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Mapping subvertical discontinuities in rock cuts using
a 400-MHz ground penetrating radar antenna
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Abstract Hidden subvertical discontinuities oriented parallel
to subparallel to the exposed faces of outcropping sandstone
were effectively mapped at three different study sites in central
Missouri using a ground-penetrating radar system (GPR)
equipped with a 400-MHz monostatic antenna and a survey
wheel. At each site, a suite of 2-D ground-penetrating radar
profiles were acquired along multiple closely spaced traverses
on relatively smooth exposed rock surfaces. Time-zero correc-
tion was applied to the raw GPR data which were then
processed using band-pass filtering, range and display gain,
color transformation, and deconvolution techniques. Pseudo
3D images of each identified discontinuity at each site were
constructed based on the interpretation of the nonmigrated
ground-penetrating radar profiles. These pseudo 3D images
were hand-migrated and transformed into true 3D images
which depict variable depths at “perpendicular horizontal dis-
tance” to each discontinuity relative to the exposed rock face.
The results demonstrate that GPR can be used to detect and
map hidden discontinuities. This information can then be used
for rock slope stability analysis and rock engineering purposes.

Keywords Ground-penetrating radar . Subvertical
discontinuities . Sandstone rock cut . “Perpendicular
horizontal depth” . Migration

Introduction

A rock mass is usually characterized by the presence of
discontinuities that divide the rock mass into different sized

blocks of intact rocks. Discontinuities occur either naturally
or by blasting.

Discontinuity is a general term which implies a natural or
man-made break in the continuity of a rock fabric without
referring to its genetic origin (Scheidegger 1978; Otoo et al.
2011a; Aqeel 2012). A discontinuity has generally no tensile
strength with low shear strength and high fluid conductivity
when compared to the intact rock itself (Chernyshev and
Dearman 1991; Priest 1993).

Recent studies show that even where the strength of
intact rock is high, the probability of failure may also be
high because of the presence of discontinuities in rock mass
(Slob et al. 2004, 2005). Accordingly, the mechanical and
hydrological behavior of a rock mass is largely controlled
and governed by the geometry of its discontinuities
(Bieniawski 1989; Kiliche 1999; Otoo et al. 2011b).

A discontinuity within a rock mass, exposed in an out-
crop or rock cut,, manifests itself in one of two ways as
shown in Fig. 1:

– either as a fracture trace (a visible line) on the rock-cut
surface due to the intersection of the plane of the dis-
continuity and the plane of the rock-cut face

– or as an exposed plane or face on the rock-cut surface
on which can be considered to be like “facet” on a
precious cut stone (Duan et al. 2011; Otoo et al.
2011a). Both of the two ways of exposure for disconti-
nuities can be seen on the same rock cut (Fig. 1).

Discontinuities can be mapped on rock masses using a
traditional manual method like as a scanline, or, more re-
cently, using light detection and ranging methods (Post
2001; Slob and Hack 2004; Donovan et al. 2005;
Haneberg 2008; Sturzeinegger and Stead 2009; Otoo et al.
2011a). However, only visible discontinuities in rock mass
can be measured and mapped in this manner. Vertical or
subvertical discontinuities that strike parallel or semi-
parallel to the rock mass face and are not exposed cannot
be mapped using these methods. This can lead to underes-
timation of the potential for slope failures and disasters such
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as the rock slide that occurred in Al-Dhafir village in
Sana’a Governorate, Yemen, in December 28, 2008
(Fig. 2). Therefore, detecting and mapping visually hid-
den discontinuities is a necessary step for proper rock
slope stability evaluation.

In some cases, horizontal drilling can be used to
identify hidden discontinuities, but that is a time-
consuming and expensive process that often requires
one or more lane closures. Recently, ground-penetrating
radar (GPR) has been effectively used to detect and map
hidden discontinuities (Maerz and Kim 2000; Soel et al.
2001; Porsani et al. 2006). The main objective of this
study is to detect and map hidden subvertical disconti-
nuities in three dimensions and demonstrate that a more
accurate image of hidden discontinuities can help in
terms of rock slope stability evaluation and rock failure
mode definition.

Study area location

The study area is a quartz sandstone outcrop located adja-
cent to Interstate 44, northwest of the city of Rolla in Phelps
County, Missouri, USA. The outcrop, consisting of
Roubidoux Sandstone Formation, lies between 37° 56′21″
and 37° 56′26″N and 091° 48′23″ and 091° 48′39″W.

The outcrop was divided into three sites for investigation
purposes. Each site (station) can be considered to be an
individual rock cut (Fig. 3). The height of the rock cut at
each of these three stations ranges between 2.40 and 4.00 m,
while the widths average about 3.00 m. All the three stations
which are smooth rock-cut surfaces across ground-
penetrating radar data were easily and effectively acquired.

GPR data acquisition

The terms “ground-penetrating radar” (GPR) and “georadar”
refer to a range of electromagnetic tools designed primarily to
map buried objects or interfaces that are buried beneath the
ground surface or located within a visually opaque structure
(Daniels 2004) or discontinuities located behind rock slope or
cut face. GPR has become enormously popular, specifically
within the engineering community since the mid-1980s; how-
ever, GPR has been used for geological investigations since
the 1960s, especially in connection with the development of
radar echo sounding of polar ice sheets (Reynolds John 1997).

GPR is an active noninvasive geophysical method for
commonly nondestructive subsurface imaging and based
on the propagation of electromagnetic waves in the subsur-
face and earth materials (Daniels 2004; Conyers 2004; Otto
and Sass 2006; Sass 2007).

A discontinuity facet 
as a polygon

A discontinuity trace
as a line

Fig. 1 A rock cut showing both discontinuity traces as lines and
discontinuity facets as polygons

Fig. 2 A catastrophic rock slide happened along hidden subvertical discontinuity and destroyed tens of houses and killed 65 persons inAl-Dhafir village
in Sana’a, Yemen, in 2008 (retrieved from Aqeel 2012)
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GPR is typically used to investigate and detect subsurface
targets or objects such as discontinuities whose electrical

properties differ from those of surrounding environment.
Parameters of either reflections from subsurface interfaces

St.1

St.2

St.3

(A) The study area

(C) Side view of station 2(C) Front view of station 2

(B) Front view of station 1 (B) Side view of station 1

(D) Front view of station 3 (D) Side view of station 3

Fig. 3 The study area was
divided into three stations or
rock cuts as shown in a: station
1 (b), station 2 (c) on which the
author is standing as a scale and
conducting field work, and
station 3 (d)
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or transmitted electromagnetic waves are employed to study
the dielectric properties of the subsurface features. Some
physical properties of subsurface target(s) such as its nature
and components (discontinuity, in-filled-discontinuity, bur-
ied metal, rock, soil, etc.), electrical conductivity, magnetic
permeability, and more specific relative dielectric permittiv-
ity in addition to the type and the frequency of the used
antenna have to be taken into consideration for a better
understanding on GPR data (Aqeel 2012).

GPR product, which is a radiogram image, is not only an
image of the subsurface but is the recorded response of the
subsurface materials to the propagation of electromagnetic
energy in the microwave range and across a relatively nar-
row range of radio waves with frequencies of, typically,
10 MHz and over 1.5 GHz (Takahashi 2004; Booth et al.
2009; Cassidy 2009a).

An Impulse SIR-3000 GPR system which is manufactured
by Geophysical Survey Systems, Inc. (GSSI) was used during

this investigation. The resolution of the acquired GPR data
and the penetration depth of GPRwaves are mainly controlled
mostly by the frequency of the antenna. Higher-frequency
antenna produces higher-resolution data but provide shallower
depths of investigation. Lower-frequency antenna is capable
of imaging the subsurface to greater depths but produce lower-
resolution images (Beres and Haeni 1991; Kovin and
Anderson 2005, 2006; Otto and Sass 2006).

Generally, a 1,500-MHz antenna is capable to image the
subsurface within less than a 0.5-m depth, whereas a 900-
MHz antenna can image the subsurface up to a 1-m depth,
assuming a relative dielectric permittivity of 5. However, in
this research, the objective was to detect and map disconti-
nuities in rock cuts at depths (distances) shallower than 3 m.
Discontinuities at depths (distances) greater than 4 m are of
less concern because gravity and the unit weight of the intact
rocks located deeply behind the rock-cut face will function
as stabilization factors. Maerz and Kim (2000) employed
three different antennae at 1,500, 900, and 400 MHz to
identify the discontinuities in highway sandstone rock cuts
in Missouri. They found that only 400-MHz antenna waves
penetrated deeply enough into the rock cut to clearly iden-
tify the discontinuities to depths about 3 m. Moreover,
Kovin (2010) found that utilizing a 400-MHz antenna can

Fig. 4 A wheel was attached to the used 400-MHz GPR monostatic
antenna to acquire the data in distance mode while towing the antenna
on rock-cut faces

Fig. 5 Towing the 400-MHz
GPR antenna on the rock-cut
surface of station 2 after
fastening the wheel. The work
needed at least three people to
carry on the field work. The
author is standing in the middle
observing the process of
acquiring GPR data and
recording notes

Table 1 The geometry of the three stations (rock-cut faces) in the
study area

Rock cut (station) no. Dip direction Dip angle

1 028° 73°

2 022° 85°

3 22° 87°
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effectively image fractures within about 4 m of depths in a
salty rock.

Accordingly, a 400-MHz monostatic GPR antenna was
used in this research as it provided both the prerequisite
depths of investigation and the required GPR data resolu-
tion. A survey wheel was attached to the GPR antenna so
that the data could be acquired at uniform intervals along
each traverse (Figs. 4 and 5). The following steps were
followed at and for each station:

1. The geometry of rock-cut faces (dip direction and dip
angle) was measured using a Brunton compass
(Table 1).

2. On each rock-cut face, three slightly coplanar marks
(index points) were created using a hammer. These
marks served as fixed reference points. On photographs,
index point 1 is distinguished by small blue circle, while
index points 2 and 3 are distinguished by small red and
orange circles, respectively

3. These three index points represent fixed locations on the
rock slope faces from which the apparent and the true
perpendicular depths (distances) to the detected hidden

subvertical joints were measured using GPR images
(radiograms).

4. From these three marked points, “true perpendicular
horizontal distances” (referred to as vertical depth in
the geophysical literatures) to the detected hidden
subvertical discontinuities were estimated.

5. Several horizontal GPR survey profiles were acquired at
each station and used to create the 3D radiogram images
shown in Fig. 3(d). Two of these the GPR profiles
passed through the three marked points on each rock-
cut face. However, to distinguish these two GPR pro-
files from the other profiles, their traverse locations
were drawn as dashed lines as illustrated in Fig. 6. In
this research, the index point 2 and the index point 3 are
located on the same GPR profiles, while the index point
1 is located on a separate GPR profile. The spacing
between GPR profiles varied between 12 and 22 cm
depending on the geometry, the appearance, and the
smoothness of each rock-cut face.

Estimation of GPR pulse velocity

An intact rock sample was collected from the study area and
used to measure the GPR velocity of the sandstone. The
rock sample was trimmed into two rectangular blocks using
a large-diameter diamond-saw blade. The two sandstone
blocks became wet after the sawing process, so they were
dried by putting them in an oven under a temperature of
100 °C for about 20 h. Then, the blocks were cooled to room
temperature for couple of hours prior to the start of the lab
test.

Laboratory velocity tests utilizing a 1,500-MHz GPR
monostatic antenna were conducted on the two sandstone
blocks. To simulate natural conditions, the two rock blocks
were positioned on top each other with a separation of
1.80 cm between them to act as a discontinuity plane
(Fig. 7). The purpose was to measure a highly accurate
GPR pulse velocity and to estimate the relative dielectric
permittivity of the dry rock sample. When GPR velocity is

Point 1

Point sPoint 3

Fig. 6 Parallel horizontal GPR survey lines (dashed lines are the two
lines passed through the three marked points on the rock-cut face)
which are parallel to the strike direction of the plane of the rock-cut
face of station 3

A B

Fig. 7 a The collected raw
sandstone sample from the
study area. b The created two
sandstone blocks with a
separation acting as a
discontinuity surface. The
thickness of the top block is
10.60 cm, while the separation
between the two blocks is
1.80 cm
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estimated, true perpendicular horizontal depths (distances)
to detected subvertical discontinuities in the rock cuts can be
determined.

A 1,500-MHz GSSI-GPR monostatic antenna was
moved across the surface of the top rock block in order to
map the artificial discontinuity plane. This test was repeated
twice to assure repeatability of data and reliability of results.
The zero correction and display gain process were applied to
the resulting radiogram images to enhance the resolution
and the clarity of the images. As shown in Fig. 7, the
thickness of the top block was 10.60 cm, which means that
the true calculated perpendicular depth (d) to the artificial
discontinuity plane has to be 10.60 cm.

The resulting radiogram image showed that the two-way
travel time (t) of the GPR pulses was 2 ns as illustrated in
Fig. 8. When the vertical axis (Y-axis) of the radiogram was
set in a depth mode in the monitor of the GPR system, the
radiogram image showed that the perpendicular (vertical)
depth to the discontinuity was 10.60 cm, which reflects the
accuracy and the precision of the input parameters in the
used GPR system and, thus, the work and the results as
listed in Table 2 and shown in Fig. 9. From the resulted two
radiogram images (Figs. 8 and 9),

& the two-way travel time = 2 ns = t
& the perpendicular (vertical) depth = 10.60 cm=0.106 m = d

by using the equation

V ¼ 2d t= ð1Þ
The velocity of GPR pulses that pass through that sand-

stone of the study area is 0.106 m/ns. Now, the relative
dielectric permittivity of the sandstone sample can be mea-
sured using the following equation:

V ¼ c "ð Þ1 2=
.

ð2Þ

where c is the speed of light in a vacuum in meters per
nanosecond. Thus, the relative dielectric permittivity of the
sandstone (ε) is estimated to be 8. Hence, the perpendicular
depth can be estimated to any detected discontinuity in GPR
data record either from resulting radiograms (using a dielectric
permittivity of 8) or manually using the following equation:

d ¼ 0:15 � tð Þ "ð Þ1=2
.

ð3Þ

A dielectric value (ε=8) will be suitable for interpreting
the GPR Rubidoux Sandstone data acquired in the study
area.

GPR data processing

The main purpose of GPR data processing is to make data
interpretation easier and more reliable, which is basically
achieved by improving the raw data quality (Cassidy
2009a). A Radar Data Analyzer software package
(RADANTM) which is produced by GSSI was used for
GPR data processing. After the position correction (zero or
time-offset correction) step for acquired GPR data, it is
common, as a first step in GPR data processing techniques,
to filter the data. The main goal of GPR data filter technique
is to focus the radiogram image and to improve the visual

The discontinuity plane

Block 1

Block 2

TWTT

Fig. 8 The radiogram image
shows that the two-way travel
time from the surface of the top
block (block 1) to the
discontinuity plane location
(dashed line) was 2 ns

Table 2 The parame-
ters which were entered
into the GPR system of
the 1,500-GHz
monostatic antenna to
estimate the velocity of
the GPR pulses in sand-
stone sample collected
from Roubidoux Out-
crop, Rolla, MO

Parameter Value

Sample 512

Bits 16

Range 13 ns

Dielectric 8

Rate 100

Sample/unit 2 scan/cm
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quality of the data by removing instrumentation noise from
data (Reynolds 1997; Annan 2009; Cassidy 2009b).

Infinite impulse response (IIR) filtering was used. A 800-
MHz vertical low pass filter was used to remove high frequen-
cy, while a 100-MHz vertical high pass filter was used to
remove potential flat-laying ringing system noise. However,
the IIR filtering method generally has a limited noise reduc-
tion; therefore, the color transformation of a value of 17 was
used to hide what little noise may remain in the acquired GPR
data. For many GPR applications, filtering method is sufficient
to locate subsurface features (Reynolds 1997; Annan 2009).
However, the main concern in this research is to map suffi-
ciently hidden discontinuities, which are small in terms of
width, opening aperture. Consequently, it is needed to maxi-
mize the resolution and improve the visual quality of the data
as possible. Hence, range and display gain and deconvolution
techniques were applied. The purpose of deconvolution is
normally to maximize bandwidth and reduce GPR pulse dis-
persion to ultimately maximize resolution. Operator length of
31, prediction lag of 5, pre-whitening of 10 %, and with an
overall gain of 1 were used as parameters for the deconvolution
method. Figures 10 and 11 are displays of raw and processed
GPR data acquired along the two GPR profiles that pass
through the three marked points at each station.

The geometrical relationship between the detected hidden
discontinuities and the rock-cut face is very important in order
to identify potential rock failure modes especially toppling
and/or plane rock failure types. Subsequently, migration of the
GPR data was a necessary step in order to reconstruct the true
geometry of the detected hidden discontinuities, and thus, to
estimate the true depths (true horizontal perpendicular dis-
tances) form the three marked/index points on each rock-cut
face to the detected hidden discontinuities at that rock cut.

Migration is commonly the final step in the processing of
the GPR user. It is used to create more spatially realistic
images of the subsurface (Cassidy 2009b). Migration is

simply a mathematical process which can be done using
specialized software or manually. GPR data migration by
using software is usually successful in relatively homoge-
nous environments such as pavements and glacial environ-
ments. However, it tends to be less successful for complex
and heterogeneous sites (Cassidy 2009b). Therefore, manual
migration was used in this research to avoid uncertainty that
could result from variability in the inherent properties of the
hidden discontinuities.

Once the GPR pulse velocity and the relative dielectric
permittivity for a rock cut were measured, the two-way travel
times can be translated to depths, and then migration could be
applied (Reynolds 1997; Aqeel 2012). The 2D GPR images
along each profile or traverse can be imagined as a horizontal
plane penetrating the rock-cut face. The mapped discontinu-
ities can be thought of as intersecting this 2D plane, resulting
in an intersection line which can be considered as “the strike
line” of this detected discontinuity. This strike line appears as
a linear feature (reflector, interface, or even) on the GPR
radiogram as shown in Figs. 10 and 11.

For a dipping discontinuity, migration process results in
the apparent dip angle of a slopping discontinuity being
corrected to a steeper angle (Cassidy 2009a, b). Manual
migration, which was used in this research, for GPR data
is explained in many geophysical references (Kleyn 1983;
Jenyon and Fitch 1985; Lines and Newrick 2004; Conyers
2004; Aqeel 2012).

Manual migration was done for all detected hidden
subvertical discontinuities in the study area using GPR
radiogram images and based on the following equation:

sin b ¼ tan a ð4Þ
where

β the true declination angle of the strike line of the
detected hidden subvertical discontinuity

The discontinuity plane

Block 2

Block 1

Depth

Fig. 9 The measured true
perpendicular (vertical) depth to
the artificial discontinuity
surface is 10.60 cm as shown in
the radiogram image
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α the apparent declination angle of the strike line of the
detected hidden subvertical discontinuity.

Migration was applied as follows:

1. Apparent perpendicular horizontal depths (z) were esti-
mated from radiogram images as shown in Figs. 10, 11,
and 12 and listed in Tables 3, 4, and 5.

2. The apparent declination angles of the strike lines (α) of the
detected hidden subvertical discontinuities were manually
measured as shown in Fig. 12 and listed in Tables 3, 4, and 5.

3. The true declination angles of the strike lines (β) of the
detected hidden subvertical discontinuities were esti-
mated using Eq. 4 and as shown in Fig. 12 and listed
in Tables 3, 4, and 5.

(A) Raw and processed GPR profile 2 at Station 1

(B) Raw and processed GPR profile 2at Station 2

(C) Raw and processed GPR profile 1 at Station 3

Fig. 10 Raw (left images) and
processed radiogram images
(middle images) showing the
detected hidden subvertical
discontinuities in the study area
with their apparent
perpendicular depths (right
images) measured from marked
point 1 (blue circle)
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4. True perpendicular horizontal depths (d) were estimated
using the following equation:

d ¼ z cos b= ð5Þ

By estimating the true depths (d), migration can be
done, and thus, true 3D images for the subvertical
discontinuities in the study area can be generated
(Figs. 13, 14, and 15).

(A) Raw and processed GPR profile 4 at Station 1

(B) Raw and processed GPR profile 1 at Station 2

(C) Raw and processed GPR profile 6 at Station 3 

Fig. 11 Raw (left images) and
processed radiogram images
(middle images) showing the
detected hidden subvertical
discontinuities in the study area
with their apparent
perpendicular depths (right
images) measured from marked
point 2 (red circle) and marked
point 3 (orange circle)
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Results and field verifications

The hidden subvertical discontinuities were identified ini-
tially on the acquired 2D radiograms. Three hidden
subvertical discontinuities were identified at each of both
station 1and station 3, while two hidden subvertical discon-
tinuities were identified at station 2 (Figs. 10 and 11). These
hidden discontinuities were identified on all acquired and
processed GPR survey profiles which are in a total of 18
GPR profiles. The apparent depths (z) were firstly estimated
from these radiograms (Figs. 10 and 11) and then were
recorded in Tables 3, 4, and 5.

Some of these detected joints intersect the rock-cut
faces and could be visually identified in the field. Field
verifications show that the linear trace of the detected
hidden discontinuity 1 at station 3 is located at a depth
of 154 cm (Fig. 3(d)), while the radiogram image in
Fig. 10c shows that this linear trace is located at a
depth of 150 cm. Moreover, field verifications indicate
that there is no linear trace for the detected hidden
discontinuity 2 at a depth of 173 cm (Fig. 3(d)) as
shown in the radiogram image (Fig. 10c). Furthermore,
the same thing was noted for station 2 where field
verifications indicate that the linear traces of disconti-
nuities 1 and 2 are located at depths of 217 and
294 cm, respectively (Fig. 3(c)), while the radiogram

Fig. 12 The linear features in the radiograms represent the detected
hidden subvertical discontinuities (yellow lines). The strike of joint no.
1 has an apparent declination angle (α) of 17° and also a true declina-
tion angle (β) of 17.80°

Table 3 The apparent and true horizontal perpendicular depths from the rock-cut face to the detected hidden subvertical discontinuities at station 1

Apparent horizontal perpendicular 
depths (z) from the 3 points on the 

rock-cut face of station 1, in cm

Apparent (α) 
and true (β) 
declination 

angles of the 
strike

True horizontal perpendicular depths 
(d) from the 3 points on the rock-cut 

face of station 1, in cm

D
is

co
nt

in
ui

ty
 

no
.

Point 1 Point 2 Point 3 α β Point 1 Point 2 Point 3

1 148 133 170 11° 11.2° 151 136 173
2 261 234 282 16° 16.7° 272 244 294
3 325 344 314 10° 10.2° 330 350 319

Table 4 The apparent and true perpendicular depths from the rock-cut face to the detected hidden subvertical discontinuities at station 2

Apparent horizontal perpendicular 
depths (z) from the 3 points on the 

rock-cut face of station 2, in cm

Apparent (α) 
and true (β) 
declination 

angles of the 
strike

True horizontal perpendicular depths 
(d) from the 3 points on the rock-cut 

face of station 2, in cm

D
is

co
nt

in
ui

ty
 

no
.

Point 1 Point 2 Point 3 α β Point 1 Point 2 Point 3

1 188 198 177 16° 16.7° 196 207 185
2 287 285 318 22° 23.8° 314 311 348
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Table 5 The apparent and true horizontal perpendicular depths from the rock-cut face to the detected hidden subvertical discontinuities at station 3

Apparent horizontal perpendicular 
depths (z) from the 3 points on the 

rock-cut face of station 3, in cm

Apparent (α) 
and true (β) 
declination 

angles of the 
strike

True horizontal perpendicular depths 
(d) from the 3 points on the rock-cut 

face of station 3, in cm
D

is
co

nt
in

ui
ty

  
no

.

Point 1 Point 2 Point 3 α β Point 1 Point 2 Point 3

1 165 172 206 17° 17.8° 173 181 216
2 208 223 290 35° 44.4° 291 312 406
3 364 396 404 03° 03° 364 396 404

Fig. 13 The created 3D image
of station 1 using RADAN
software and ArcGIS showing
the location of the detected
hidden subvertical
discontinuities

Fig. 14 The created 3D image
of station 2 using RADAN
software and ArcGIS showing
the location of the detected
hidden subvertical
discontinuities

Fig. 15 The created 3D image
of station 3 using RADAN
software and ArcGIS showing
the location of the detected
hidden subvertical
discontinuities
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image shows that the two detected hidden discontinuities are
located at depths of 210 and 287 cm, respectively (Fig. 10b).

As a result, migration of the GPR data was a necessary step
to relocate the detected discontinuities to estimate the true
depths and to create 3D true images (Figs. 13, 14, and 15) as
explained in the previous section. Based on the analysis of
Figs. 13, 14, and 15, the following observations can be made
and then conclusions can be drawn:

– The true perpendicular horizontal depths (d) of the
hidden discontinuity 1 and discontinuity 2 at station 2
as shown in Fig. 14 match the field verification
measurements.

– The true perpendicular horizontal depths of the hidden
discontinuity 1 at station 3 as shown in Fig. 15 match
the field verification measurements.

– The detected discontinuity 2 at station 3 (Figs. 3(d) and
10c) does not intersect the exposed rock.

– It was not possible to make field verification measure-
ments for the detected discontinuities at station 1.
However, it can be considered that the results of station
1 are reasonable and acceptable according to the results
obtained from both station 2 and station 3.

Conclusions

The results show that GPR can be used to detect and map
discontinuities in rock masses. GPR antenna with appropri-
ate frequency given the depth of the target and breadth of the
discontinuity should be employed. The utilized 400-MHz
antenna, in this research, showed the ability to optimize
between depth of penetration and required resolution to
clearly identify and map hidden discontinuities in highway
sandstone rock cuts. Discontinuities with apertures even less
than a 1-cm width can be identified at about 4 m of depths in
sandstone rock cuts but by utilizing a 400-MHz monostatic
GPR antenna. Manual migration can be successfully used to
reconstruct the geometry of the hidden subvertical disconti-
nuities in rock cuts, but GPR signal velocity has to be
estimated accurately first.

Information about the pattern, placement, and density of
fractures within a rock mass can be used for rock slope
stability analysis and rock engineering purposes. Such in-
formation may increase the degree of confidence and, thus,
the accuracy of predicting rock failures and their mode of
failures, too.
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