The use of ground-
penetrating radar to
develop a track substructure
characterisation model

D JVorster, P J Grabe

The characterisation of track substructure is an integral component of track maintenance and
rehabilitation. Traditionally this is done by determining the geotechnical properties of the
discrete track formation layers by excavating test pits and sampling the substructure layers.
The development of geophysical investigation techniques such as ground-penetrating radar
(GPR) allows continuous assessment of the condition of the track substructure. The research
described in this paper uses GPR to develop a track substructure characterisation model and
provides classifications for both the ballast and formation layers. The ballast and formation
were classified into four classes, namely very good, good, moderate and poor. When applying
the model to two sections of track (with generally good and poor quality) 82% and 100% of
classes had only one class difference compared to the traditional characterisation tests for the
formation and ballast layers respectively. The GPR track substructure characterisation model
that was developed therefore compares well with traditional characterisation techniques

and will result in significant cost and time reduction. The characterisation of the track using
GPR provides a continuous classification and enhances the accuracy of the data on which a

maintenance engineer can base decisions.

INTRODUCTION
The aim of a railway substructure investiga-
tion is to characterise the track substructure
based on its geotechnical properties.
Care should be taken when conducting a
substructure investigation to establish the
correct remedial action (Brough et al 2003).
Traditionally, for a typical rail line investiga-
tion, a linear investigation is conducted with
in situ testing at 200 m intervals (SAICE
2010). To classify the soil and ballast, test
pits are excavated for profiling and sampling.
Dynamic cone penetrometer (DCP) tests are
also conducted to further classify the soil
and the layer depths (Clayton et al 1995).
However, with the development of geo-
physical techniques during the last two dec-
ades, methods such as ground-penetrating
radar (GPR) have increasingly been used for
track substructure investigations (Saarenketo
2006). These techniques have several ben-
efits. Firstly, GPR is a non-destructive geo-
physical technique that uses electromagnetic
waves to investigate nonconductive materials
(Daniels 1996). It is used in road, railway and
geotechnical environments to detect con-
cealed objects or to determine the internal
structure of materials (Saarenketo 2006).
Secondly, the use of GPR to develop a track
substructure characterisation model would
allow a fast and cost-effective way to classify
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the track substructure. The capabilities of
GPR allow the classification of the ballast

and the formation conditions separately. This
study uses typical GPR deliverables to develop
a GPR track substructure characterisation
model and to verify the model with traditional
track investigation techniques. The GPR deliv-
erables include the subballast and subgrade
layer profiles, the GPR ballast fouling index
and the GPR moisture condition of the track.
The traditional testing techniques used for
the verification of the model are in situ ballast
and soil sampling and profiling.

The GPR survey data and characterisa-
tion was further compared with the results
of specialist geotechnical techniques. These
tests included the light-weight deflectometer
(LWD), remote video monitoring (RVM) and
multi-depth deflectometers (MDD). These
tests are not part of the scope of the develop-
ment of the GPR substructure characterisa-
tion model and will be discussed in a future
publication.

GROUND-PENETRATING RADAR
Over the years, the uses of GPR have been
explored in various ways. The first develop-
ments in GPR railway classification were
the determination of ballast layer thickness
and locating mud holes and ballast pockets
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Figure 1 Basic GPR principle redrawn from
Saarenketo (2006)

Figure 2 Typical GPR instrumentation layout
(Gobel et al 1994). Further developments
allowed ballast fouling determination
(Silvast et al 2010; Al-Qadi et al 2008; Leng
& Al-Qadi 2010). Sussman et al (2002)
developed material properties for railway

substructure condition assessment. Olhoeft
and Selig (2002) used GPR to evaluate rail-
way track substructure conditions.

Principles
The basic principles of and factors influenc-

track materials based on GPR and reported
on railway track condition indicators

using GPR (Sussman et a/ 2003). Smekal

et al (2003) used GPR and a track loading
vehicle for track substructure investigations,
and Berggren et al (2006) used GPR for

ing the functioning of GPR are discussed
in this section. GPR originated from
electromagnetic (EM) theory and uses the
transmission and reflection of EM pulses

into different mediums, as shown in Figure 1
(Daniels 1996). The reflected energy is
displayed in waveform where the difference
in amplitude shows the interfaces between
wave pulses (Daniels 1996; Saarenketo 2006).
A ground profile can be generated by repeat-
ing the measurements while moving the
antenna across a target area with a continu-
ous series of radar pulses (Saarenketo 2006;
Sussman et al 2003; Hyslip et al 2003).
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Figure 3 Typical results from a GPR railway line survey
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The material properties that influence
the propagation and reflection of the radar
pulses are the dielectric permittivity, the
electrical conductivity and the magnetic per-
meability, as described by constitutive rela-
tionships (Daniels 2004; Jol 2009). Dielectric
permittivity and its effect on GPR signal
velocity in materials is the most important
property that affects GPR survey results. It is
important to know how this value relates to
the medium being tested in order to calcu-
late the depth of the target. The pulse travels
slower through material with a high dielec-
tric permittivity and faster through material
with a low dielectric permittivity (Saarenketo
2006). The formulae used to calculate the
dielectric permittivity are shown in Equation
1 and Equation 2.

c
= 1

"TVE, W
vt

-z 2

5= 2

where:

v = wave propagation speed (m/ns)

¢ = speed of light in a vacuum (0.3 m/ns)
s = interface depth (m) from the surface of
the medium
t = two-way travel time from the soil sur-
face to the interface depth (ns =109)
E, = relative dielectric permittivity of the soil

The dielectric permittivity used in GPR
surveys ranges from 1 for air to 81 for free
polar water (Saarenketo 2006). The dielectric
permittivity of ballast and subgrade material
varies between 3.0 and 38.5 for clean dry bal-
last and saturated fouled ballast respectively
(Clark et al 2001). However, the effect of
moisture on dielectric permittivity is greater
than that of the material type itself (Clark et
al 2001; Leng & Al-Qadi 2010). Information
on the material quality can be determined
by using the time domain GPR data and con-
verting it to the frequency domain with the
use a Fourier transform (Silvast et al 2006).
This is used to determine the ballast fouling
and the moisture condition and is calibrated
with field measurements (Silvast et a/ 2010).

Equipment and data processing

The above process requires specific equip-
ment and tools. A typical railway track GPR
survey is carried out with a 400 MHz air-
coupled antennae system that can penetrate
up to 1 m and can be performed at rail
operating speeds. With the suspension of the
antennae 300 mm above the surface of the
ballast, repeatable results can be obtained
regardless of the changes in surface height
(Saarenketo 2006). By using a multiple
antennae configuration, a cross-section of
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Figure 4 Flow diagram to highlight the processes used to develop the GPR substructure

characterisation model

track can be obtained (Morey 1998; Clark

et al 2001). A typical sampling density

(10 scans/m) is used for railways (Saarenketo
2006). Figure 2 shows a typical layout of this
type of instrumentation.

A range of accessories can be used in
conjunction with GPR systems. However,
digital video and global positioning systems
(GPS) are most commonly used. A sample
drilling rig (Saarenketo 2006), as well as
infrared thermography (Clark et a/ 2003,
2004), can also be integrated with GPR data.
Smekal et al (2003) used a track loading
vehicle in conjunction with GPR results.
Digital video recordings allow the interpreter
to evaluate the surroundings of the GPR
survey after the initial survey (Clark et a/
2004). By using these accessories together
with the GPR survey data, a comprehensive
understanding of the site can be achieved
(Saarenketo 2006).

GPR processing software is used to detect
layer interfaces and individual objects within
the ground from GPR data and to transform

the data from the time domain into depth
scale (Saarenketo 2006). Accurate estimates
of layer dielectric values are important for
GPR data processing. Traditionally, dielectric
values are back-calculated from reference
sampling. Another method in use is the
surface reflection method (Maser & Scullion
1991). If the dielectric values are not available
for a GPR survey, general dielectric values
can be used or calculated from laboratory
tests. These values are required for the
successful interpretation of the railway
structure, defining the substructure layers,
ballast fouling and determining the moisture
content.

GPR survey data contain reflections
from various components within the entire
surveyed structure. Therefore, to interpret
GPR survey data, a thorough understanding
of the surveyed structure is needed. In some
cases reflection from components next to the
track may influence the data. The interpreter
should therefore interpret the main compo-
nents first. It should also be noted that GPR
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survey data could be linked to other survey
methods in order to get a better understand-
ing of the GPR data itself (Clark et a/ 2003,
2004; Saarenketo 2006).

Results
The use of GPR for railway track investiga-
tions has advanced over the years to deliver
the following results:
B Substructure layer thicknesses up to
1.5 m deep
B A ballast fouling index
B The relative moisture condition of the
substructure.
Typical results from a GPR survey are shown
in Figure 3. Video, GPS and other interpreta-
tion results can also be added and used for
post-processing and validation of the GPR
results.

GPR RAILWAY LINE SURVEY

To develop a track substructure investigation
tool or model from GPR data, a comparative
study was conducted between GPR and other
railway track substructure investigation
tools. Laboratory tests as well as a field
survey were conducted in the present study.
Two test sections with different foundation
properties were selected for the study. A flow
diagram of the processes followed to char-
acterise the track substructure using GPR

is shown in Figure 4. The tasks involved in
each step of the survey and characterisation
process are detailed below.

In situ test selection

Standard geotechnical field test results
were compared to the GPR survey results to
complete the comparative study. The tests
were done on both test sections of track at
the sites that were identified from the GPR
results. Six test sites were investigated at
each of the two test sections. The sampling
and profiling of the layerworks provided the
following deliverables:

W Ballast fouling index

B California Bearing Ratio (CBR)

B Foundation indicators (FI)

B In situ moisture content.

Site selection

The two test sections for this study, each
with unique substructure properties,
were selected from the South African rail
network. This included a section on the
heavy-haul coal export line near Vryheid
between Komvoorhoogte and Nhlazatshe
(km 50 to km 70). This was considered
as a good section of track because the
substructure was reconstructed in 2005
according to Transnet’s S410 earthworks
specification. A second site was selected on
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Figure 5 Location of the two test sections in South Africa
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Figure 6 Boxes used for GPR laboratory testing

the railway line near Rustenburg between
Northam and Thabazimbi (km 203 to km
223). This was considered as a track with

a poor foundation since the formation
consisted predominantly of clay and was
constructed in 1934. The test sections are
shown in Figure 5. The abbreviations KN
(Komvoorhoogte—Nhlazatshe) and NT
(Northam-Thabazimbe) will be used in the

remainder of this report. Having two sec-
tions with different quality track allowed a
range of track substructure conditions to be
identified for the characterisation model.

Laboratory testing

Laboratory tests at the Civil Engineering
Laboratory, University of Pretoria, using
GPR equipment were conducted on ballast
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Figure 7 400 MHz antenna in the ballast box
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Figure 8 Typical GPR signal from the ballast box measurements

materials typical of those found in the

two test sections. The materials used were
quartzite obtained from a quarry near
Pretoria and dolerite obtained from a quarry
near Vryheid. The ballast material was
fouled using clay from the Bushveld Igneous
Complex near Thabazimbi. A laboratory
testing method similar to that of Leng and
Al-Qadi (2010) was followed. This required
the construction of wooden boxes joined
together without metal nails as this would
have influenced the GPR signal. Four boxes
were constructed, two for each type of mate-
rial but with different ballast thicknesses.

The ballast boxes used for the GPR labora-
tory tests are shown in Figure 6.

Three tests were conducted on each
box with a 400 MHz antenna (Figure 7): a
static test 300 mm above the surface of the
material, a lifting test from 300 mm and a
moving test across the width of the box. The
first two tests were conducted to remove
background noise. The third was used to
determine the dielectric permittivity of the
ballast material with the addition of moisture
(water) to the boxes. The moisture content
of the ballast in the boxes with no fouling
material could only be increased to 10% due

to drainage of the boxes. The moisture con-
tent in the boxes with fouled material was
increased to 27.0% and 33.5% for the quartz-
ite and dolerite respectively due to moisture
retention by the clayey material. The mois-
ture levels were verified by piezometers.

The main deliverable from the labora-
tory study was the dielectric permittivity
of the ballast materials. This was done by
analysis of the GPR signal obtained with the
moving test. A typical cross-section of a test
is shown in Figure 8. The colour scheme
used for the interpretation shows the largest
reflections in red or white and the smallest
reflections in purple. The green lines are
areas between large and small reflections.
The processed data from each of the boxes
was visually inspected to determine the
travel time of the signal between the antenna
and the layer interfaces. This process was
repeated three times to obtain an average. A
clear distinction was observed between the
ballast rock and the concrete floor on which
the ballast boxes were placed.

From the ballast GPR laboratory test
results, it was found that the dielectric
permittivity of the dolerite was higher than
that of the quartzite. It was also determined
that once the ballast material was moist, the
dielectric permittivity would increase by
about 0.8 to 2.2. Furthermore, the dielectric
permittivity of the quartzite ballast was
influenced more significantly by the fouling
than the influence of the fouling on the
dielectric permittivity of the dolerite.

Field testing

A full GPR line survey was conducted on

both test sections in South Africa. The tests

were conducted using a road-rail vehicle as

shown in Figure 2. The GPR equipment was

attached to the vehicle before testing. The

equipment used for the GPR survey con-

sisted of the following:

W GSSI SIR-20 amplifier

B Two GSSI 400 MHz antennae (model
5103A)

B Three industrial cameras (Firewire cam-
era, resolution 1 024 x 768)

B Railway Doctor (RD) Camlink software

B GPS system (used with RD Camlink)

B Distance measurement device.

The GPR antennae were attached 1 m behind

the vehicle with one antenna 300 mm above

the edge of the sleeper and the other 300

mm above the centre of the sleeper. The

three video cameras and the GPS antenna

were placed on the roof of the vehicle. One

camera faced directly in front of the vehicle

and the other two covered the two adjacent

sides inclined to the front. The placement of

the cameras therefore created a panoramic

view of the track and its surroundings. In
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Table 1 Earthworks specifications for subballast and subgrade (Transnet 2006)

Material properties Min. Min
compaction strength .after
. o ] ] e
Layer SAR Mu}. % By mass passing sieve (mm) Max. CBR % of modified compaction
index grading P swell % L0500 CBR
modulus 75 13.2 2 0.425 0.075 ° density
60 (0)
SSB <50 2.0 100 60-85 20-50 10-30 5-15 3-10 0.5 98 (1.5-3 MPa)
+
SB <80 1.8 100 70-100 20-60 10-40 5-20 3-10 0.5 95 30 (o)
(1.5-3 MPa)
95
A <110 1 <40 <12 100* 20
B <155 0.5 <70 <17 9983 10
90
Bulk earthworks <25 2 95" 5

These densities apply to non-cohesive soils

SSB = Special Subballast
SB = Subballast

(0) Strengths in brackets apply in place of CBR values where sub-ballast is stabilised
+ Increase to 45 in the absence of layer SSB unless otherwise specified (increase not normally required in dry areas)

addition, the distance measurement device
was attached to one of the rear wheels

and was calibrated according to a known
distance.

The GPR survey was carried out at a
speed of 40 km/h. While the vehicle was
travelling, datum points were taken at
each kilometre interval. This was done to
establish the corrections required for long
and short chainages (i.e. marked kilometre
posts covering distances of not exactly
1 000 m). At the end of the section, if pos-
sible, the vehicle was turned around facing
the opposite direction. If this was not pos-
sible, the antenna on the left-hand side was
moved to the right-hand side, 300 mm above
the edge of the sleeper. The position of the
antennae is shown in Figure 2. The vehicle
then travelled back to the starting location at
40 km/h. After completion, the equipment
was removed from the road-rail vehicle,
packed away and the vehicle was manoeu-
vred off the tracks.

The GPR data, GPS data, the video of the
track, as well as the distance measurements,
were then processed by the GPR contractor.
The processed data included the following:
GPR data interpretation
GPR layer thickness interpretation
GPR ballast fouling index
Relative moisture condition with depth
Survey inventory
Video feed
GPS placement.

Ballast fouling and soil classification
Ballast fouling is determined by the amount
of fouling material and is usually expressed as
the percentage fines contained in the ballast
(Selig & Waters 1994). The ballast fouling
index can be determined by doing a grading
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Figure 9 Typical subballast and subgrade profile roughness

analysis or by using specific methods recom-
mended by the various railroads in the world
(Arangie 1997). South Africa uses a method
proposed by Pretorius (1993), based on the
percentage material passing the 19.0 mm,
6.7 mm, 1.18 mm and 0.15 mm sieves.

The substructure layerworks is classi-
fied by excavating a test pit where samples
are taken from each discernable layer that
was profiled. The profiling is done accord-
ing to the method proposed by Jennings
et al (1973), where the layers are described
in terms of moisture condition, colour,
consistency, structure, soil type and origin.
The gradation, soil type, California Bearing
Ratio (CBR) and foundation indicators
(FI) are obtained from laboratory tests on
disturbed samples (Clayton et al 1995). The
gradation and other deliverables can then
be used to classify the track subballast and
subgrade layers according to an earthworks

specification. The specification proposed by
Transnet (2006) is shown in Table 1.

GPR SUBSTRUCTURE
CHARACTERISATION MODEL

The standard results from the GPR line sur-
vey were used to develop a GPR substructure
characterisation model. These included the
subballast and subgrade layer profiles, the
GPR ballast fouling (GBF) index and the GPR
moisture condition. The results were first
analysed and interpreted to determine the
potential of each deliverable to be used as a
characterisation parameter. The data were
then divided into ranges that best suited the
conditions of the two test sections. The exact
classification ranges were then obtained
from these ranges. The individual steps fol-
lowed through each of these procedures are
discussed in this section.
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Table 2 GPR substructure classification

Class 1 Class 2 Class 3 Class 4
Very good Good Moderate Poor
Subballast surface roughness (mm? x 1 000) 0to 0.5 0.5to1 1to15 >1.5
Subgrade surface roughness (mm? x 1 000) 0to2 2to4 4to6 >6
GBF index average 0to 35 35to0 70 70 to 105 >105
GPR moisture index R? 0 to 40 40 to 80 80 to 120 >120

GPR data interpretation

Firstly, the interpretation of the GPR signal
from the field survey, as shown in Figure 3,
was exported for further analysis. This
process was repeated for the subballast
profile, subgrade profile, GBF index and GPR
moisture condition. The reason for this is
that the GPR software only allows basic GPR
signal interpretation, such as depth determi-
nation, from the dielectric permittivity of the

material. The GBF index and the GPR mois-
ture condition are determined by FFT algo-
rithms applied by the GPR survey contractor.
Next, the subballast and subgrade profile
roughness values were determined using
the root mean square method (RMS) as
described by Equation 3. The roughness
of the track will allow classification of the
subballast and subgrade due to differential
settlement of the track.

R - [_z_u_z”: 4 ‘2] 3)
n
where:
R? = roughness, route mean square calcula-
tion or variance
n = number of measurements in the length
of track under consideration
d; = difference between the elevation of
the point being measured and mean
filtered elevation

The roughness calculation exponentially
increases or decreases the magnitude of the
results, and the difference between small and
larger values then becomes more pronounced.
Different lengths for the determination of the
profile roughness were considered (100 m,
200 m, 300 m and 400 m), and it was found
that the 200 m length provided acceptable
results for the classification as shown in
Figure 9. The roughness values had magni-
tudes of thousands and were therefore divided
by a factor of a thousand for the classification.
The average of the GBF index results
of the GPR survey across the width of the
track was calculated, allowing easier inter-
pretation, as shown in Figure 10. The GPR
moisture condition was determined by first
averaging moisture condition with depth,
as the total moisture condition of the track
influences the GPR signal. Thereafter, the
RMS method was used over a 200 m length
to calculate the GPR moisture index. This
was done to create more discernable values
for the substructure classification. These
values were also factored by a thousand as
shown in Figure 11.

Characterisation model

To develop the characterisation model,
the results from the GPR field survey
were analysed and grouped into four
classes. The classes were, from 1 to 4,
very good, good, moderate and poor. The
different GPR deliverables were each clas-
sified separately and then combined in the
characterisation model.

The same process was followed for the
determination of the classification ranges of
the GPR deliverables. The process required
the average value of each section to be deter-
mined, assuming that the KN test section was
good and the NT section was poor. The aver-
age of the total data set was then determined,
which provided an indication of the magni-
tude of the moderate value. These three val-
ues were then adjusted to obtain clear ranges
for the four classes. The classification ranges
for the subballast surface roughness, subgrade
surface roughness, GBF index average and
GPR moisture index are given in Table 2.

The subballast and subgrade roughness
values were further combined to give one
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classification for the track formation. The
GBF index and the GPR moisture index
were also combined for the classification of
the ballast condition, as the GPR moisture
readings were influenced mostly by the
ballast layer. When combining two clas-
sifications, the most critical class was used
for the final classification. Combining the
classifications then provided two main clas-
sification criteria, one for the classification
of the ballast material and the other for the
classification of the track foundation. In
doing so, rehabilitation or maintenance of
the different components can be planned
separately.

It is realised that the characterisation
model incorporates a significant amount of

averaging to arrive at the final classifications.

This is required for a broad and practical
classification. However, the un-averaged data
plots are ideal for identifying critical and
problem areas for future or more detailed
investigations.

APPLICATION OF GPR
CHARACTERISATION MODEL

The classification of the two test sections
was done in accordance with the GPR
characterisation model. The classification
results were further simplified for future
maintenance planning. This was done by
limiting the classified section length to

2 km unless there was a bridge, tunnel or
any other discernable structure that would
influence the GPR signal. The classifica-
tions of the KN test section and the NT test
section are shown in Figure 12 and Figure
13 respectively.

By applying the simplified classification,
which takes the length of the classified sec-
tions into account, the final classification
percentages of the two test sections were
determined and are shown in Figure 14.

The percentages of the different classes
for the two test sections highlight the dif-
ference in quality between them. Before
the simplification of the classification, the
KN test section had 75.4% of the ballast
and 70.8% of the track formation in the
good and very good classification ranges.
On the NT test section, 15.6% of the ballast
and 43.0% of the track formation was good
to very good. The change in classification
percentages after the simplification showed
a decrease in good to very good sections
of the track. For the KN test section it
decreased to 62.0% for the ballast classifica-
tion and 59.2% for the formation classifica-
tion. For the NT test section the good to
very good track sections decreased to 0%
and 25.0% for the ballast and formation
respectively.
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Figure 14 Summary of the classification

VERIFICATION OF THE MODEL

The classification of the track with the GPR
substructure characterisation model and the
results of the traditional in situ testing were
compared for verification of the model. The
in situ soil tests were classified in accordance

with the Transnet (2006) S410 earthworks
specification and the ballast fouling index
according to the method proposed by Arangie
(1997). The classification is shown in Table 3.
The traditional earthworks classification
could only be used at the 10 test sites where
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Table 3 Classification ranges for in situ tests

Class 1 Class 2 Class 3 Class 4
Very good Good Moderate Poor
Layer 1: Subballast SSB SB A B, BE and <BE
Layer 2: Subgrade SSB,SBand A | B BE <BE
Ballast fouling index (%) <1 1to 20 21 to 40 > 40

sampling and in situ testing were done. The
comparison of the earthworks classification
and the ballast fouling index is shown in
Table 4.

Comparing the railway earthworks classi-
fication with the GPR formation classification,
it was found that 37% of the classifications
matched exactly, 45% differed with one class
and only 18% differed with two classes. The
ballast fouling classification showed that 75%
of the classifications matched exactly while
25% differed with one class only. The com-
parison of the classification classes shows the
accuracy of the GPR substructure characteri-
sation model. Use of the model will therefore
provide a clear classification with respect to
traditional classification and will also provide
an even better understanding of the track
condition when compared over time.

EVALUATION OF THE MODEL

To fully investigate the track substructure
condition for broad classification purposes
by using in situ tests, a test pit has to be
excavated at least every 200 m. The two
test sections comprised a total of 40 km
and therefore 200 test pits would have to be
excavated. The tests carried out at each test
pit would be as follows:

B Profiling of the test pit

B Two foundation indicator samples

B Two CBR samples that include Mod

AASHTO testing

B Ballast fouling sample.

In situ tests would also be required for

the GPR substructure characterisation to
calibrate the GPR results. Each classification
section would need at least one test pit per
section and one every 2 km in the section.
From this it was determined that 22 test pits
would be required for the GPR survey.

For the most effective substructure
characterisation, it is recommended that
GPR substructure characterisation be used
in conjunction with traditional in situ clas-
sification. The aim would then be to obtain a
continuous characterisation of the substruc-
ture from the GPR characterisation model
and a more in-depth classification from the
in situ testing at problematic sections. This
will provide engineers making decisions
on track substructure rehabilitation with a
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Table 4 Comparison of the GPR and in situ
classification

Class difference (%)
Classification
0 1 2
Formation and earthworks | 37 45 18
Ballast fouling 75 25 0

complete and comprehensive overview and
understanding of the condition of the track.
A complete track condition maintenance
plan can be developed by using the substruc-
ture characterisation data from GPR results
in conjunction with the continuous geomet-
ric classification of the track roughness.

CONCLUSION

This study proves that it is possible to
develop an effective and accurate GPR
substructure characterisation model. This
was done by using typical GPR survey
deliverables, namely layer thickness, GPR
ballast fouling and GPR moisture content.
These deliverables were further analysed
for ease of classification in the model. The
subballast and subgrade profile roughness
values were used for foundation classification
and the GBF index and the GPR moisture
condition index roughness values were
used for the ballast classification. The GPR
substructure characterisation model was
evaluated by comparing its classification
with the classification obtained by using in
situ investigation techniques.

The comparison of the GPR substructure
characterisation model with typical in situ
classification techniques showed good corre-
lation. Only 18% of the formation and earth-
works classifications differed by a maximum
of two classes, while 100% of the ballast
classification differed by one class or less.

In conclusion, the use of GPR in a
substructure characterisation model is not
only possible but also provides a continuous
characterisation compared to the fragmented
nature of a traditional in situ railway track
investigation. The most effective use of the
GPR substructure characterisation model is
in conjunction with in situ investigation tech-
niques and track surface geometry. The GPR
model provides continuous characterisation

of the substructure, whereas in situ tests

will provide a more in-depth classification

at problematic areas. The authors are of the
opinion that GPR, in conjunction with other
standard in situ and laboratory tests, will in
future become the preferred method for sub-
structure investigations, especially of existing
railway lines that have to be upgraded for
increased tonnages and axle loading.
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