is cleaned and returned back to the ballast layer. Spent material is transferred to MFS 

wagons that transport the material to landfills. 

Undercutter types and their division 

For the Czech Republic or Czechoslovakia, MTH Praha a.s., which has been developing 

machines for heavy rail mechanization since 1965, was the major representative for the 

production of undercutters. Since that year, more than 140 undercutters have been produced 

and more than 80 units have been produced in the cooperation for Russian railways (until 2015). 

Other Czech undercutters (namely SČ 600) were also exported to Canada or Croatia. Among 

the models produced in Czechoslovakia also SČ 100, SČ 200, SČP 200, DELČ 800, SČ 600 S, 

SČ 800. SČ 1200 and others can be listed. 

Nowadays, the undercutters are produced by the Austrian company Plasser und Theurer, the 

Loram company (US), Matisa Paganelli company (Italy) and others. The undercutters can be 

divided regarding dry and wet cleaning mode, and according to the number of fingers on the 

excavating chain. The most frequent are units with the five-fingers excavating chain, which was 

also employed on the RM 79 unit - the undercutter used on picked railway track section Čáslav-

Kutná Hora. The second undercutter used was the new RM 900 unit with three-fingers 
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excavating chain, which worked in the opposite direction. Above mentioned undercutters can 

be seen in Figure 1 and Figure 42. 

 

Figure 1 - RM 79 used on railway track section Čáslav – Kutná Hora [2] 

 

 

Figure 2 – RM 900 VB used on railway track section Kutná Hora – Čáslav [2] 
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RM 79 is a 100tone Plasser und Theurer unit with a length of 28,120 meters, a height of 4,100 

mm and a width of 3,150 mm with six axles and a maximum towed speed of 90 km/h. 

The height of the working shot is from 30 to 40 cm below the sleepers and the actual 

performance is up to 130 m / hour. When fully excavating, the maximum performance is in 

between 50 and 70 m / h. 

The RM 900 VB Plasser und Theurer unit is now being used as one of the most efficient units. 

It is equipped with sound-absorbers and other devices, easing the arduous work on these 

machines. It is used on the railway track at the same time together with a tamping machine and 

a dynamic stabilizer. The depth of ballast excavation under the sleeper is 35 cm. When 

integrating all components of the RM 900 VB, the track can be used immediately with the speed 

up to 30 km/h. 

Other undercutters’ characteristics:  

 SČ 600 concept: a basic unit for full excavating, 

 RU 800 RU concept: unit for full excavating, but also for the large stones separation, 

the base layer building from gravel, crushed stone mixture and sandy gravel  

 SUR 1200 RU concept: unit for full excavating, large stones separation, and the use 

of a fine fraction to form a base layer. 

Machinery components 

In general, the undercutters consist of several components listed here according to the direction 

of machine work: the network units (SIM), the coarse grinder and the crushing plant (SAW), 

the AHM excavating unit, in which the aggregate is extracted from ballast layer by the 

excavating chain (also for undesired fraction removal and for surface of the track bed 

compaction. In the AHM section, ballast backfilling and compaction behind the sleepers' heads 

is also performed. In the last section, there is a propulsive car with a sweeping device, a tanker 

or a measuring car and an integrated DGS device. 

When removing fouled aggregate, the MFS wagons are attached in front of the sieve unit (SIM), 

according to the direction of the work, to capture the excavated aggregate and to transport it to 

the predetermined landfills, from which the material is removed subsequently. 
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Schematic view of undercutter unit can be seen in Figure 3, 

 

Figure 3 - The schematic view of undercutter unit 

where, 

SIM means control unit with a double three-sided screen, with the possibility of aligning the 

machine frame on the overhung tracks, 

SAW means recycling unit (rough sorting and grinding machine), 

 

AHM means excavating unit, 

 

DGS means dynamic track stabilizer.  
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3. Ground Penetrating Radar 

The word RADAR is an acronym created in the 1930s for Radio Detection and Ranging. 

Ground Penetrating Radar, as a special type of radar device, has been in use for about 50 years 

in order to diagnose and monitor the subsurface and building materials. [3, 4].  

The existence of the electromagnetic (EM) waves used by the radar was first described by James 

Clerk Maxwell (1831-1879) in 1861. The history of exploring the principle of propagation and 

reflection of these waves dates back to the late 19th century when Heinrich Hertz (1857-1894) 

carried out first experiments. Hertz verified the EM theory published in the „Treatise 

on Electricity and Magnetism“, by James Clerk Maxwell, 1873. In 1887, Heinrich Hertz 

successfully developed an elementary transmitter and receiver. He found out that EM waves 

could be transmitted through different types of materials and were reflected by others. [5], [6].  

The first "modern" GPR was developed in the 1960s at the Massachusetts Institute 

of Technology (MIT) [7]. In 1972, Geophysical Survey Systems, Inc. (GSSI) company (Rex 

Morey and Art Drake) began to sell the first commercial GPR system at all, which marked the 

beginning of rapid development (during 20 years of development, about 300 types of device 

were patented). In the mid-1990s, there was a massive expansion of GPR technology and the 

rise of many hardware and software providers [8]. Thanks to improvements in the hardware 

and software technology, there has been lately a boost in GPR applications all over the world 

[3]. 

3.1. The principle of GPR 

The basic physics of EM fields, generated by GPR is described by Maxwell's equations, while 

constitutive equations quantify material properties. Combining the two allows the quantitative 

description of GPR signals [9]. The spatially and temporally varying coupled electric and 

magnetic fields and their interdependence are described by equations 1-4. [10] 

∇ x E =  − 
∂B

∂t
       (1) 

Maxwell´s modified circuit Law: 

∇ x H =  
∂D

∂t
+ J       (2) 

Gauss´ theorem in electrostatics: 

∇ . D =  ρ        (3) 
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Gauss´ theorem in magnetostatics: 

∇ . B = 0        (4) 

where 

E is electric field strength vector [V/m], 

H is magnetic field strength vector [A/m], 

D is electric flux density vector [C/m2.] 

The relevant material property parameters of permittivity, magnetic permeability and 

conductivity are described by the constitutive relations equations. 5-7, 

D =  ε E        (5) 

where ε is permitivity of the material [F/m], 

D =  σ E        (6) 

where σ is conductivity of the material [S/m], 

B =  μ H             (7) 

where μ is permeability of the material [H/m]. 

 

GPR itself detects objects and interfaces beneath the earth's surface. By using a GPR, any object 

that has different EM properties compared to surrounding material can be detected. The size, 

shape and location, and possibly inherent material of this object can be also determined. A radar 

record is generally called a radargram. 

GPR system uses discrete pulses of EM energy in order to detect variations of electrical 

properties of the subsurface with a frequency range from 10 MHz to 2,5 GHz for impulse 

systems and from 1 to 8 GHz for stepped-frequency systems [11]. This way it is possible 

to reveal the positions and sizes of electrically dissimilar layers and objects [12]. When the 

impulse reaches the interface of two materials with different EM properties, part of the energy 

is reflected back, while the remainder continues deeper into the material or construction. Such 

places, called anomalies, could be for example changes in soil layers, groundwater surfaces, 

or buried objects [4]. The energy reflected by these anomalies is received, recorded and 

displayed as a curve consisting of amplitudes on the time line (called A-scan) representing time 

period between the sending and receiving of the signal. This time period [ns] is called two-way 

travel time (twt) [8]. On the basis of knowledge of EM wave velocity, travel time can be 
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transformed into penetration depth [4]. The basic principle of GPR technology on multiple 

layers medium, as described above, is illustrated in Figure 4. 

 

Figure 4 - The basic principle of GPR technology  –[12]; T-transmitter, R-receiver, 1 – air/asphalt interface, 2 – 

asphalt/base course interface, 3 – base course/subgrade interface, A - amplitude, t – time 

The reflected signal includes information of the material in the form of twt, amplitude shape, 

and polarity of the received signal [13]. Changes in the parameters enable to reveal information 

of the material, the distance of the reflector, signal velocity through the medium and attenuation 

characteristics. Based on this information, material properties can be estimated [13]. 

Signals can travel from a transmitter to a receiver along a number of paths. Measured GPR data 

consist of (as can be seen in Figure 5): direct coupling or ground coupling, surface reflections, 

stochastic EM interference (from the GPR system or the environment), reflections from 

subsurface targets, scattered or reflected signals from non-homogeneous signals [14].  

To selectively enhance some signals and suppress others, so-called shielding is applied to the 

antennas. Key shield design objectives  are, as follows [15] : 

 maximize the energy on the path AA’ to and from the subsurface target  

(i.e. focus or direct signal downward), 

 minimize the direct transmitter to receiver energy on path B, 

 minimize the energy that escapes into the air as on path CC’,  

 minimize external EM noise as indicated by signals D. 
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Figure 5 - Emitted and detected radio wave signals by GPR [15] 

The advantage of using GPR is the non-invasive and non-destructive character of this 

technology that allows large areas to be surveyed in a relatively short time with quite low costs. 

Despite these benefits, GPR also has some limiting factors [14]: 

 Use in non-homogeneous soil can increase the number of false detection and limit range, 

 Sensitivity to unwanted signals (interference) caused by different natural and artificial 

factors, 

 Sensitivity to other sources of EM fields,  

 The need for data interpretation, based on the experience and knowledge of the trained 

operator. 

3.2. EM characteristics of materials 

From the physical gist, the possibilities of GPR use are influenced by the EM properties of the 

material. It is primarily a relative dielectric permittivity (RDP) εr, magnetic permeability μ, and 

electrical conductivity σ. 

Relative dielectric permittivity (dielectric constant) ε [F/m] describes the ability of the 

material to store and transmit the electric charge induced by the EM field. RDP of material can 

be defined as the amount of electrostatic energy stored per volume. In fact, it is a number that 

indicates how fast radar energy passes through the material [14], [16].  

The signal velocity depends on the type of material being passed. The permeability values, 

along with the velocity and conductivity values for the different materials, are shown below in   
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. In the open space (air), the permeability value is the same as in a vacuum, according to 

equation 8. 

 ε0 =  
1

c2μ0 
~ 8,85. 10−12  [F/m]    (8) 

where c is the speed of light [m/s] and μ0 is the vacuum permeability [H/m] 

Relative permittivity RDP (or dielectric constant) can then be expressed according to equation 

9 as: 

 εr =  
ε

ε0
        (9) 

where ε is the permittivity of the medium [F/m] and ε0 is the vacuum permittivity [F/m].  

Table 1 - Conductivity, relative permittivity, and velocity of EM signal – adjusted from [17] 
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Although the relative permittivity of individual materials can be obtained in the literature, the 

complex nature of this parameter in the lossy environment is not taken into account in this 

procedure [18].  

All building materials and soils can be described as composite materials whose relative 

permittivity values depend on the relative permittivity values of individual components, 

the volume ratio of the components, geometry, and shape of the components, 

and on electrochemical interactions between these components. In soils and unbounded 

building materials, these components are air, water (or snow and ice), mineral aggregates 

and their weathering products, clays, colloidal particles, salts and organic compounds [12].  

The amplitude of the reflected signal depends on the difference between the permittivity of the 

two adjacent layers. The greater difference is, the greater the amount of energy is reflected from 

the interface [19]. These differences are often associated mainly with water content, also with 

changes in texture, lithology, porosity, and density of materials in rocks and soils [17]. In the 

field of transport engineering interface between structural layers, concrete reinforcement, etc 

are the most common. The ratio of reflected energy to total emitted energy is called the 

reflection coefficient (R) and is determined by the GPR signal velocity in both environments 

by equation 10 [19],  

R =  
V1−V2

V1+V2
        (10) 

where V1 is signal velocity in material 1 [m/s], V2 is signal velocity in material 2 [m/s]. 

The reflected wave is approximately sinusoidal, and the amplitudes have alternately positive 

and negative values. When the electromagnetic wave passes through the material 

with a relatively low relative permittivity and reaches the interface of the material with a higher 

relative permittivity, the amplitude has a positive value first. If, on the other hand, it passes 

through a material with a higher relative permittivity and reaches the interface of material with 

lower relative permittivity, the amplitude is the first negative. [20], [21] 

Magnetic permeability μ [H/m] describes the ability of the material to become magnetized 

in the presence of an electromagnetic field. It is a measure of magnetic polarization of the 

material. Magnetically more permeable materials more easily interfere with the magnetic 

portion of the electromagnetic wave, thereby the wave is weakened, which results in the GPR 

range limitation [14], [16]. 
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Relative permeability can describe according to equation 11.  

μr =
μ

μ0
      (11) 

where μ is permeability of material [H/m] and μ0 is vacuum permeability [H/m], which can be 

defined by equation 12.  

   𝜇
0

= 4𝜋. 10
−7

≈ 1,256. 10
−6

  [H/m]    (12) 

Based on the relative permeability value, the materials are divided into three groups: 

diamagnetic, paramagnetic and ferromagnetic. Diamagnetic materials have a relative 

permeability less than 1 (e.g. copper, silver and gold). These materials have very limited 

interactions with the external magnetic field. Paramagnetic materials have a relative 

permeability of slightly greater than 1 (e.g. aluminum, magnesium, platinum) and also show 

little interaction with the external magnetic field. On the contrary, ferromagnetic materials with 

a relative permeability of much greater than 1 (e.g. cobalt, nickel, iron) strongly react to the 

outer magnetic field. These materials are considered lossy and their permeability is dependent 

on the frequency of the exciting EM field [6]. Asphalt, concrete, and most soils and rocks have 

a relative permeability of approximately 1, so the effect of this factor in the most GPR 

applications is neglected [14].  

The electrical conductivity σ [S/m], described in equation 13 as the reciprocal value 

of the electrical resistance, indicates the ability of the material to conduct the electrical part 

of the EM wave. The signal is able to penetrate through a high volume of low conductivity 

material (e.g. very dry sand, ice or dry concrete), but if the material is conductive (e.g. salt water 

or wet concrete), EM energy is relatively quickly absorbed, thus reducing the GPR range. [16]  

Electrical conductivity is physical quantity, which described the ability to carry electric current 

[13], where ρ is electrical resistivity [Ω].  

σ =
1

ρ
 [S/m]       (13) 

It should also be noted that the conductivity can be dependent on the frequency used. For 

example for concrete, the conductivity at 1 GHz is 1.5 times higher than conductivity 

for direct current (DC) [22]. 
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GPR signal velocity υ [m/s] depends on the physical properties of the materials, especially 

on RDP. It is calculated from the signal travel time, which is the only direct measurement 

obtained in the field. Based on the above mentioned EM characteristics, the signal propagation 

velocity in the environment can be described as in equation 14,  

v =  
c

√μrεr
 [m/s]     (14) 

where c is speed of light in vacuum (approximately 3x108 m/s), μr is relative magnetic 

permeability [-], εr is relative dielectric permittivity [-]. 

If interactions of the GPR signal with the magnetic field are neglected, the relative EM wave 

velocity can be computed from equation 15, 

                                vr =
c

√εr
 [m/s]      (15) 

where 𝑣𝑟 is relative EM wave velocity, 𝑐 is the speed of light and 𝜀𝑟 is RDP [23].  

From the knowledge of the velocity, the depth of object or interface can be calculated based 

on equation 16,  

 d = vr ∙
twt

2
 [m] (16) 

where d is the depth of the object or interface and 𝑡𝑤𝑡 is the two-way radar travel time to 

and from the target [23]. 

The signal attenuation α [dB/m] is then determined according to equation 17 [17],  

α = 1,69. 103 σ

√εr
 [dB/m]    (17) 

where σ is conductivity [S/m] a εr … relative dielectric permittivity [-]. 

It follows from the above mentioned, that the signal travels faster through a material with low 

relative permittivity than in the material that has a higher permittivity. The conductivity of the 

material governs how quickly the signal is attenuated depending on the distance, and thus 

determines how deep the wave penetrates the material. These two properties are mostly 

independent. For example, fresh water and salt water have approximately the same permeability 

(salt water is slightly lower), but salt water has a much higher conductivity than fresh water. 
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Thus, in both cases, the GPR signal travels at a similar velocity, but in salt water, the signal is 

very quickly attenuated and does not penetrate so deep [24].  

3.3. GPR assembly 

The selection of the GPR assembly depends on the particular application. It is governed by the 

expected depth and the required detection accuracy. The EM characteristics of the environment, 

the presence of water, etc. affect the results also. There are many complex characteristics which 

define a ground penetrating radar system [25]. Among the most important characteristics 

followings can be mentioned:  

 Performance factor; 

 Centre Frequency; 

 Bandwidth; 

 Signal Processing; 

 Antenna Patterns. 

The GPR system usually consists of the following components [14].  The block diagram of the 

main components is schematically shown in Figure 6. 

 Transmitting and receiving antennas or antenna arrays 

 Control (central) unit that generates EM pulses and records the received signals 

 Imaging units that provide real-time viewing of measured data 

 Voltage sources - batteries (usually 12V), to power the central unit 

 Measuring platforms - car, rolling stock, measuring trolley, sleigh, etc. 

 

 

Figure 6 - Block diagram of the main components of a typical GPR [26] 
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The other components, data and power cables, positioning devices (odometer, Global 

Navigation Satellite System (GNSS), laser or ultrasonic sensors, camera systems, etc. may be 

included. Figure 7 shows the GPR assembly used in this bachelor thesis (described in detail 

in chapter 5).  

 

Figure 7 - GPR assembly used in this bachelor thesis 

 The most important component in the GPR system is the antenna. The size of the antenna 

increases with the increasing wavelength of the produced EM field. There are monostatic 

and bistatic systems. Monostatic systems use a common radiating element for transmitting 

and receiving the signal, while in bistatic antennas, the transmitter and receiver are hosted in the 

same enclosure [11]. There are also multichannel antennas or antenna arrays where several 

antennas are used as transmitters and other antennas as receivers [27]. With respect to 

the generation of waveforms, two types of systems exist, pulse (the most common) and 

frequency modulated. The most important requirements for antenna construction are high 

sensitivity and wide dynamic range in order to maximize the usability of GPR so that it can 

cope with as wide a range of conditions as possible [11].  
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There are currently many types of antenna constructions (cylindrical monopoles and dipoles, 

vee dipoles, biconical dipoles, bow-tie, dielectric horn, double-ridged horn, quad-ridged horn, 

etc.). Some examples of dipole antennas can be seen in Figure 8.  The transmitted signal should 

have a very short duration due to the very short time of the signal path from the transmitter 

to the receiver (twt). The antenna should be able to transmit a low distortion signal to avoid 

overlapping the required reflections by noise and interferences.[26] 

 

Figure 8 - Examples of dipole antennas: a) fat dipole; b) bow-tie; c) and d) planar rectangular dipoles; e) diamond dipole;  

f) elliptical dipole; g) and h) biconical antennas with equal and unequal cone angles [11] 

One of the most important parameters of the antennas is the so-called central frequency (the 

most often detected frequency). Frequency selection depends primarily on the required depth 

range in the particular application. Signal attenuation in the medium is generally more 

significant at higher frequencies. The greater the required depth is, the lower the center 

frequency of the antennas should be used. GPR applications necessitate detection range from 

several centimeters to hundreds of meters. Thus the central frequencies range from several 10 

of MHz to about 2.5 GHz. 

Another factor affecting antenna selection is the measurement procedure and the position 

of antenna regarding to the surface. The two basic categories of antennas are air-coupled (AC) 

and ground-coupled (GC) in this context. Air-coupled antennas (usually horn type) 

are constructed to be used with an offset from the surface (usually 150 to 500 mm above the 

surface), i.e. air gap between the antenna and the surface, which is advantageous for collecting 

data on long sections at high speeds (e.g. on railway lines) [24]. Due to this, there is no 

limitation of normal traffic during the survey. The disadvantage of these systems is, however, 
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the low penetration depth of the signal (usually up to 0.5 to 0.9 m) as a portion of the radiated 

energy is reflected back from the surface. On the other hand, ground-coupled antennas are 

in full contact with the surface (or at a small constant distance), which allows higher signal 

penetration depth. These antennas are usually bow-tie type [5]. The disadvantage of this type 

is the distortion and interference of the signal near the antenna in the area just below the surface 

(near field zone) [12].  

Each antenna has unique parameters and performance. These characteristics vary over time. 

It is therefore recommended to perform so-called comparative measurement and testing 

of antenna system parameters [12]. In GPR System Performance Compliance according to 

COST Action TU1208 Guidelines [28], the following essential tests are described in detail. 

 Signal-to-noise ratio 

 Signal stability 

 Linearity in the time axis 

 Long–term stability 

An important parameter affecting the survey preparation is also the so-called warm-up period, 

which is the time elapsed between the turn on the system and moment, when the system signal 

is relatively stable and survey can be started. Also, this parameter is discussed in  [28]. 

3.4. GPR data acquisition 

The GPR can be used to perform measurement either at one exact point, where a single trace 

of the signal is measured (can be repeated in time) - the record is called A-scan, or survey 

line/profile (a series of consecutive A-scans with a certain stationing increment) can be 

obtained, when the antenna moves at the profile - this record is called B-scan [26]. In a 2D B-

scan matrix (vertical cut through surveyed material layer or structure), each row represents 

a single sample on a particular trace and each column then represents one trace (A-scan). 

The value of every single sample is the voltage amplitude. The matrix can be displayed as the 

image called radargram [29]. Recently, measurements can be made on large areas, either 

by repeating measurements on the profiles with a given equidistance (and by linking them 

to a 3D image) or using antenna arrays. Recording of such a 3D measurement is then called C-

scan and allows easier data interpretation and objects identification than previous methods (the 

ability to create horizontal or vertical slices in any location) [14]. In Figure 11, Figure 10 and 

Figure 11, A-scan, B-scan and C-scan are displayed [30]. 
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Figure 9 - Configuration and representation of an A-scan [30] 

 

Figure 10 - Multiple A-scans (on left side) forming a B-scan (on right side) [30] 

 

Figure 11 - Multiple parallel B-scans forming a C-scan [30] 

The vital question for proper GPR survey is to design a survey in accordance with the objectives 

and the requirements of that survey in order to conduct an efficient GPR. Several parameters 

(vertical frequency, sampling interval, maximum depth range, trace increment, etc.) are needed 

to be tuned.  
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3.5. GPR applications 

GPR has been used in lots of applications. Major fields of applications of GPR is given for 

example by Daniels [23]. GPR technique provides information about electrical properties 

of materials and objects under investigation which may subsequently be correlated 

to mechanical properties which are significant in transport structures [12]. For surveys 

in transport infrastructure, GPR has been used for several decades.  

Roads and Highways 

GPR has great potential in road infrastructure diagnostics applications. It is basically the only 

tool that provides data on the road construction and possibly subsoil, and one that can be used 

in regular traffic conditions without traffic restriction need. A great advantage of this method 

is also its non-destructive character. Survey on roads and highways is usually done by a GPR 

assembly mounted on the vehicle or on a hand cart. When processing GPR data, evaluating and 

generating outputs, it is also very advantageous to use other methods of road diagnostics. 

Conversely, GPR data may often be a suitable background or supplement to standard diagnostic 

methods. As a basis for GPR, it is possible to use for example core boreholes that allow GPR 

calibration to determine the EM signal velocity in a surveyed construction. GPR data are 

for example used as input information for Falling Weight Deflectometer (FWD) devices. The 

result can be an overall assessment of the state of the construction, its residual lifetime, together 

with a reconstruction and repair plan. A detailed list of applications of GPR use in pavement 

diagnosis is given in [31]. Main applications on road are the following: 

 Determining the thickness of pavement structural layers, 

 Determination of the water content in the construction and road base layer, 

 Determination of pavement construction material properties, 

 Crack detection, 

 Detection of rebar and dowels in concrete pavements. 

Concrete and masonry structures, Bridges 

Concrete condition assessment using GPR involves diagnostics of structures from plain 

concrete, reinforced concrete, and also pre-stressed or additionally post-tensioned concrete. 

The typical objective is, among other things, to precisely locate reinforcement bars, prestressing 

cables, ducts, and cavities, but also to determine the thickness of the concrete elements 

themselves. The dielectric properties of concrete are influenced by many factors. The primary 
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and dominant factor for the change in material permittivity is the presence of water. During 

the hydration process, the amount of water decreases and this water is gradually absorbed and 

bound by ongoing chemical reactions. An important part of the inspection and rehabilitation 

of concrete bridges is the assessment of the bridge decks, identification of corrosion and 

delamination. Potential areas of damage appear in the GPR record as the signal attenuation 

zones. Delamination almost always occurs around the reinforcement elements in concrete 

depending on the degree of corrosion of the reinforcement. Corroded areas of reinforcement 

have lower relative permittivity than uncorded areas and cause discontinuous or weaker 

reflection of the GPR signal [8]. It is clear, that in the control process of such structures 

is advantageous to use the mobile system to reduce the scanning time and hence reduce traffic. 

Knowledge of the current state of construction is also required in the case of tunnels, retaining 

walls and other similar structures. These data are necessary not only for repairs and maintenance 

purposes but also for assessing the stability and safety of these structures. 

Geology and Geotechnics 

Knowledge of subsurface geological layers is very important for many reasons. In the field of 

transport structures, the contribution of geological and geotechnical applications of GPR lies 

predominantly in determining the properties of the subsoil, especially its bearing capacity and 

possible failures, before starting the construction itself. Another benefit is the characterization 

of geological structures in the vicinity of the building and their possible effects during 

construction, but also after the finalization of the construction.  

Hydrology, moisture and water content 

Soil water content is a vital component in the prediction of hydrological conditions in a given 

location and hydraulic properties of soils. In the area of transport engineering, the knowledge 

of the bedrock water regime (and its changes in space and time) is important in terms 

of determining the bearing capacity and consolidation of subsoil, stability of slopes, etc. Water 

in soils and rocks can be divided into hygroscopic water, viscous or capillary water and free 

(unbound) water, and their permittivity depends on the degree of coupling between water 

molecules and the solid particles [12].  

The water content can be derived from relative permittivity using empirical correlations. 

A frequently used relationship is the so-called Topp equation. Another theoretical approach, 

which describes the relation between relative permittivity and water content in the soil, is based 
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on so-called dielectric mixing. The resulting permittivity is calculated here by the volume ratio 

and RDP values of all represented fractions. Other methods are based on estimates of relative 

permittivity by calculating the reflection delay time. In any case, these are methods requiring 

gradual calibration, because the signal velocity cannot be accurately determined in advance. 

In addition, GPR is also used for example in the following areas: searching for utility networks, 

archeology, glaciology (ice, snow and permafrost), ecology, forensic sciences, mines detection, 

mining industry, and volcanology. 

3.6. The use of GPR for railway diagnostics 

The initial guideline for this thesis regarding problematics described in this chapter was doctoral 

thesis: Use of Ground Penetrating Radar in Condition Assessment of Railway Ballast by Salih 

Serkan Artagan [32]. The main aim was there to elaborate the implementation of non-

destructive GPR methodology in railway track bed surveys (particularly ballast), through both 

laboratory and field experiments.  

 

Accurate knowledge of the railway body is important for effective evaluation and decision-

making process on its maintenance and reconstruction, therefore GPR applications in railway 

surveys have had very fast growth in recent years. GPR started to become widely accepted 

regarding railway inspection in the mid-1990´s [12]. One of the first successful track inspection 

tests were performed by Hugenschmidt in Switzerland in 1998 and 2000, and by Galagher et 

al. (1998) [33]. Since that time, a number of researches have been performed regarding different 

GPR applications on railways and using many types of equipment and platforms. Examples 

of GPR assemblies on a two-way vehicle and railcar are shown in Figure 12 and Figure 13.  
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Figure 12 - GPR equipment on railroad track using two 2GHz antenna and one 500MHz antenna. [34] 

 

 

Figure 13 - Antenna position in front of the locomotive [35] 

At this point, it is important to highlight the major differences in the guidelines for the use 

of GPR on railways in different countries. For example, in the US in 2009, the US Transport 

Technology Center launched an extensive project, jointly funded by the American Railways 

Association and the Federal Railways Administration, aiming at an objective evaluation of the 

different GPR technologies on railway lines, the development of GPR guidelines in this area 
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and the identification of further research needs to improve GPR applications [36]. However 

in many countries, such guidelines are not processed at all, or GPR is not used as a diagnostic 

tool. GPR survey on railways in the Czech Republic is mainly governed by the following 

technical regulations: 

 Pokyny pro použití nedestruktivních geofyzikálních metod v diagnostice a průzkumu 

tělesa železničního spodku [37]. Here are described, among other things, examples 

of georadar use, its advantages, drawbacks and limitations, the preparation and method 

of measuring and processing, and the evaluation of data including the interpretation 

of results. 

 Podmínky pro měření tratí Českých drah (ČD) georadarem a pro měření překážek 

prostorové průchodnosti tratí ČD mimodrážními zhotoviteli. 

 Pokyny pro používání georadaru v měřícím voze pro železniční svršek. 

The presence of rails, sleepers and other objects made railway lines a rather unfavorable 

environment for GPR survey with high demands on data acquisition and processing [38]. 

Therefore, for the correct calibration and validation of GPR data with real conditions, it is still 

necessary to perform transverse ditches or probes at key locations. It is also possible 

to determine the signal velocity using methods like Wide Angle Reflection and Refraction 

(WARR) or Common Mid-point (CMP).  The basic difficulties and drawbacks are mentioned 

for example in [12, 39–41], and could be listed as: [32] 

 interference from rails and sleepers (especially concrete sleepers)  

 electrical wires in case of unshielded air-coupled antennas 

 various subsurface and near-track railway assets which require ground and side 

clearances for the moving antennas 

 wavelength-sized ballast (in case of using higher frequencies over large sized ballast 

medium)  

A typical cross-section of the rail body can be seen in Figure 14. 
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Figure 14 - Conventional permanent way structure [42] 

In order to evaluate railway ballast, the minimization or removal of effects of concrete sleepers, 

ties and rails is the main challenging issue, and it has been addressed by many researchers [43–

46]. Surveying between the sleepers (the cribs) was one of the approaches [47], however, the 

information beneath the sleepers is even more valuable in most cases [48, 49]. In order 

to enhance the quality of the GPR data in assessing the ballast condition, Al-Qadi et al. [39] 

developed a time-frequency method, which removed the interference and noise inherent in the 

railway environment. Hugenschmidt used a set of processing steps in order to reduce the effects 

caused by sleepers in [40], and to remove the ringing effect of the sleepers in [50]. A time-space 

filter screen was developed and used to suppress the multiple waves and diffraction occurred 

due to the sleepers in [51]. In [52], parabolic radon transform was used in order to eliminate 

the effects of railway sleepers.  

Generally, GPR has been used in a wide range of applications on railways. This may involve 

e.g. the determination of layer thicknesses [53], investigation of embankment stability [50, 54], 

localization of trapped water areas [43], indirect estimation of track modulus [55], detection 

of permafrost sections [56–59], etc.  Many GPR studies were focused on the ballast and sub-

ballast layers assessment, e.g.: [60], [12], [61], [62], [63]. This issue will be described in more 

detail in chapter four. GPR can be used on the railway to detect anomalies such as voids, water 

pockets, or subgrade settlement, which allows also for a deeper inspection into the track 

structure [60], [64]. For example, an overview of an ongoing study to use substructure indices 

for easier understanding and interpretation of GPR data is listed in [43]. A good example 

of railway subgrade investigation with GPR, where condition indicators were used is mentioned 
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in [54]. In Figure 15, there is a schematic view of GPR profile generation over ballasted track 

substructure. 

 

Figure 15 - The generation of a GPR profile with an air-coupled antenna over track bed. a) The transmitted energy is 

reflected off the boundaries in the substructure, b) A single trace composed of the reflection amplitudes for the reflections in 

(a), c) Multiples [65] 

 

Finite difference time domain technique was used to simulate GPR signal in the studies [68–

70]. Also the combination of GPR with other non-destructive methods is used, e.g. in [71], and 

the issue of installation of artificial interfaces into the rail body for better diagnostics using GPR 

is also addressed, e.g. in [72]. Since many commercial hardware and software tools are used 

nowadays to GPR on railway surveys [73], a mutual comparison of different sets is also 

an important task.  Maturana et al. [74] compared three different proprietary GPR systems 

in terms of data quality. In [4], six commercial GPR systems with different central frequencies 

were assessed.  

In Figure 16, there is a composite picture of GPR surveyed area on railways.  
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Figure 16 - Composite picture showing the survey area and the GCB-500 data superimposed [75] 

Because of long section survey demands on the railways, the automation of the measured data 

evaluation is also an important aspect. A novel approach for surveying and analyzing long 

sections, based mainly on expedite frequency domain analysis is presented in [76]. In [77], Joint 

Time-Frequency Analysis (JTFA) was applied to GPR data of the rail sub-structure with the aim 

of selecting relevant data for subsequent use in an automatic detection system. In [78], 

an automatic system for assessing the condition of the underlying railway material was 

introduced, based on the selection of amplitudes of reflections of characteristic frequencies and 

their classification. In [41] an automated system using GPR to assess various maintenance 

problems along the railway was developed, where automated processing, calibration, and 

modeling were performed. An automatic classification system has been developed relying 

on the magnitude spectrum analysis and support vector machines to classify ballast fouling 

in [79]. In [35] a GPR equipment especially designed for inspecting and verifying railroad 

tracks in a reliable and effective way, without interruption of regular traffic was presented. 

 

The central frequency selection, as one of the most important parameters of GPR systems, has 

also been addressed. Higher frequency air-coupled systems, resulting in numerous benefits 

in terms of ballast condition evaluation are used nowadays instead of low-frequency antennas 

[48, 80]. The importance of optimizing the central frequencies according to the type 

of inspection is emphasized in [12]. In [81] a comparison of air-coupled and ground-coupled 
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antennas to assess the subgrade condition was performed. Tests have been made with 1GHz 

[41], 400MHz [56, 82] and with 500MHz antennas [13, 83]. More recently, the use of multi-

frequency or array GPR systems has demonstrated to be an effective tool for railway super-

structure and sub-structure [84]. In [44], the antenna configuration was optimized in the work 

of in multiple-frequency GPR system. In [85], full-resolution 3D imaging allowed improving 

the subsoil assessment, and layer discontinuities and damage areas determination. 

 

Basic geotechnical characteristics of subsoil are crucial in terms of railway body condition 

assessment. One of the most important goals is the moisture content evaluation [74, 86] in this 

context. In [87], direct estimation of moisture content from amplitude analysis was carried 

out without the calculation of dielectric permittivity by proposing a variable “integral 

reflectivity”. Another important parameter of the railway sub-structure is the deformation 

modulus. Several studies have shown a very high correlation between EM properties and 

deformation properties in different soil types and aggregates. In research [88] conducted at 

Transport Technology Center, Inc.(US), authors declare the possibility to predict the elastic 

modulus by GPR survey with an accuracy of up to 3.4 MPa under certain conditions. In [89] 

authors used spectral analyses in the frequency domain on the assessment of “critical” 

geometric features of the ballast aggregates.  A procedural GPR-based scheme for performing 

efficient railway maintenance was proposed in [90].  A view of effective maintenance scheme 

using GPR is shown in Figure 17. 

 

Figure 17 - Scheme of effective maintenance using GPR. [90] 
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4. State of the art research on railway ballast assessment by GPR 

According to [42], ballast structure may be divided into four zones. 

 

 Crib – zones between the sleepers  

 Shoulder – the zone between the end of the sleeper and down to the top of sub-ballast.  

 Top ballast – the top part of the ballast structure which is usually exposed to tamping. 

 Bottom ballast – the lower part of the structure which supports the overall structure.  

These track structure components can be seen in Figure 18. 

 

Figure 18 - Track structure components [42] 

The crucial function of the ballast layer is to transfer the loads from the superstructure to the 

subgrade and to provide drainage without structure failure [91]. In detail, the most important 

functions of ballast structure can be, according to [42], stated as:  

 Withstand the actions coming from the sleepers to the substructure (uplift, lateral 

and longitudinal forces),  

 Act as resiliency and energy absorbent for the track structure.  

 Provide space for movement and accumulation of crushed aggregates due to fouling 

(in the voids between the aggregates) 
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 Provide quick drainage system down to the structure.  

 Pressure reducing ballast structure to the allowable stress for the underlying structure 

just below the slipper.  

 Tamping will rearrange ballast particles while adjusting track geometry. This eases 

and speeds up the maintenance operations.  

4.1. Ballast fouling mechanism and quantification  

Ballast fouling can differ along the track, resulting in a high variation of both thickness 

and RDP value. The goal of ballast quality assessment is primarily to distinguish between 

sections of clean and spent ballast [92]. The texture visible on radargram enables to distinguish 

coarse-grained layers from finely grained. Clean ballast has a larger volume of air pores, which 

reduces the average RDP of the layer material.  

Over time, the ballast layer is polluted by an increasing amount of fine material capable 

of binding water, which increases RDP [93]. Since spent ballast contains a higher amount 

of fine particles in between ballast aggregate, filling the existing voids, the resulting therefrom 

changes in moisture, contamination, and degradation cause reflections of the signal, that 

are readily recognizable. RDP  is considered to be a reliable indicator of ballast quality [33]. 

The reasons of ballast fouling can be divided as follows: ballast breakdown (76%), underlying 

granular layer infiltration (13%), ballast surface infiltration (7%), subgrade infiltration (3%) 

and sleeper wear (1%) [39, 94]. Repercussions caused by ballast fouling are described in detail 

in [95]. In case of not sufficient drainage function in ballast layer, water accumulation can 

appear, which may lead to a reduction in shear strength and stiffness of ballast as well 

as increasing the rate of deterioration and fouling process. This occurs when ballast finer 

particles replace air voids. Various degrees of fouling of the ballast material are shown in Figure 

19 [96]. 
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Figure 19 - Ballast with different degree of fouling [96] 

Determination of ballast fouling level has come to the forefront of interest recently. Table 2 

demonstrates the categories of ballast according to the fouling indexes [94]. 

Table 2 - Categories of Fouling [94] 

 

There are several fouling indicators, among which the Fouling Index by Selig and Waters [94] 

is the one most often used. It sums the percentage passing each sieve to determine the fouling 

index by equation (18). 

 FI−SW = P0.075 + P4.75 (18) 

where 𝑃0.075 is the percentage of material passing the sieve size 0.075 mm and 𝑃4.75 is 

the percentage of material passing the sieve size 4.75 mm. Ionescu [97], established suchlike 

index, given in equation (19) [13]. 
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 𝐹𝐼−𝐼 = 𝑃0.075 + 𝑃14 (19) 

 

where 𝑃14 is the percentage of material passing the sieve size 14mm.  

In [98], authors also mention the other fouling indexes, such as percentage of fouling, D-bar 

method, effective degree of fouling, percentage void contamination and relative ballast fouling 

ratio in a comparative way. De Bold [13] found a high correlation between Ionescu fouling 

index and the area condition surveyed by GPR.  

 

4.2. Fouling assessment of railway ballast using GPR 

The knowledge of RDP values represents a crucial aspect of ballast thickness and condition 

determination. RDP value is, as stated above, highly dependent on the moisture content 

and fouling, but an accurate investigation of these phenomena represent still a challenge for 

GPR railways surveys [99]. According to [74], GPR signal in ballast is affected by 

the attenuation, the existence of reflectors inside the ballast, loss of reflector at the base 

of ballast and the decrease of the signal velocity due to several reasons. The repeated GPR 

survey over time enables to monitor and to predict the condition and deterioration rate of the 

ballast layer, thus to refine and make the maintenance process more effective. This will facilitate 

the possibility of effective planning of required maintenance works in short, medium and long-

term bases with notable cost and time savings [74]. A possible way to visualize ballast fouling 

within the monitoring of ballast layer condition during its lifecycle can be seen in Figure 20. 

Fouling assessment of railway ballast and thicknesses determination using GPR were addressed 

partially or wholly in many studies [13, 44, 48, 70, 74, 83, 93, 95, 98, 100–108], some with 

a particular interest to assess ballast fouling and moisture content [93, 95, 96 and 97]. In [100] 

four different fouling levels were simulated (from 0% to 76%) and two different air-coupled 

antennas were used. In [112] GPR tests were conducted on a prototype railway track using 

antennae with various frequencies under different ballast conditions. Based on the analysis 

of the processed data, the influence of frequency, moisture content of ballast, the effect of radar 

detectable geotextile, and the difference in relative dielectric permittivity were discussed 

and evaluated. As described in [113], Rail Radar™ has developed and implemented 

a sophisticated system for the non-destructive assessment of ballast and tie condition. Clark et 

al. [83] presented findings related to the EM properties of ballast in laboratory conditions, 
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particularly RDP value differences of clean versus fouled ballast and wet versus dry ballast. 

In [114] authors monitored the condition changes within the ballast layer to categorize the GPR 

profile into sections based on those condition changes. Gallagher et al. [47] used GPR to assess 

the level of ballast fouling and detect the interface between ballast and subgrade. In [40], the use 

of GPR proved very beneficial compared to traditional methods in ballast condition assessment 

leading to minimization of the number of trenches required and also enabled to determine 

the sections where subsoil material penetrated into the ballast. The main goal of investigation 

in [115] was to identify critical factors as well as antennas and central frequencies most suited 

for the investigation of railway ballast. 

 

 

Figure 20 - GPR test results concerning ballast fouling in revenue service [116] 

 

The effective in-situ ballast dielectric was modeled in [113] using the summation of the 

volumetric ratio of the component material RDP values. This model predicted that there occurs 

a significant decrease in signal velocity (10-30%) in ballast material during its fouling process. 

Detailed results can be seen in Table 3. 
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Table 3 - Modeled Ballast Pulse propagation Velocity at Radar Frequencies [113] 

 
 

In numerous studies [40, 74, 83, 114, 117] the EM wave velocity value was utilized to undertake 

time to depth GPR data conversion for the ballast layer.  After comparing the radar data with 

the thicknesses measured directly in trenches, Hugenschmidt [40] recommends using an 

average signal velocity of 14 cm/ns for ballast medium. Göbel et al. [117] use the ranges of 

signal velocities from 12 to 21 cm/ns for clean ballast and from 0.8 to 1.2 cm/ns for spent 

ballast. Jack and Jackson [114] calculate an average signal velocity of 13 cm/ns for ballast in 

their research. Maturana et al. [74] determined the signal velocity for clean ballast as 17 cm/ns 

and for highly fouled ballast 10 cm/ns.  

In a recent study, Benedetto et al. [100] used GPR to characterize clean and fouled ballast 

through extensive laboratory experiments, signal processing, and numerical modeling.  In 

a study [74] regarding preventive maintenance of railway track,  the authors report the EM 

signal velocity between 12 cm/ns and 21 cm/ns in the case of clean ballast, and in the case of 

ballast contaminated with fine material, the velocity ranging from 8 cm/ns to 12 cm/ns.  

Series of laboratory tests were also performed in [119] using KHM for velocity calculation 

and Complex Refractive Index Mode (CRIM) for theoretical confirmation. Ballast material 

(fraction 31.5 – 63) was surveyed with different levels of fouling and with different fouling 

materials. For contamination with sand, signal velocity values varied based on the level 

of fouling between 15.2 and 13.1 cm/ns. For contamination with fine gravel (fraction 5-10) 

varied between 14.8 and 13.6 cm/ns. In the case of these fouling agent mixture, the velocity 

was in the interval from 15.2 to 12.9 cm/ns. Signal velocity was determined within laboratory 

experiments or in-situ surveys in many other studies, e.g. [40], [114] or [117].  

RDP values from several studies for clean and fouled ballast are presented in Table 4.  
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Table 4 - Published RDP values of ballast adapted from Lalagüe [120] 

Published RDP values of ballast 

Ballast Material 
Clark et al. 

[83] 

Sussmann 

[121] 

Leng & Al-Qadi              

[122] 

Type Granite Granite Granite & Limestone 

Dry Clean 3.0 3.6 
3.25 (granite) 

3.96 (limestone) 

Moist Clean (5%) 3.5 4.0  

Saturated Clean 26.9   

Dry spent 4.3* 3.7 
3.77 ** (granite) 

4.84 ** (limestone) 

Moist Spent (5%) 7.8* 5.1 
 

Saturated Spent 38.5*   

*The spent ballast in these tests was at the end of its economic life, where the 

fines have reached 10% of the total mass of the ballast 

** 50 % level of fouling corresponding to the 50% of air voids volume 

 filled with dry clay 

 

In order to evaluate the level of ballast fouling used in Portuguese railways and the influence 

of antenna frequency on its measurement, laboratory tests were performed on different 

materials using several antennas in [99] and [111]. Combined influence of several fouling levels 

and different water content was investigated. Table 5 shows observed RDP values and its 

coefficient of variation for six antennas with different central frequencies. 
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Table 5 - RDP values variation with the fouling index for water content between 6 % and 12 %. (AV - average value, CV – 

coefficient of variation value  [111] 

 

In [123] both laboratory and field tests were performed with the results given in Table 6 

and Table 7. 

Table 6 - Laboratory Estimates of RDP for Single-layer Specimens [123] 

 

Table 7 - Field Estimates of RDP [123] 

 



 

52 

 

The influence of moisture content in the clean and fouled coarse granite ballast on the GPR 

signal characteristics are assessed in [124]. RDP values of ballast under wet clean and wet 

fouled conditions by means of KHM were computed. RDP of saturated clean coarse granite 

ballast was found to be 25.5, whereas the average value of drained ballast 3.1 was observed 

to have similar values with the dry one. RDP values tend to increase with increasing fouling 

levels as well. Table 8 indicates a change in RDP measured in 23 days interval during saturation 

and drainage process of railway ballast sample. 

Table 8 - RDP values vs dry, saturated and drained ballast [124] 

 

In [125], data from 238 km of track obtained and the ballast fouling condition was automatically 

interpreted. The comparison showed good agreement between these GPR data and ballast 

condition assessed via KHM. 

Ballast under various fouling conditions generates various EM scattering patterns. According 

to Roberts at al. [126], the clean ballast near the surface generates a significant scattering 

pattern, while the scattering pattern generated by the fouled ballast at the bottom is insignificant 

because the air voids in fouled ballast are much smaller than the signal wavelength. In [127] 

Al-Qadi et al. conclude that the time-frequency approach may be effective in detecting ballast 

fouling condition. In addition, a combination of direct method, scattering amplitude envelope 

approach, and Short-time Fourier transform (STFT), can provide an effective method 

to quantify the ballast condition. Methods based on scattering has been exploited to distinguish 

between the clean and fouled ballast also in [61, 117, 118, 121, 122, 98], spectral analysis 

in [92] and [89], and wavelet and Fourier Transform Analysis (FTA) in [129] [77]. STFT has 

been used in order to assess the changes in ballast in both time and frequency domains 

simultaneously also in [39, 122, 44, 130].  Khakiev et al. [86] made a research which 

quantitatively processed GPR data in order to assess these problematics. 
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It follows from above-mentioned studies, that GPR is a useful tool to assess railway ballast 

condition and its fouling level using calculated RDP values. For this purpose so-called ground 

truth data are needed. Currently often used calibration by KHM (ditches and trenches) 

is however not accurate due to ballast particle size and due to the instability of the ballast layer 

during test pits performing. The major problem is also the presence of water in surveyed layer. 

Compared to ballast fouling due to fine particles, the presence of water has a significantly higher 

impact on calculated signal velocity and RDP values, although these two phenomena are closely 

related. Thus, the GPR survey should be performed in dry condition. Three days period after 

rain could be recommended in case of clean ballast, while in case of fouled ballast, this period 

could be much longer due to the complexity of water regime, influenced by fine particles 

presence, and its investigation in-situ on different railway bodies. 
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5. Equipment used 

For all GPR in-situ surveys described in this work, the GPR assembly of the Department 

of Transport Engineering (KDS) has been used. A manual measuring trolley was used 

as a platform. K2 FastWave and ReflexW software were used to record and process data. 

5.1. Hardware 

The used GPR assembly by Ingegneria dei Sistemi S. p. A. (IDS) labeled as RIS Hi-Pave was 

used. It consists of a MCh Fast Wave DAD Multichannel Controller, a 12V 12 V battery, a pair 

of antennas, a WHE PAVE (Odometer), Aluminum and Fiber Frame (Thule Carrier, Glass Fiber 

Console and TRDual F Mechanical Mount), coaxial , power and data cables and the Panasonic 

CF-53 Toughbook for data recording and processing. Antennas used were a horn air-coupled 

HN-2000 antenna with a central frequency of 2 GHz and two-frequency ground-coupled 

antenna TR DUAL-F 400/900 with central frequencies 400 and 900 MHz. Parameters of these 

antennas can be seen in Table 9. Both antennas are pictured in Figure 21. 

 

Table 9 - Used antenna parameters 

  Air-coupled  

antenna 
Ground-coupled 

antenna 
Antenna designation HN-2000  TR DUAL-F 400/900 

Antenna type shielded dipole horn bow-tie  
Central frequency 2000MHz 400/900MHz 

Dimensions 60cm x 22cm x 40cm 43cm x 37cm x 20cm 
Weight 7 kg  6 kg  

Operating humidity <90%  <90%  
Operating 

temperature 
-40 ° C to 50 ° C  -40 ° C to 50 ° C  
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Figure 21 – Description of GPR assembly components 

The DAD Fast Wave Control Unit, shown in Figure 22, is the controller responsible 

for antennas management and digitization of acquired GPR data. Technical specifications (by 

provider) of control unit DAD Fast Wave: 

 

Pulse frequency: 400 kHz;  

Scanning speed: up to 4760 scans per second (@ 128 samples per scan)  

Range: up to 9999 ns;  

Number of A / D converters: 2;  

Data acquisition frequency (A / D clock): 400 kHz;  

Sampling: 16bit;  

Resolution: More than 5 psec;  

Number of samples per scan: 128-8192 (1 channel); 128-4196 (2 channels); 128-2048 (4 channels);  

 Ports: Antenna 1, Antenna 2, Odometer, LAN, Battery;  

Maximum number of antennas: 2 standard; up to 8 TR with expansion box; up to 4 TR DUAL F;  

Number of Channels 8;  

Dimensions: 22cm x 17cm x 5.5cm;  

Weight: 1.5 kg;  

Dust and water resistance (IP 64);  

Average consumption: <10 W  
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Figure 22 - DAD Fast Wave: a) side with connections to position sensor and antenna b) side with Battery Port, Lan Port and 

wireless connector [131] 

 

Surveys performed in 2014 and 2017 by SŽDC were performed with 400 MHz ground-coupled 

GSSI antennas. 

 

5.2. Software 

The K2 Fast Wave software from IDS was used to collect data. The ReflexW software was used 

to process and interpret the data. 

 

The K2 FAST WAVE data collection software (https://idsgeoradar.com/) is created 

to cooperate with IDS DAD FastWave control units and can utilize up to 8 antennas. It enables 

to display two radar screens simultaneously in real time. It provides tools for customizing 

parameters for the data record, antenna setup, and calibration of individual channels, and pre-

determination of the signal propagation velocity. The software can be linked to GNSS, digital 

camera, and other external devices. The interface of K2 FAST WAVE software can be seen 

in Figure 23. 
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Figure 23 - Interface of K2 FAST WAVE software [131] 

 

The ReflexW program (https://www.sandmeier-geo.de/reflexw.html) allows working with all 

usual data formats. The 2D data analysis module enables the processing of GPR, seismic 

methods and ultrasonic methods. It contains a large number of data processing algorithms 

(filtering, profiling, composite and multiple reflexes, static correction, migration, etc.). The 3D 

Data Interpretation Module allows interpreting by viewing profiles in the x, y or z axis, and 

from GPR data or seismic methods. It also offers the possibility of composing these cuts into a 

three-dimensional cube, choosing the reflections in this 3D environment, and also creating 

video files for a continuous shift display in 3D.  

 

The modeling module (inverse tomography) allows inversion of seismic primal reflection data, 

tomographic inversion of time domain data and 2D wavelength simulation by finite difference 

method. The interface of ReflexW software can be seen in Figure 24.  

 

Data collection in 2014 and 2017 by SŽDC was performed with GSSI RADAN software. 
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Figure 24 - Interface of ReflexW software [132] 
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6. Experimental Survey 

At the time, when the place of the experiment was to be determined, there were five available 

construction sites, in where the cleaning process was planned to be performed. Construction 

site of Čáslav - Kutná Hora railway section was selected, because there was a specific interest 

in the use of two different undercutters: RM 79 (the property of Hrochostroj a.s.) and RM 900 

(the property of the Strabag Inc.), which were to perform the cleaning process in the stationing 

278,600 - 286,800. Thus, there was an opportunity to compare the efficiency of the cleaning 

processes of each unit with an independent and non-destructive measurement. Before any 

survey initiating works, it was also important to ensure the safety (BOZP) training under SŽDC, 

which author underwent within service training. Detailed photographic documentation is 

provided in Annex 1 

6.1. Site description  

The selected railway track is a two-line track with both passenger and freight train services. 

Track speed is up to 120 km/h. The affected track section is a part of a nationwide track which 

belongs to the line of the European TEN-T (Trans-European Transport Networks) railway 

system within the global passenger and freight network with the character of the non-corridor 

track of the national railroad. The site is part of the track (Brno -) Havlíčkův Brod - Kolín (- 

Prague), designated in the passenger timetable as number 230, according to the 324 track tables. 

The track is electrified in the given section by an alternating traction current system 25 kV / 50 

Hz, track-side safety equipment is the 3rd category of AB type. The permitted load class is D4, 

with a speed of 80 to 120 km/h. The operator is SŽDC s. o., a local administrator is OŘ Praha. 

The railway superstructure was composed of the SB8 and SB8P sleepers, which were preserved. 

In the first phase of the survey, the R 65 and S 45 were used in some sections, which were all 

changed to 60 E2 during the reconstruction process. Average center to center distance between 

sleepers was 60 cm. The rail's fastenings were type K. The original ballast layer thickness was 

reported as 350 mm below the sleepers, but after digging ditches, it was found that 300 mm 

thickness corresponds to reality in some sections. After the reconstruction, a 350 mm thick 

ballast layer was set in all sections. 

The whole construction project of Čáslav-Kutná Hora was conducted in cooperation with 

Chládek and Tintěra a.s., Hrochostroj a.s. and GJW Praha spol. s.r.o. Reconstruction of No. 1 

rail (where GPR survey took place) was performed by Chládek and Tintěra a.s. and Hrochostroj 

a.s. The work timetable on this construction site can be seen in Annex 2. Because of many 
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partial work activities carried out over the whole length of the excluded track by above-

mentioned companies, it was not an easy task to carry out the GPR survey to the extent desired. 

Thus the GPR survey had to be divided into five days. In addition to rail bed cleaning, other 

rail mechanization such as tampers, ballast plows, two-way excavators, and other devices, were 

also on site.  

Surveyed profiles on this track were chosen near four railway crossing because of the possibility 

to transport and manipulate the survey cart more easily on the excluded track. Reconnaissance 

and setting of the survey sections took place on October 3rd, 2018. Eight sections with length 

of 50 meters were selected near the crossings marked in Čáslav to Kutná Hora direction 

as number 2 (km 279,223), 3 (km 281,182), 6 (km 283,747) and 8 (km 286,468). All surveyed 

sections were located in the vicinity and on both sides of these crossings according to the local 

conditions. Clearly marked position of crossings can be seen in Figure 25. Marking of sections 

was as follows: 

1. P2U1 (km 279,150 – km 279,200) … Figures 26 and 27 

2. P2U2 (km 279,250 – km 297,300) … Figures 26 and 27 

3. P3U1 (km 281,100 – km 281,150) … Figures 28 and 29 

4. P3U2 (km 281,200 – km 281,250) … Figures 28 and 29 

5. P6U1 (km 283,675 – km 283,725) … Figures 30 and 31 

6. P6U2 (km 283,775 – km 283,825) … Figures 30 and 31 

7. P8U1 (km 286,400 – km 286,450) … Figures 32 and 33 

8. P8U2 (km 286,500 – km 286,550) … Figure 32  

 

Figure 25 - Marking the measured rail crossings on the map (mapy.cz) 
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Figure 26 – Marking of survey sections in the area of railway crossing number 2  

 

Figure 27 - The railway crossing number 2 
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Figure 28 - Marking of survey sections in the area of railway crossing number 3  

 

Figure 29 - The railway crossing number 3 
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Figure 30 - Marking of survey sections in the area of railway crossing number 6  

 

Figure 31 - The railway crossing number 6 
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Figure 32 - Marking of survey sections in the area of railway crossing number 8  

 

Figure 33 - The railway crossing number 8 
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6.2. In-situ survey 

Throughout the survey and more than 14 days prior to the survey, there were no precipitations 

in the site. From the point of view of temperature, the measurements were made in ideal 

conditions, as the temperature ranged from 20 to 25 ° C during the measurements. 

The measurements took place in the following phases: in the first, all the sections were 

measured before the construction work started; in the second phase, the measurements followed 

immediately after the cleaning of the ballast layer, before the tamping and other treatment 

of geometric parameters; and in the final phase, the final state was measured after all the work. 

Thanks to state railway administrator (SŽDC) it was possible to process also GPR data collected 

in 2014 and 2017 by Technická ústředna dopravní cesty (TÚDC) of SŽDC. Weather conditions 

of this survey are not known to the author. 

All surveyed GPR data (excluding SŽDC data) are included in Annex 5. 

For the data processing purpose, these phases were numbered from 1 to 5 as follows: 

1. In 2014 (SŽDC) 

2. In 2017 (SŽDC) 

3. Before the construction work started (12. 10. 2018) 

4. Immediately after the cleaning of the ballast layer (17. 10. 2018) 

5. The final state after all the construction activities (19. 10. 2018) 

Initial setting of the GPR system 

After the system was assembled and mounted on the survey cart, it was set up and calibrated in 

the above-mentioned K2 Fast Wave software. The calibration file can be seen in Annex 3. It was 

also necessary to calibrate the odometer to accurately determine the distance traveled, i.e. 

the stationing values in the profile. The calibration was performed by passing a reference line 

of a defined length. A reflector (aluminum sheet) was also placed at the beginning and end 

of each section to accurately identify radar stationing in collected radargrams. 

The first step of K2 calibration process was to set the number, type, and position 

of the transmitters and receivers relative to the selected coordinate system and set the method 

of the assembly movement regime. After selecting the antennas, the time window (range) [ns] 

for each individual frequency was selected. The predicted propagation velocity [m/ns] in 
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the diagnosed medium was then entered. Based on these values, the maximum depth, from 

which the reflected signal could be recorded, was pre-calculated. 

The number of samples per trace was set in the next phase. Each sample is a digital value that 

defines a portion of the trace. The more samples used, the more accurate the shape 

of the reflected wave is. Thus for a wider time window, a larger number of samples is required 

to maintain the accuracy of the trace. This value was set with respect to the velocity 

of the antennas and the required resolution (512, 1024 samples per trace). At the same time, 

the odometer factor was set, namely, the multiplication factor for the distance traveled. This 

factor multiplies the step given by the odometer resolution and results in the distance of each 

trace of the record (2 cm step for the performed survey). During SŽDC survey, the distance 

between traces was set in 2014 to 0.25 m and in 2017 to 1 m respectively. 

GPR was then calibrated also in terms of so-called initial reflection, which was done after 

setting the antennas and fixing them to the survey position. Automatic calibration was 

performed when the antenna (survey cart) moved over the measured profile. The next step used 

was to set the gain method and values either automatically or manually, according 

to the operator's requirements.  

Following these adjustments, a new measurement folder was created and the identification data 

was inserted. GPR system was ready to record data from the survey at this phase. 

Survey procedure 

The overall survey was time-consuming, physically and organizationally challenging as it was 

necessary to adapt to the regime and the schedule of the works on the site (annex 2). First 

complications with the survey have begun with traffic constraints on I/38 road 

and reconstruction of driveways and railway crossings leading to selected sections 

and crossings. Also to transport GPR system and survey cart between the individual crossings 

was quite complicated because of the necessity of warming-up the system and the time 

for preparation of the measuring apparatus, which together lasted more than 40 minutes each 

time. Therefore the way of transporting the cart with GPR in between the sections 

had to be considered carefully in relation to the ongoing work on the track. The GPR cart is 

a quite heavy and poorly transportable device, making it also difficult to quickly remove it from 

the track when necessary because of mechanization or other equipment passage. Because of the 

above-mentioned cases and due to GPR and Toughbook battery capacity, it was very 
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challenging to combine GPR warming-up and assembly, and transport with surveys. To find 

a place, where the batteries could be recharged was also not an easy task on the construction 

site.  

As a part of the GPR calibration, it was necessary to measure the actual thickness of the gravel 

bed beneath the sleepers to enable the calculation of the RDP values and thereafter the 

propagation velocity of GPR signal in the ballast material. Due to the ongoing work, it was not 

possible to perform intended trenches on each of the measured sections. For this reason, 2 

locations were selected where the state of the ballast layer seemed to be the most relevant for 

the entire track. The first probe (Figure 34), performed in the P6U1 section, stationing km 

283,725 was extracted using a two-way excavator, which significantly accelerated 

and facilitated the work. The second probe (Figure 35), performed in P2U2 section, stationing 

km 279,251 was excavated manually, which was quite physically demanding. The removed 

material has been marked and transported to the Educational and Research Centre in Transport 

(ERDT) laboratories, where the necessary laboratory tests have been carried out. 

 

Figure 34 – Extracting of the probe 1 material (P6U1) 
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Figure 35 – Excavating of the probe 2 material (P2U2) 

Section stationing on the track was determined by stationing marks along the track, 

and the above-mentioned sections were laid out. To identify the beginning and end 

of the sections, the spots were marked either on the sleepers or on the rails with a reflective 

spray. Distances were measured using a digital measuring wheel. The beginning and end of the 

sections were also marked with aluminum foil, which is easy to distinctly identify 

on the radargrams. 

The survey on each section was always performed in terms of stationing direction for the sake 

of clarity and consistency of processable information. In each of the sections, two surveys (B-

scans) were made with different antenna orientations. In the first case (longitudinal direction of 

the antenna), it is very easy to identify the sleepers, but these elements partially cover the 

reflections from the interface on the bottom of the ballast layer. In the second case, the antenna 

was oriented diagonally. This antenna routing has been chosen to reduce the reflections of the 

sleepers and to improve the visibility of the reflected signals of the interface described above. 

Aim was to use transversal orientation also, but there was a limited time, because of ongoing 

construction works on the site. 

The antenna orientation is schematically illustrated in Figure 36. 
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Figure 36 - Antenna orientation 

6.3. Laboratory tests 

An important part of the bachelor thesis within the complexity of the research was laboratory 

measurement, the aim of which was to determine the condition of the ballast layer material 

at selected sections. Due to the demanding schedule of construction work on the site, it was 

possible to obtain two samples only, which, however, are expected to describe the condition of 

the superstructure on the entire reconstructed section. Two sets of test were performed 

on obtained material: volume of air voids and sieve analysis. The weighing was carried out 

using calibrated KERN DE 60 K 20 (1-144703) scales with a maximum load rating of 60 kg 

and an accuracy of 20 g and the weighing of the samples obtained from the sieve analysis was 

performed on MATEST's scales. Sieve analysis was conducted on electro-mechanical sieve 

shakers AS 200 basic (1-144700) with orbital motion sifting of 80 rpm. 

Sample # 1 

The first sample was taken in the proximity of railway crossing number 6, more precisely 

in section P6U1 at stationing km 283,725. It is assumed that this sample condition matches 

the state of the ballast layer, approximately in the second half of the reconstructed section. 

By visual inspection and evaluation, it was observed that the railway body was not in ideal 

shape and condition, but there was not a necessity to perform cleaning by undercutters yet. This 

process took place anyway in this section due to the complexity of the reconstruction works. It 
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should be noted that this part of the reconstructed section was cleaned with a new German RM 

900 VB unit, a high-performance ballast cleaner manufactured by Strabag Inc., in 2011.  

In this dug probe, a total of 92,140 kg of aggregate was obtained, and the weight of ballast 

aggregate and fine fouling material was determined as can be seen in Table 10. 

Table 10  – Total weight of aggregate with percent breakdown of coarse and fine material at sample #1 

Aggregate weight of fraction 31,5-63 mm 79,240 kg 86 % 

Aggregate weight of fraction less than  31,5 mm 12,900 kg 14 % 

Total weight of aggregate 92,140 kg 100,00 % 

 

By comparing the weight of fouling material (less than 31.5 mm) with the weight of aggregate 

(31.5 - 63 mm), the percentage of fouling according to formula 20 was determined to 14 %. 

Aggregate sample of fraction 31,5 - 63 from P6U1 can be seen in Figure 37. 

  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑓𝑜𝑢𝑙𝑖𝑛𝑔 =  
𝑡𝑜𝑡𝑎𝑙  𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑛𝑒 𝑓𝑜𝑢𝑙𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
    (20) 

 

Figure 37 - Aggregate sample of fraction 31,5 - 63 from P6U1. 

From the 31,5 - 63 fraction, 56,12 kg of aggregate was taken from which the volume of air 

voids was roughly determined by filling of free space with water. The total volume of measuring 
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container was 40 l, which was filled with aggregate and free space was filled up with water 

(17.05 l). The resulting volume of air voids was found to be 42,6 %. 

Sieve analysis according to ČSN EN 933-1 (721183) - Testing of geometric properties 

of aggregates - Part 1: Determination of grain size - Sieve analysis (with exception of weight 

of sieved material 1 kg for each test, and other minor discrepancies), was performed for fine 

material (smaller than 31,5 mm). The test was performed on three samples with 1 kg weight 

of each. The results are shown in Table 11. Used sieving test devices can be seen in Figure 38. 

Table 11 - Sieve analysis of three samples of fine material from the P6U1 section 

Fraction - sieve 

opening size 

Weight of sample 

#1 fractions (g) 

Weight of sample 

#2 fractions (g) 

Weight of sample 

#3 fractions (g) 

>6,3 mm 790,3 752,5 796,2 

5,6 – 6,3 mm 2,1 2,9 1 

4,5 – 5,6 mm 26,3 25,3 28,4 

3,55 – 4,5 mm 24,6 26,3 23,1 

2,5 – 3,55 mm 27,1 31,8 25,4 

2 – 2,5 mm 12,9 16,9 12,8 

1,6 – 2 mm 12,3 15,7 11,9 

0,5 – 1,6 mm 39,3 53,5 37,5 

0,25 – 0,5 mm 21,9 27,3 19,4 

0,063 – 0,25 mm 33,4 36,7 30,5 

< 0,063 mm 7,9 9,3 6,5 

Total 998,1 998,2 992,7 
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Figure 38 - Electro-mechanical sieve shakers AS 200 basic (1-144700) 

Values from Table 11 were averaged (Table 12) and a grain curve was generated from these 

results (Figure 39 - Figure 39). 

Table 12 – Average sieve analysis values of fine material from the P6U1 section 

Fraction - sieve opening size (mm) % 

6,3 100,00 

5,6 21,74 

4,5 19,07 

3,55 216,59 

2,5 13,77 

2 12,36 

1,6 11,01 

0,5 6,65 

0,25 4,36 

0,063 0,99 

bottom residue 0,20 

Average total weight 996,33 g 
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The final phase of laboratory test was comparing of sieving test result with fouling index by 

equation (18). Default values were used from the grain curve (Figure 39). Grain curves 

for individual tests are contained in annex 4. Fraction 4,75 mm had value 20 % and 0,075mm 

had value 1,05%. Thus the fouling index is 21,05 %, which corresponds to fouled ballast 

according to Table 2.  

 

Figure 39 - Grain curve for the sample from P6U1 section 

 

Sample # 2 

The second sample was taken in the proximity of railway crossing number 2, more precisely 

in P2U2 section at stationing km 279,251. Even visually, it was clear that the railway body was 

not in good shape and condition and there was a necessity to perform cleaning by undercutters. 

It should be noted that this part of the rail was cleaned by the older type RM 79 unit 

of Hrochostroj a.s. company. The location, where the second sample was obtained was very 

atypical in terms of the absence of water drainage ditches. This condition raised the initial 

question of whether this place would be abnormally polluted by the insufficient drainage of 

the section. 

In this dug probe, a total of 47,331 kg of aggregate was obtained, and the weight of ballast 

aggregate and fine fouling material was determined as can be seen in Table 13. 
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Table 13 - Total weight of aggregate with percent breakdown of coarse and fine material at sample #2 

Aggregate weight of fraction 31,5-63 mm 31,551 kg 66,66 % 

Aggregate weight of fraction less than  31,5 mm 15,780 kg 33,34 % 

Total weight of aggregate 47,331 kg 100,00 % 

 

By comparing the weight of fouling material (below 31,5 mm) with the weight of aggregate 

(31,5 - 63 mm), the percentage of fouling according to formula 20 was determined to 33,34 %.  

This confirms the presumption based on a visual inspection that cleaning was necessary in this 

section due to the absence of drainage facilities. 

 

Figure 40 – Aggregate sample of fraction 31,5 - 63 from P2U2 section. 

From the 31,5 - 63 fraction, 29,710 kg of aggregate was taken from which the volume of air 

voids was roughly determined by filling of free space with water. The total volume of measuring 

container was 20 l, which was filled with aggregate and free space was filled up with water 

(8,066 l).  The resulting volume of air voids was found to be 40,33 %. 
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Sieve analysis according to ČSN EN 933-1 (721183) - Testing of geometric properties 

of aggregates - Part 1: Determination of grain size - Sieve analysis (with exception of weight 

of sieved material 1 kg for each test, and other minor discrepancies), was performed for fine 

material (smaller than 31,5 mm). The test was performed on three samples with 1 kg weight 

of each. The results are shown in Table 14.  

Table 14 - Sieve analysis of three samples of fine material from the P2U2 section 

Fraction - sieve 

opening size 

Weight of sample 

#1 fractions (g) 

Weight of sample 

#2 fractions (g) 

Weight of sample 

#3 fractions (g) 

>6,3 mm 529 605 598,9 

5,6 – 6,3 mm 0,4 0,5 0,5 

4,5 – 5,6 mm 13,6 15 14,5 

3,55 – 4,5 mm 20,3 17,6 19 

2,5 – 3,55 mm 30,9 29,1 30,3 

2 – 2,5 mm 22,7 19,5 20,2 

1,6 – 2 mm 27,7 23,1 21,6 

0,5 – 1,6 mm 146,7 122,7 114,8 

0,25 – 0,5 mm 80,1 65,2 63,4 

0,063 – 0,25 mm 89,6 68,2 70,2 

< 0,063 mm 19,4 19,4 20,8 

Total 1003,1 985,3 974,1 

 

Values from Table 14 were averaged (Table 15) and a grain curve was generated from these 

results (Figure 39 - Figure 41). 

The final phase of laboratory test was comparing of sieving test result with fouling index 

by equation (18). Default values were used from the grain curve (Figure 41). Grain curves for 

individual tests are contained in annex 4. Fraction 4,75 mm had value 40 % and 0,075mm had 

value 1,78%. Thus the fouling index is 41,78 %, which corresponds to highly fouled ballast 

according to Table 2.  
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Table 15 - Average sieve analysis values of fine material from the P2U2 section 

Fraction - sieve opening size (mm) % 

6,3 100 

5,6 41,06 

4,5 39,59 

3,55 37,65 

2,5 34,58 

2 32,46 

1,6 30,00 

0,5 16,93 

0,25 9,83 

0,063 2,08 

bottom residue 0,05 

Average total weight 979,97 g 

 

 

Figure 41 - Grain curve for the sample from P2U2 section 
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7. Data processing and outputs 

In this chapter, the processing steps used to utilize measured data are described. The main goal 

was to determine the signal velocity and relative permittivity of the ballast layer in each 

surveyed sections of the picked railway line. It should be noted, that although similar 

approaches were chosen for each survey stage, there were small differences in processing steps 

settings due to surrounding conditions and differences in the ballast layer itself. Also, it needs 

to be pointed out, that there is not the only correct approach to process GPR data, and there is 

always the subjective opinion of person processing the data involved. Therefore the operator 

should have always some experience with GPR data evaluation and as much information about 

surveyed subject and surroundings condition he/she can obtain, to ensure the most accurate and 

valid data processing. 

 

The interpretation of GPR data is affected by many factors related to the complexity of the 

subsurface. Accepting the fact, that GPR measurements are dense enough for the delineation of 

the target and that the optimum frequency is selected, processing should enhance the GPR 

signal, providing sufficient data for interpretation. The GPR data processing system consists 

mainly of time-zero corrections, dewow, band-pass filtering, spatial filters and gain [11].  

 

7.1. Data post-processing 

Data recorded with GPR always contains less or more noise (also referred to as reverberations, 

interference, multiples, clutter, spikes, snow). The data is also recorded with an imprecise 

determination of the signal propagation velocity. Therefore, the record must first be modified 

before the data interpretation, to amplify the essential phenomena and to minimize the 

undesirable effects. These activities are called post-processing.  

Noise or interference in GPR may be caused not only by the GPR itself and its components but 

also by interference from cell phones, radio transmitters, wireless internet and other electronic 

devices that work in frequencies band used by GPRs [133]. The amount of these sources 

of interference causes a considerable complexity of data processing and, in some cases, makes 

interpretation impossible. In the literature, interferences are mostly divided into noise and 

clutter. [5]. Noise is mainly caused by GPR interference with other sources of EM fields that 

affect the device during data collection. Clutter, on the other hand, presents unwanted 

reflections and interferences of the GPR signal, either inherent (GPR) or external (independent) 

caused by reflections and refraction of the signal in the measured media. To minimize clutter 
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and noise, filters are employed. Filters can be generally divided into time filters (applied over 

individual tracks in the time domain) and spatial filters (application in a range of tracks in the 

selected interval of time). These are often combined into advanced two-dimensional filters. 

Simple mean, simple median, low-pass or high-pass, band-pass filters, and simple average, 

average subtraction, background removal filters are examples of commonly used filters. 

In this thesis, a horizontal and vertical scale setting was used as the first step of data 

processing. Also other adjustments related to the signal velocity and the stationing of significant 

reflections were made including settings of the desired time range. Viewing, formatting, and 

saving options were set after. Sorting the measured data, dividing the measuring profiles and 

selecting sections to be processed was also performed. The “envelope” function has often been 

used to confirm the correct identification of the surface reflection. (Hilbert's transformation). 

However, this step was not included in the resulting processing, because there occurred 

an undesirable distortion of amplitude values. 

A dedicated processing scheme was used considering the spacing of the sleepers (SB 8 type) 

and the width of the sleepers (SB 8 type) such that RDP calculations will be based 

on the extracted traces located exactly in the cribs which allowed us avoiding the effects of the 

sleepers on the GPR responses. In order to realize this situation, the “extract traces” function 

in edit traces/trace-ranges submenu was used.  A text file was created containing calculated 

trace intervals as the beginning and the end of each crib. Those intervals were determined 

according to the observed sleepers from the radargrams, spacing of sleepers and the width of the 

sleepers. Subsequently, this text file was loaded to this processing step settings, and only the 

crib regions were extracted that way. 

The “move start time” (zero timing) function in static correction/muting submenu was used to 

adjust surface reflection to shift the first reflection from the surface to the start (zero value) of 

the time axis of the GPR data record (the reflection from the surface is shifted to zero depth). 

Additionally, for air-coupled antenna, “correct max phase” function in static correction 

submenu was used to compensate antenna bumping and make the surface reflection horizontal. 

The next step was to remove the inherent nonlinear noise (wow noise) which is related to the 

characteristics of the used antenna by using a 1D so-called “dewow filter”.  With this filtering, 

the low-frequency components of the signal of each trace, that are caused by EM induction in 

the apparatus (internal noise of the system), were removed using the running average. The value 
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used for settings this filter is limited by the frequency. For the used 2 GHz frequency, 

a maximum of 0.5 ns, for 900 MHz a maximum of 1.1 ns and a maximum of 2.5 ns for 400 

MHz was set.  

Another step used was to remove the background signal (using a so-called “background 

removal filter”) in the form of horizontal bars in the record of measured profiles, which is one 

of the most common data processing methods. This phenomenon is caused by the "ringing" 

of some antennas, which may be caused by either system noise or external EM interference, but 

also reflections from surface objects that have the same distance from the antenna as the 

evaluated reflections from the diagnosed material. This type of filter increases the so-called 

noise to signal ratio and eliminates the waves (reflections) that appear in the record in the long 

term.  

Due to the fact the signal diffuses in the form of a cone and is damped during the passage 

through the material, the increasing depth reduces the amplitude of the reflection. Anomalies at 

a greater depth will, therefore, produce a smaller amplitude than the same anomaly located 

closer to the surface. There are several signal amplification options. These include a constant 

increment, exponential increment, or so-called Automatic Gain Control (AGC). All 

amplification functions use a certain multiplication factor applied to the selected radargram 

interval. It should be emphasized that when the gain function is applied to areas with very low 

or near zero reflections, there is a significant increase in noise.  

In addition, “bandpassbutterworth” (Vertical Filtering in Time Domain) was used mainly to 

eliminate high-frequency noise. The range of this filter is set with two boundary frequencies 

(low-cut and high cut frequency). The frequency limits are determined according to the 

spectrum of the received antenna signal, and the GPR record then uses only the signals in 

between this frequency interval after use. 

Also “running average” for 5 traces in 2D filter submenu to better display horizontal interfaces 

(to highlight horizontal consistent energy and avoid trace dependent clutter) was used. 

After removing the noise, in some cases, the removal of multiple reflections (multiples) may 

be applied. Multiples were caused by the repeated reflection of the signal between the detected 

anomaly and the surface or between layers of the material, and cause the overlapping or 

suppression of important reflections that are recorded at the same time. Such record may lead 

to erroneous interpretations, however, these multiple reflections can be distinguished by their 
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regular spacing. In some cases, interference of antennas may also lead to multiple reflections 

in an area known as near field zone. The process used to remove multiples is called 

deconvolution (predictive deconvolution) [134], which can be interpreted as 

solving/decomposing the multiple reflections into basic elements. It is a process of restoring 

the original shape of the reflected waves. In Reflex W, this algorithm is called Suppress 

multiples. 

7.2. Data interpretation and outputs 

The output of the data processing phase was the radargram (B-scan) of the ballast layer and its 

base layer with the display of the interfaces and the local inhomogeneity for each track section 

and each measurement phase. In the Point Mode view, where the individual sleepers could be 

distinguished, the traces located between the sleepers were selected (as described above) and 

therefore their footprint was not affected by the reinforcement in the sleepers. The signal thus 

penetrated only through the ballast layer. The position of ballast layer/base layer interface was 

obtained from the construction drawings, according to the cleaning machines settings and 

verified by performing the trenches with a subsequent sampling of the ballast layer material for 

laboratory testing purposes. Point mode record can be seen in Figure 42. 

 

Figure 42 - Point Mode display in ReflexW 

After identifying desired traces, amplitude values for reflection from the surface and ballast 

layer/base layer interface were subtracted together with their twt values for each trace. This was 

done in the Wiggle Mode display. From the difference of the twt values and from the knowledge 

of the depth of the interface, the propagation velocity of the signal in the ballast layer was 
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computed. Subsequently, the RDP value was calculated. Considering the possibility of local 

inhomogeneity and interferences, RDP values for individual sections and phases were 

determined as the arithmetic mean. Wiggle mode record can be seen in Figure 43. The values 

obtained here are presented in the form of tables for individual sections and survey phases. The 

number of tracks and the length of the section for each phase is also shown. The original data 

sets are listed in Annex 5. 

 

Figure 43 - Wiggle Mode display in ReflexW 

The following tables (Table 16 and Table 17) contain a basic statistical evaluation of RDP 

values and EM signal velocity values for the two most important phases of all survey, i.e. phase 

3 – before cleaning stage, and phase 5 - after finishing all construction activities. Data is listed 

for all measured sections and all frequencies used. The tables contain maximum (RDPmax), 

minimum (RDPmin) and average (RDPave) RDP values including standard deviation 

(STD_RDP) values, and also maximum (EMWVmax), minimum (EMWVmin) and average 

(EMWVave)  EM wave velocity values including standard deviation (STD_EMWV) values of 

this variable too. The number of evaluated samples for all sections and all frequencies is 

indicated in the most right column. In total, 228 traces were evaluated in each stage. In case of 

stage 3, an average STD_RDP equals to 2,1 % of average RDPave, and STD_EMWV equals 

to 1,0 % of average EMWVave. In case of stage 5, these values are 3,9 % for RDP and 2,2 % 

for EMWV. Average standard deviation value for EMWV than represents at maximum (the 

most unfavourable case) 3,46 % of the range of fouling interval suggested in Table 18 contained 

in chapter 8. 
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Table 16 – Statistical evaluation of RDP and signal velocity values of stage 3 survey 

 

Table 17 - Statistical evaluation of RDP and signal velocity values of stage 5 survey 

 

  

Freq. (GHz) RDPave RDPMax RDPMin STD_RDP EMWVave EMWVmax EMWVmin STD_EMWV # of samples

0,4 3,65 3,75 3,46 0,080 15,70 16,13 15,48 0,180 10

0,9 3,65 3,92 3,40 0,165 15,70 16,28 15,15 0,355 10

2,0 4,31 4,36 4,26 0,030 14,45 14,53 14,37 0,051 7

0,4 4,92 5,15 4,70 0,156 13,52 13,84 13,22 0,215 8

0,9 4,34 4,41 4,19 0,074 14,41 14,65 14,29 0,125 10

2,0 4,26 4,31 4,21 0,021 14,53 14,61 14,45 0,035 10

0,4 4,70 4,92 4,48 0,148 13,84 14,18 13,52 0,215 9

0,9 4,34 4,48 4,19 0,081 14,41 14,65 14,18 0,134 10

2,0 4,29 4,31 4,24 0,025 14,49 14,57 14,45 0,042 10

0,4 3,85 4,48 3,65 0,318 15,29 15,70 14,18 0,581 8

0,9 4,26 4,34 4,12 0,084 14,53 14,77 14,41 0,145 10

2,0 4,29 4,34 4,26 0,020 14,49 14,53 14,41 0,033 10

0,4 4,85 5,02 4,68 0,094 13,62 13,87 13,39 0,131 10

0,9 4,68 4,85 4,35 0,154 13,87 14,38 13,62 0,237 10

2,0 4,35 4,41 4,27 0,042 14,38 14,51 14,29 0,069 10

0,4 3,31 3,44 3,18 0,073 16,48 16,83 16,18 0,185 10

0,9 4,43 4,51 4,19 0,097 14,25 14,65 14,12 0,160 10

2,0 4,43 4,46 4,33 0,055 14,25 14,42 14,20 0,090 9

0,4 3,35 3,63 3,29 0,108 16,38 16,55 15,75 0,253 7

0,9 3,84 4,06 3,77 0,088 15,31 15,46 14,89 0,171 10

2,0 3,89 3,91 3,86 0,015 15,22 15,26 15,17 0,030 10

0,4 3,73 3,85 3,66 0,044 15,53 15,68 15,28 0,091 10

0,9 3,98 4,06 3,84 0,071 15,03 15,31 14,89 0,137 10

2,0 3,91 3,93 3,86 0,020 15,17 15,26 15,12 0,038 10

Stage 3 - Before Cleaning

P2U1

P2U2

P3U1

P3U2

P8U2

P6U1

P6U2

P8U1

Freq. (GHz) RDPave RDPMax RDPMin STD_RDP EMWVave EMWVmax EMWVmin STD_EMWV # of samples

0,4 2,20 2,36 2,15 0,070 20,21 20,44 19,53 0,312 7

0,9 2,68 2,74 2,63 0,037 18,31 18,50 18,12 0,128 9

2,0 3,44 3,50 3,40 0,033 16,18 16,28 16,03 0,078 8

0,4 1,80 1,87 1,69 0,058 22,36 23,08 21,97 0,370 8

0,9 2,88 2,98 2,77 0,070 17,69 18,01 17,37 0,217 10

2,0 3,10 3,24 3,07 0,047 17,03 17,12 16,68 0,125 10

0,4 2,75 2,85 2,57 0,100 18,09 18,70 17,76 0,334 10

0,9 2,52 2,63 2,31 0,097 18,90 19,75 18,50 0,372 10

2,0 3,50 3,57 3,42 0,043 16,03 16,23 15,88 0,098 10

0,4 2,72 2,97 2,47 0,142 18,18 19,11 17,40 0,477 10

0,9 2,57 2,63 2,15 0,181 18,70 20,44 18,50 0,734 9

2,0 3,11 3,23 3,09 0,043 17,00 17,07 16,69 0,114 10

0,4 2,33 2,45 2,04 0,138 19,66 20,99 19,17 0,611 10

0,9 2,57 2,89 2,21 0,209 18,71 20,17 17,65 0,791 10

2,0 2,80 2,89 2,76 0,043 17,92 18,06 17,65 0,137 8

0,4 2,27 2,57 2,04 0,146 19,91 20,99 18,71 0,631 10

0,9 3,37 3,58 3,23 0,109 16,35 16,70 15,85 0,262 10

2,0 2,82 2,91 2,74 0,052 17,85 18,13 17,58 0,164 10

0,4 3,63 3,70 3,49 0,070 15,75 16,06 15,60 0,152 10

0,9 2,66 3,03 2,54 0,146 18,41 18,83 17,25 0,479 10

2,0 2,72 2,90 2,56 0,118 18,19 18,76 17,62 0,392 10

0,4 1,99 2,20 1,89 0,115 21,28 21,85 20,23 0,592 10

0,9 2,04 2,31 1,55 0,256 21,01 24,09 19,74 1,444 9

2,0 1,94 2,33 1,79 0,169 21,56 22,44 19,66 0,887 10

Stage 5 - Final 

P2U1

P2U2

P3U1

P3U2

P8U2

P6U1

P6U2

P8U1
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8. Results and Discussion 

Based on the literature review values, the intervals for the level of ballast fouling were defined. 

These intervals shown in Table 18 are as follows: 

Table 18 - Determination of fouling intervals 

 

There were no significant changes or trends in the resultant RDP/signal velocity values for the 

diagonal and longitudinal orientation of the antennas during radar evaluation. However, the 

measurement data from both methods were used to verify each other and compare the positions 

of the determined interfaces and sleepers, which was the initial reason for the measurement 

in more ways. 

The comparison and assessment of changes in the assessed indicators were first performed 

in each section separately for all measurement phases and subsequently, the sections were 

compared with each other. The final phase was to compare the work of the undercutters on pre-

determined sections. The measurement phase marking used in this chapter has been described 

in chapter 6.2. 

Frequencies of 2 GHz, 900 MHz, and 400 MHz were used to the mutual comparison of acquired 

data and because of the limited reach of the 2GHz antenna and more attenuated higher 

frequencies. All calculated RDP values for each section and measurement phase are listed in 

Table 19. Here it is clearly seen the difference in results with respect to frequencies and 

antennas used. Although the results obtained with antennas of different frequencies were 

dissimilar, the explicit dependency of signal velocity/RDP on central frequency was not found 

(from measured data, or from the literature). For this reason, the other following tables and 

graphs give averaged values for the frequencies used.  
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Table 19 - RDP values for each section and survey stage (colors correspond to Table 18) 
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Assessment in each section separately for all measurement phases 

In Figure 44, Figure 45, Figure 46, Figure 47, the velocities for each individual measured 

section (P2 - P8) are recorded at each measurement stage (as described in chapter 6.2).  

Within the evaluation of the section P2 signal velocity, the value better than expected were 

observed. On the basis of the initial visual observation of this non-typical section, very poor 

results were assumed due to the absence of ditches or any other drainage facility in P2U2, thus 

also very poor ballast layer condition was expected. The calculated values are surprising as the 

velocity values are relatively high, even in the pre-cleaning state. Here, it can be assumed that, 

despite the substantial proportion of fine particles (33.34 %) detected by laboratory tests 

(sample #2), there is no water present in the track bed. It is clear that during the construction 

process the track bed condition improved, which is underlined in Figure 44. Between phases 3 

and 5, the signal velocity increased by 19.3% in the P2U1 section and by 34.4% in the P2U2 

section. 

 

Figure 44 - The change of velocity during lifecycle of the railway track on section P2 

 

A relatively good condition of the ballast layer was assumed in the P3 section, which was 

confirmed both by the SŽDC measurement and own measurement. Drainage facilities was fully 

functional. It is clear that during the construction process the track bed condition improved, 

which is underlined in Figure 45.  Between phases 3 and 5, the signal velocity increased 

by 24.1 % in the P3U1section and by 21.6 % in the P3U2 section. 
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Figure 45 - The change of velocity during lifecycle of the railway track on section P3 

 

The P6 section was characterized by the presence of undesirable vegetation (especially in 

P6U1), which indicates increased humidity in the railway body. This can be caused by poor 

drainage of the superstructure (poor function of a drainage facility) or by the presence of muddy 

places or presence of water below the railway body. Although the proportion of fine particles 

detected by laboratory tests (14%) is not higher in this section than in the section P2, water was 

probably present in the track bed, as confirmed by the velocity/RDP values measured before 

cleaning stage. This would be confirmed by the observation of strong reflections at greater 

depths at P6U1, which may be caused just by the presence of aquifer places. It is clear that 

during the reconstruction process the ballast layer condition improved, which is underlined 

in Figure 46. Between phases 3 and 5 the signal velocity increased by 34.4% in the P6U1 

section and by 20.3% in the P6U2 section. It is necessary to point out the non-standard trend 

between phases 3 to 5. More specifically, a higher signal velocity value is observed in phase 4 

than in phase 5. It is possible that by combining the use of the RM 900 VB undercutter and 

Unimat 08-275/3S tamping machine, the ballast layer was hoed (hence the bulk density was 

reduced). It is important to take into account the exact moment of GPR measurement (if the 

measurement was taking place in the phase immediately after cleaning or during tamping 

cycles), which could not be precisely influenced by the schedule. 
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Figure 46 - The change of velocity during lifecycle of the railway track on section P6 

In section P8, as well as in section P6 (although to a lesser extent), there was also vegetation 

observed. It is clear that during the construction process the track bed condition improved, 

as shown in Figure 47. Between phases 3 and 5 the signal velocity increased by 11.6% in the 

P8U1 section and 39.6% in the P8U2 section, which is the highest observed difference. This 

can be explained by draining the water due to ballast layer cleaning. 

 

Figure 47 - The change of velocity during lifecycle of the railway track on section P8 

 

No significant changes were observed between phases 1, 2 and 3, at P2 and P3, but were more 

obvious at P6 and P8 – this may be due to generally water content in case of P6 and P8. This 
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may be due to assumed higher water content in case of crossings 6 and 8 - here the different 

signal attenuation depending on the frequency used should be taken into account. Changes 

observed between survey stages 3 (before cleaning) and 5 (final state) corresponds and even 

exceeds literature values, which may be caused by performing a survey in final phase directly 

after the end of the cleaning process. Stage 4 data serve as complementary values to describe 

the ballast cleaning process but are not examined in detail, since all work at this stage involves 

a large number of non-quantifiable processes in the track bed itself (repeated vertical alignment 

change and re-addition of new material during each phase tamping). 

Mutual comparison of all sections  

In Figure 48, Figure 49, Figure 50, Figure 51, Figure 52, the signal velocity values are displayed 

for each individual measurement phase (1-5) on each section (as marked in chapter 6.2). 

 

 

Figure 48 - Comparison of signal velocity in each section of the first phase 
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Figure 49 - Comparison of signal velocity in each section of the second phase 

Differences between the values measured by SŽDC (# 1, # 2) and my own survey (# 3 to # 5) 

were caused, in my opinion, by different antenna parameters from different GPR providers. 

 

Figure 50 - Comparison of signal velocity in each section of the third phase 

As indicated in Figure 50 there is a clear difference in the ballast layer properties in the sections 

before cleaning. The reasons for that difference are described above. 
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Figure 51 - Comparison of signal velocity in each section of the fourth phase 

 

 

Figure 52 - Comparison of signal velocity in each section of the fifth phase 

 

Obviously, in phases # 4 and # 5, according to Figure 51 a Figure 52, the velocities are 

diametrically different from phase # 3. This confirms the eligibility of ballast layer cleaning 

using machine cleaners. All in all, the aggregate properties of the ballast layer have been 

homogenized and improved throughout the reconstructed section and overall improved. 
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The percent change in speed during the track bed cleaning process between phases 3 and 5 is 

shown in Table 20.  

Table 20 - Percentual increase of velocity during the cleaning process 

 

Improvement has occurred in all sections and the highest improvement was in the P8U2 section 

while the lowest improvement was in the P8U1 section. This phenomenon can be elucidated 

due to the presence of water before cleaning in both sections of P8 and due to the filling of 

gravel grains by emptying the wagon with new material after cleaning in section P8U1. It was 

in the P8U1 section where the wagon with newly-added ballast was finally emptied, which 

causes an uncontrollable fraction fill and a higher portion of dust particles. This was also 

observed visually on the track.  

Significant increases are seen in the P2U2 section, where higher initial pollution was observed, 

compare to P2U1. A similar difference can be observed between the P6U1 and P6U2 sections, 

where the presence of water in both sections was assumed, although higher in P6U1 than 

in P6U32. 

It can be stated that, due to the relative permittivity and signal velocity changes, higher 

efficiency of the RM 900 VB was observed by 6.5%. However, it is important to note that the 

initial conditions for cleaning the ballast layer were different due to the dissimilar water content 

and fine particles distribution.  
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9. Conclusion  

The submitted thesis was focused on the diagnostics of the railway ballast layer condition and 

the determination of the fouling level change before and after the mechanical cleaning process 

by measuring the changes in the RDP of the material by the GPR equipment. There were three 

partial goals of the thesis set in the beginning, consisting of the implementation of GPR 

measurements on ballast layer and subsequent determination of RDP variation in different 

periods of the track's life cycle with aim to describe the relationship between the fouling level 

and RDP values of the railway ballast (described in chapter one). 

The first partial goal was achieved by performing a survey on the Čáslav-Kutná Hora railway 

track section, where eight sections with a total length of 400 m (each 50 m) was set and surveyed 

by three different central frequencies, using two antenna orientations. The survey was repeated 

three times at different stages of the track's life cycle, in particular before and after the machine 

cleaning process. 

The second partial goal was achieved by the time-domain analysis of recorded data (phase 3, 

4, 5) and data obtained from SŽDC (phase 1, 2). A dedicated processing scheme was used in 

ReflexW software taking into account the spacing of the sleepers (SB 8 type) and the width of 

the sleepers. For the calibration, KHM was used based on ground truth data. Two probes were 

performed with this aim and with the goal to sample material, necessary for the laboratory test.  

In laboratory, the sieve analysis was performed, air voids and fine material distribution was 

determined and the fouling index was calculated. Changes in RDP were seen between survey 

stages 3 (before cleaning) and 5 (final state), which are the same or even higher than literature 

values (10 % to 30 %). This may be caused by performing a survey in final phase directly after 

cleaning process finished. Change in EM wave velocity values in individual sections for stages 

1, 3, 5 can be seen in Figure 53. 
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Figure 53 – Comparing individual section of phase 1, 3, 5. 

The third partial goal was partly achieved by literature review part and partly in Results and 

Discussion chapter by presented graphs and tables with relevant comments. The ballast 

condition was determined as fouled for sample #1 (P6U1) and highly fouled for sample #2 

(P2U2). This was also confirmed by the evaluation of RDP/velocity in these sections, where, 

on the basis of the determined intervals, the gravel bed material in the P2U2 section was 

classified as slightly fouled and in the P6U2 section it was classified as highly fouled. By 

comparing laboratory tests and in-situ measurements, it can also be confirmed that the presence 

of water has a significantly higher influence on the RDP/signal velocity than only the proportion 

of fine particles. However, these phenomena are closely related. Improving in the ballast 

condition has occurred in all sections. Higher efficiency of the RM 900 VB undercutter was 

reported by 6.5%. However, it is important to note that the initial conditions for cleaning the 

ballast layer were different due to the dissimilar water content and fine particles distribution. 

Based on track measurements, laboratory tests and subsequent comparisons with literature, the 

cleaning process should, in my opinion, start at approximately when RDP rises to 9 and the 

speed drops to 10 cm/ns. However, it should be considered whether the presence of water or 

fine material is the cause of the higher RDP value. If it is the presence of water, then it should 

be examined whether it is a temporary condition (e.g. after rain) or a steady state given by non-

functional drainage, etc. In any case, GPR measurements should not take place in wet 

conditions. 
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According to the author’s opinion, all partial goals were achieved based on the chosen 

thesis topic and regarding available GPR equipment.  

From the perspective of chosen methods, the following summary can be formulated regarding 

the thesis topic, i.e. what needs to be done, while assessing the condition of the railway ballast 

using GPR with time-domain evaluation: 

1. To define measurement conditions, GPR equipment parameters, and settings, 

2. To define a data processing algorithm based on #1, (time-domain) 

3. To obtain RDP/velocity values based on #1 and #2, (time-domain) 

4. To define/choose standard fouling indicator(s) or similar parameter(s) for ballast 

material(s), and its value for cleaning process launching. 

5. To compare (set relationship) RDP from #3 and standard fouling indicator from #4 

6. To decide when/whether the cleaning process should start. 

The time-domain method, used in this study, has although its limitations. As stated before, there 

is a high dependency of RDP/velocity absolute values on the precision of depth determination 

by direct measurement. This phenomenon is demonstrated in Figure 54 (a), and (b).  

 

Figure 54 – Velocity (a) and RDP (b) change over depth variation 
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Future work  

Since only traditional approach in time-domain was used in this study, with its limitations, also 

the time–frequency technique, based on short-time Fourier transform (STFT), can be used 

and also scattering pattern/response (especially in case of the 2GHz antenna). Wavelet 

Technique can be used too. Determining ballast velocity from a radar detectable geosynthetic 

could be also another tool to approach to the problematics, solved in this thesis.   
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During my bachelor thesis elaboration, I get acquainted with GPR technology through 

the study of relevant professional literature, trough practical survey on a real track and 

in the laboratory, and through the data evaluation process. I acquired not only theoretical 

knowledge of this technology, but practical experience as well. During that time my 

English also improved by widening my vocabulary in the relevant field. I found GPR 

technology very interesting and useful in terms of transport structures diagnostics. 

I presented my work at the European Geosciences Union (EGU) 2019 international 

conference, where I met experts from the GPR technology field. I plan to continue 

studying this problematics also in the framework of my diploma thesis. 
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Annex 

 

1. Photodocumentation (DVD) 

a. Railway Track 

b. GPR Survey 

c. Laboratory experiments 

 

2. Work schedule reconstruction Čáslav – Kutná Hora rail number 1 (DVD) 

 

3. K2 Calibration File printout 

 

Annex 1- K2 Calibration File 
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4. Grading curves 

 

Figure 55 - The grain curve of the railway crossing n. 2 - sample 1 

 

 

Figure 56 - The grain curve of the railway crossing n. 2 - sample 2 
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Figure 57 - The grain curve of the railway crossing n. 2 - sample 3 

 

 

Figure 58 - The grain curve of the railway crossing n. 6 - sample 1 
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Figure 59 - The grain curve of the railway crossing n. 6 - sample 2 

 

 

Figure 60 - The grain curve of the railway crossing n. 6 - sample 3 

 

5. Surveyed GPR data (DVD) – excluding SŽDC data 
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