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Abstract
Rock mass is typically characterized by inherent fractures that cause natural blocks of rocks. Unplanned cutting of stone 
deposits in quarries may lead to over-producing waste (rock debris) or extracting un  t (fractured) stone blocks. This 
paper presents two case studies through the use of low and high frequency Ground Penetrating Radar (GPR) antennas to 
detect fractures in two benches of a quarry. In the  rst case study, a high frequency GPR antenna was used aiming to: (i) 
compare the GPR results with a map of the out-cropping fracture intensity in the bench surface, developed using the data 
of the GPR survey marks and interpolated by the Ordinary Kriging technique, and (ii) present how sub-vertical fractures 
can be numerically modelled in three dimensions from the GPR results. The second case study was focused on using a 
low frequency antenna to detect large aperture size of fracture surfaces as deep as possible in order to evaluate a deposit 
stratum before quarrying. This could be done through studying the re  ections from a 3D cross-sectional GPR model and 
a 3D transparent GPR model. In the discussion section, an exploitation planning approach, based on modelling fractures 
as 3D surfaces, is theoretically and graphically proposed to optimize the stone production recovery. The two case studies 
showed that GPR is a successful tool for the assessment of ornamental stone deposits and a promising tool for recovery 
optimization.
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1. Introduction

Ornamental stones are raw materials with potential 
economic value that are used in various applications for 
construction or prestigious purposes (Ashmole and 
Motloung, 2008). Commercially, a leading factor that 
gives a pro  table value to the stones is the block size, 
since small sizes of the extracted blocks limit the dimen-
sions required for processing the stone pieces, and con-
sequently a narrow range of applications will be availa-
ble. Practically, most quarrying operators consider the 
extracted stones sizes less than the required commercial 
block size as waste. The block size is a function of the 
weight and both of them are important for the safety is-
sues of transporting, handling, and processing of blocks 
(Mosch et al, 2011). The standard dimensions range of 
commercial block sizes is between 2.0 m x 1.0 m x 0.5 
m and 3.0 m x 2.0 m x 1.0 m (Report of United Na-
tions, 1976).

Rock mass fractures control the feasible exploitation 
and stability of benches. Fractures provide natural rock-

break surfaces which consequently form natural rock 
blocks that cause production waste during exploitation. 
These blocks are also named as in-situ blocks and were 
de  ned as the resulting blocks from the intersection of 
discontinuity sets with different characteristics of spac-
ing and orientation (Lu and Latham, 1999). The size of 
the in-situ block is mainly controlled by the spacing and 
number of discontinuities (International Society of 
Rock Mechanics [ISRM], 1979). The pro  tability of an 
ornamental stone quarry can be increased by the reduc-
tion of waste and extracting a  t commercial block size 
of stones. A  t block of ornamental stones can be de  ned 
as an extracted block without surfaces of fractures that 
may lead to the loss of the block during the handling or 
processing phases. Fracture characterization plays an 
important role in maximizing the production. This can 
be done through a sustainable process that consists of (i) 
in situ detection of rock mass fractures, (ii) three dimen-
sional imaging or modelling of fractures, and (iii) ex-
ploitation planning based on the fracture’s model.

In-situ detection methods of rock mass fractures are 
varied and the use of a method is governed by the topog-
raphy of the site, the required accuracy, the cost budget, 
and the application objective. Topography may cause 
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dif  culty in accessibility to the site, moreover, some 
fracture detection methods depend on the transportation 
of heavy machines such as core log analysis (e.g. An-
navarapu et al., 2012; Dezayes et al., 2000), borehole 
radar (e.g. Haeni et al., 2002; Serzu et al., 2004), and 
borehole tele-viewer (e.g. Dorn et al., 2013; Lau et al., 
1987). Recent remote fracture detection methods could 
solve the accessibility problem, which is signi  cant for 
applications of fracture detection to landslides and rock 
slope stability analysis. This category of methods is 
based on capturing a three dimensional detailed image 
of a rock mass surface. This image is then stochastically 
analysed to model the fracture’s behaviour. As examples 
for this category, there are laser scanning (e.g. Ferrero 
et al., 2009; Olariu et al., 2008; Slob et al., 2007) and 
photogrammetry methods (e.g. Lato and Vöge, 2012; 
Vasuki et al., 2014). Non-destructive surface-contact 
methods are, for example, Ground Penetrating Radar 
GPR (e.g. Seren and Acikgoz, 2012; Zajc et al., 2014) 
and seismic pro  ling methods (e.g. Mineo et al., 2015; 
Zou and Wu, 2001). A more detailed survey of 
fracture detection methods can b  found in 
(Elkarmoty et al., 2017a).

Minimizing waste production caused by the presence 
of natural fractures requires a sustainable non-destruc-
tive data acquisition tool. Boring the rock mass of an 
ornamental stone deposit, for detecting fractures, can be 
considered as adding a discontinuity for the rock mass, 
particularly in applications in which the  nal goal is to 
maximize the recovery ratio. The recovery ratio is alter-
natively described as the coef  cient of utilization (Gali  
et al., 2011; Vidi  et al., 2012). The diameter of a bore-
hole is relatively much larger than the common aperture 
size of a fracture surface. Consequently, a borehole may 
partially affect the scheduled cutting process and the 

product from the surrounding rock mass. Accurate frac-
ture imaging is required not only in the surface of a rock 
mass but in the entire body as well. Identi  cation of the 
three-dimensional extension, orientation, and shape of a 
fracture surface inside the rock mass is the key point.

In this research, the authors have preferred to use the 
GPR method, since it is a fast and non-invasive method to 
detect subsurface fractures. GPR has been trusted to de-
tect subsurface fractures in many applications performed 
in quarries (e.g. Botelho and Mufti, 1998; Kadioglu, 
2008; Luodes and Sutinen, 2011; Mysaiah et al., 2011; 
Pipan et al., 2000). GPR is a geophysical method based 
on the transmission of electromagnetic waves in a medi-
um and receiving re  ected waves from the subsurface 
anomalies such as fractures, joints, strati  cation, etc. Re-
 ections are recorded in a radargram at a double re  ective 

time scale that indicates the subsurface location of re  ec-
tions. A double re  ective time can be transformed into a 
depth, when a representative dielectric constant of the 
medium or the average propagation velocity is known. In 
rock mass, accurate estimation of the bulk representative 
dielectric constant or propagation velocity is a signi  cant 
parameter to convert the measured travelling time of re-
 ections into true subsurface depth (Elkarmoty et al., 

2017b). The frequency of the electromagnetic waves af-
fects the resolution of the data. Low frequency antennas 
provide a large penetration depth but with limitation to 
resolution whilst high frequency antennas provide a more 
detailed subsurface image but with limitation to penetra-
tion depth. Further theoretical basis of the GPR method 
can be found in (Daniels, 2004; Reynolds, 2011).

In this paper, an application of the GPR method is 
presented: fractures are detected and modelled, in two 
different benches, bench A and bench B (see Figure 1), 
of a sandstone quarry. These two benches were consid-

Figure 1: (a) The location of Firenzuola city in Italy, modi  ed from (http://www.italythisway.com/regions/map-of-italy.php). 
(b) Lithologic map of the eastern portion of Tosco-Emilian Apennines. The mining area of “Pietra Serena di Firenzuola” 
is highlighted by a black rectangle, modi  ed from (Bargossi et al., 2008). The legend was translated to English by the 

authors. (c) A panoramic view of the quarry referring to the location of the two benches being studied is presented.
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ered by the quarry technical managers as non-mineable 
due to the high intensity of fractures that lead to the un  t 
extraction of stone blocks (see Figure 2). The quarry of 
the case study is located in Tosco-Emilian Apennines, 
near the village of Firenzuola, a Metropolitan city of 
Florence, Italy. The sandstone of this region is almost 
characterized by a grey colour, with a  ne grained com-
pacted structure. There are various uses for this kind of 
stone. It has always been considered ideal for renovation 
work, prestigious interior and exterior residential work, 
commercial buildings with a minimalist style or large 
modern architectural works. In addition, this stone has 
been used in furnishings and outdoor works, landscap-
ing, museums, sculptures and artistic restoration work 
(La Borghigiana Srl Website, 2017). The sandstones of 
Firenzuola are clastic sedimentary rocks and belong to 
the Marnoso-arenacea formation (marl and sandstone) 
(see Figure 1). The sandstones extracted at Firenzuola 
are also known as “Pietra Serena di Firenzuola”; this 
name is well-known in the historical heritage of Italy 
since many monuments were made of this stone, espe-
cially in the Tuscany Region (Bargossi et al., 2004). 
The strata of this formation are steeply dipped, and so 
the quarrying process is going on a dip with the deposi-
tion in order to quarry large blocks, causing steep sur-
faces of benches in the quarries (Coli et al., 2012).

2. Case study 1 - bench A

2.1. Objective and bench characteristics

The surface of the bench chosen for survey is  at, 
which is suitable for the use of GPR. This bench is char-
acterized by outcropping sub-vertical fractures in the 
bench surface. From the outcropping fractures in the 
bench surface, it was observed that the fractures propa-
gate in the bench surface in curved irregular paths, not in 
a straight line (see Figure 3). Some of these fractures 
crop out in the bench face as well. The quarrying, in this 
bench, was stopped where the outcropping fracture inten-
sity exceeded the threshold. The bench face was divided 
into a commercial greyish sandstone deposit and an un-
derlying stratum of a blackish sandstone (see Figure 4).

The objectives of this case study are: (i) to compare 
the free surface areas of out-cropping fractures in the 
bench face with the GPR results, (ii) to present how sub-
vertical fracture surfaces can be modelled in three di-
mensions from a GPR survey numerically to accurately 
obtain the geometric behaviour of a fracture’s surface 
inside the rock mass body.

2.2. Methodology

The GPR unit utilized in this study consists of a SIR 
operating System-3000, a cart-mounted 400 MHz an-
tenna, and the signal processing software RADAN (all 
produced by Geophysical Survey Systems GSSI Inc.). In 
order to obtain a successful GPR survey, survey plan-
ning, data collection, and target selection are signi  cant 
parameters (Bristow and Jol, 2003). A GPR antenna of 
400 MHz frequency was selected to have a compromise 
between good resolution and a reasonable penetration 
depth. After checking the response of the signal in the 
rock mass, the geophysical preliminary acquisition pa-
rameters could be estimated and entered into the operat-
ing system. An area 25.0 m long (x-axis) and 11.0 m 
wide (y-axis) was surveyed through parallel GPR survey 
lines to the x-axis with a spacing of 1.0 m. The  rst sur-
vey line was 2.0 m far from the edge of the bench face to 
allow easy and safe motion of the GPR cart. While mov-
ing the GPR cart along a survey line, the surveyor can 
put a mark on the radargram on the operating system 
once the cart moves over an outcropping fracture. These 
marks appear in the x-axis of radargrams and help with 
the interpretation. In this study, the out-cropping sub-
vertical fractures in the bench face were marked to map 
the intensity of the out-cropping fractures in the bench 
surface and to compare the outcropping intensity of frac-
tures with what is hidden in the interior body of the rock 
mass. The survey lines were designed parallel to the 
edge of the bench face (see Figure 4), perpendicular to 
the outcropping sub-vertical fractures to obtain cross-
sectional re  ections from fracture surfaces (Carreon-
Freyre and Cerca, 2006; Theune et al., 2006). By trac-

Figure 2: An un  t extracted stone block considered as waste 
because of a fracture surface indicated on this  gure by a red 

arrow (Elkarmoty et al., 2016) Figure 3: Some outcropping sub-vertical fractures in the 
bench. The fracture’s out-crops are semi-parallel and 

perpendicular to the bench face.
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ing the parallel cross-sectional re  ections of fracture 
surfaces, it is possible to numerically model fractures in 
three dimensions.

Figure 4: A panoramic view of bench A showing the 
direction of the GPR survey lines. The red dotted polygon, in 
the right hand side of this  gure, refers to the most fractured 
outcropping zone. Thin aperture outcropping fractures are 
not visible in this picture since it was taken on a rainy day. 
The thickness of the commercial greyish stratum was 1.5 m 
whilst an underlying apparent thickness of 0.3 m was for a 

blackish sandstone stratum.

Figure 5: Hyperbolic re  ections, due to sub-vertical fractures 
in the highly fractured zone, detected in a radargram. 
The dotted vertical lines (marks) indicate a location 

of a sub-vertical fracture outcrop in the bench surface.

Figure 6: Graphical illustration of how the GPR survey marks of the out-cropping sub-vertical fractures were numerically 
linked to the centre of a 1.0 m2 con  ned surface area (a) and the distribution of the resulting data set (b). The axis x (m) is the 

axis parallel to the bench face.

2.3. Results

A previous GPR test on the rock mass of the site, per-
formed by the authors, led to estimate a relative dielec-
tric constant value for the medium (Elkarmoty et al., 
2017c). A maximum penetration depth of about 2.5 m 
was achieved. Standard signal processing functions 
were applied to the radargrams by RADAN software. 
Due to the existence of sub-vertical fractures and the 
conic spread of the electromagnetic waves, hyperbolic 
re  ections typically appear in the radargrams (see Fig-
ure 5). A signal processing technique, migration, was 
used to destruct the hyperbolic signatures and convert-
ing them into relatively small successive spots along the 
fracture trace. Migration allows for the movement of the 
dipping re  ectors to their original position.

The coordinates of each recorded mark, of the out-
cropping sub-vertical fractures, were picked out from 
the x-axis of the 12 radargrams. It should be mentioned 
that some out-cropping sub-vertical fractures were not 
recorded as marks due to human error, however, the ma-
jority of the out-cropping sub-vertical fractures were re-
corded. The picked marks were graphically represented 
in such a way that focuses on the intensity of the out-
cropping fractures from parallel radargrams in the centre 
of a 1.0 m2 con  ned surface area (see Figure 6a). The 
centre of each 1.0 m2 is described by a 3D coordinate of 
(x, y, z), where z is the number of marks within the 1.0 
m2. A data set of coordinates (see Figure 6b) for the 
tested area was entered in the SurferTM software package 
and then interpolated by the Ordinary Kriging technique, 
where Kriging is an interpolation method used for gen-
erating maps on a grid of spaced data. The interpolation 
was performed by a variogram that provides a descrip-
tion of how data is spatially dependent (auto-correlated) 
with distance (Wackernagel, 2003). The semi vario-
gram analysis of data and the model are shown in Figure 
7 while the values of the experimental variogram and the 
parameters of the variogram model are given in Table 1 
and Table 2 respectively. The estimation standard devia-
tion map and the resulting contour map of the out-crop-
ping fracture intensity in the tested area are presented in 
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Figure 8a and Figure 8b respectively. The contour map 
showed that the west zone is more fractured than the east 
zone. In particular, the white zone in the contour map is 
the free zone of out-cropping sub-vertical fractures. This 
zone may be preliminarily considered as a fresh rock, 
however what is inside the rock mass body is still un-
known. Thus, analysis of the GPR results in the white 
zones was performed. The results showed that even 

though the white zone has the least out-cropping sub-
vertical fractures, it is also characterized by sub-hori-
zontal fractures inside the rock body (see Figure 8c and 
Figure 8d).

For the purpose of numerically modelling the fracture 
surfaces in three dimensions, four successive radargrams 
with a spacing of 2.0 m were selected to demonstrate how 
sub-vertical fractures can be modelled numerically from 

Figure 7: Semi-variogram analysis conducted 
on the data set.

Table 2: Parameters of the variogram model

variogram structure 

nugget effect
exponential model
c - sill a - range

0.40 1.23 2.50

Table 1: Values of the experimental variogram.

h (m)  (h) number of pairs
1.00 0.82 514
2.15 1.13 1370
3.21 1.30 2444
4.28 1.36 1808
5.78 1.49 2468
7.06 1.54 2598
8.22 1.70 2204

Figure 8: A map of the standard 
deviation of the Kriging estimation 

(a) with the resulting Kriging 
contour map of the estimated 

fracture intensity (b) and 
comparing the free surface area of 
out-cropping sub-vertical fractures 

with the GPR results in two 
radargrams (c and d).
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GPR results (see Figure 9). The used fracture interpreta-
tion technique is based on tracing the re  ections of a frac-
ture surface considering the amount of amplitude re  ec-

Figure 9: Interpretation of four sub-vertical fracture surfaces from successively ordered radargrams. The uppermost 
radargram is the one of 2.0 m far from the bench face. Each fracture surface is interpreted by a single colour. In this  gure, 

not all sub-vertical fracture surfaces are interpreted. The green ellipse refers to a destruction of a hyperbolic signature 
from a sub-vertical fracture re  ection.

Figure 10: A model for an irregular 3D fracture surface 
resulting from tracing the belonging fracture re  ections 

(dashed lines) in the radargrams. This fracture surface is the 
model of the fracture re  ections presented in the garnet 

colour on the right hand side of Figure 9. The black 
rectangle is a simulation of a partial body of the bench 

and it is used in this  gure for better visualization 
of the fracture surface.

Figure 11: Coding a modelled fracture surface in the (.PLY) 
format to be entered in ParaView.

a modeled 
fracture surface

re  ections of a 
fracture surface 
from the parallel 
radargrams

z

x

y
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tions, the location, and the inclination of fracture re  ec-
tions. The interpretation is performed in such a way to use 
a speci  c colour for all fracture re  ections belonging to a 
fracture surface. The interpreted radargrams showed that 
the degree of inclination of sub-vertical fractures are var-
ied, since some fractures are almost vertical while others 
are slightly inclined. However, some fractures crop out in 
the bench surface, the radargrams showed that they do not 
propagate up to the maximum penetration depth achieved 
(2.5 m), such as the blue fracture surface. In contrast, the 
yellow fracture surface, for example, crops out in the 
bench surface and propagates in the whole propagation 
depth. Moreover, a re  ection of a sub-vertical fracture 
could be detected even though the fracture does not crop 
out in the bench surface, such as the white fracture trace in 
the top radargram of Figure 9.

Fracture surfaces are typically modelled as planes, 
however it is preferable to model fractures as irregular 
curved surfaces as they naturally exist in most cases. A 
modelled fracture surface by this model is geometrically 
conditioned by its related detected re  ections in the ra-
dargrams (see Figure 10).

The extreme coordinates of a fracture’s re  ections in 
the radargrams were manually picked and numerically 
modelled as fracture surfaces by coding the coordinates 
of the vertices of a fracture surface in a  le format (PLY 
format) that can geometrically describe the shape of the 
objects in three dimensions (see Figure 11). This allows 
for better perception of the modelled fractures in the 
rock mass. Using the coded  les (.PLY), the three di-
mensional behaviour of these modelled fracture surfaces 
was visualized by a graphical software package Para-
View (ParaView Website, 2017) in different orienta-
tions as shown in Figure 12.

Figure 12: Graphical representation of four modelled fracture surfaces inside the rock body of the bench, 
visualized in di  erent orientations using ParaView. The colours of the fractures surfaces are the same colours 

used in the interpretation of fractures in Figure 9.

3. Case study 2 - bench B

3.1. Objective and bench characteristics

Low frequency GPR antennas can be used for explor-
ing the site geology, such as fractures, and detecting 
deep buried large objects (Annan, 2003; Davis and An-
nan, 1989). In a characterization of sandstone (White et 
al., 2004) and granitic rock (Mysaiah et al., 2011), a 
100 MHz GPR antenna was used, achieving a penetra-
tion depth of about 16.0 m. Low GPR antenna frequen-
cies of 50 and 100 MHz were used by (Jeannin et al., 
2006; Theune et al., 2006) to detect the main disconti-
nuities, in limestone, reaching to penetration depths of 
about 20.0-30.0 m and 30.0-40.0 m respectively. How-
ever, the same rock type (limestone) is predominant in 
these two studies, the penetration depth is variable even 
with the same GPR antenna frequency. The main rea-
sons are the variable status of homogeneity, discontinu-
ity, and saturation inside the rock mass that attenuate the 
signal and consequently decrease the penetration depth 
of the signal. The main objective of this case study is to 
detect large aperture size of fractures at a depth as large 
as possible by investigation with a low frequency GPR 
antenna in bench B.

The surface of bench B is characterized by large aper-
ture sizes (2.0 – 3.0 cm) of out-cropping sub-vertical frac-
tures (see Figure 13a). The strata in this bench are strati-
 ed parallel to the bench surface. The bench face is di-

vided mainly into two categories of stones, overburden 
and a strata or a deposit of commercial quality. Some of 
these sub-vertical fractures do not noticeably crop out in 
the tested zone of bench B (see Figure 13b), however 
they noticeably crop out in close zones of bench B (see 
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Figure 13c). The overburden is a highly fractured non-
commercial quality of sandstones. The bench is character-
ized by blocky structure behaviour due to the intersections 
of joints sets. The surface of the bench at the tested area 
was  at and suitable for the movement of the GPR. The 
study aims to explore the existence of the main fractures 
inside the body of the rock mass of bench B, particularly 
in a zone of the good quality stratum (the deposit). Re-
search questions, which this study is concerned with are: 
i) to what extent the outcropping sub-vertical fractures 
propagate inside the rock mass and, ii) what is the inten-
sity of the main fractures in the good quality stratum.

3.2. Methodology

A three dimensional survey grid over the surface of 
bench B was planned. The position of the survey grid 
was selected to be over a deposit horizon, in which there 
are no noticeable out-cropping large aperture sizes of 
sub-vertical fractures. In this case, planning a three di-
mensional GPR survey grid was necessary with the use 
of a low frequency antenna, to compensate the resolu-

tion through GPR data interpolation between the close 
survey lines. Additionally, the sets of the outcropping 
main sub-vertical fractures in the surface of the bench 
was intersected in a semi-orthogonal behaviour, thus, in 
contrast to the case in bench A, using two orthogonal 
directions of GPR survey lines in a survey grid was pre-
ferred. The dimension of the survey grid is 12.0 m long 
(y-axis) and 7.0 m wide (x-axis), the side of 12.0 m was 
parallel to the bench face. The surveying grid started at 
8.0 m far from the edge of the bench face to check the 
entire existence of fractures. The grid spacing was 1.0 m 
long and 1.0 m wide, leading to 21 radargrams. The GPR 
unit utilized in this study consists of a SIR operating 
System-3000, a 70 MHz antenna adapted to a cart, and 
the signal processing software RADAN (all produced by 
Geophysical Survey Systems GSSI Inc.).

3.3. Results

The 21 raw radargrams were carefully checked in or-
der to determine the required signal processing func-
tions. The same dielectric constant value for the medium 

Figure 13:(a) Some sub-vertical fractures, with large aperture sizes, out-crop in the surface of bench B. (b) A front view of the 
bench face over which the GPR survey was performed, the depth of the overburden is about 6.0 m. The white arrows refer to 

the longitudinal extreme limits of the GPR survey grid. (c) An extension of the face of bench B from the right hand side of the 
surveying area, where out-cropping sub-vertical fractures in the commercial quality strata (deposit) are noticeable.
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used in bench A was also used for bench B. Even though 
there are two different benches, the assumption is that 
the lithological nature of both the benches are almost 
similar since they are close to each other. Using RADAN 
software, the re  ected data was processed leading to en-
hancing the signal and clarifying the re  ections in the 
cross-sectional radargrams and a maximum penetration 
depth of 14.0 m was obtained.

To explore the entire body of the surveyed rock mass, 
a three dimensional GPR model was built by the pro-
cessing software package. The 3D GPR model is based 
on interpolating the data-free areas between the 2D ra-
dargrams in order to obtain a 3D subsurface image for 
the whole body of the rock mass. Through exploring the 
3D cross-sections of the GPR cuboid (see Figure 14), it 
was noticed that there is a zone of discontinuous re  ec-

Figure 14: Two 3D cross-sections of the GPR cuboid; (a) at x = 3.0 m, y = 6.5 m, z = 10.0 m (b) 
at x = 4.5 m, y = 8.5 m, z = 12.0 m.

Figure 15: A 3D transparent GPR model visualized from two di  erent orientations.

a three-dimensional rock body characterized
by the lowest amount of fracture re  ections
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tions of fracture surfaces, particularly in a three-dimen-
sional rock body in the middle of the body of the surveyed 
rock mass. This zone is located between a depth of about 
5.0 m and 10.0 m. This zone is characterized by the low-
est amount of fracture re  ections as compared to the 
whole rock body, however, there are a few re  ections of 
fractures in this zone. Moreover, a transparent 3D GPR 
data visualisation allowed for a better understanding of 
the fracture’s status inside the whole rock mass body. 
The 3D transparent GPR model also con  rmed the inter-
pretation of the lowest amount of fracture re  ections in 
the three-dimensional zone between about 5.0 m and 
10.0 m (see Figure 15). By investigating the GPR mod-
els, it can also be observed that the rock mass in this 
bench is characterized by nearly two perpendicular sets 
of large aperture fractures, one set is perpendicular to the 
bench face and the other is parallel to the bench face.

4. Discussion

In this section, discussion and suggestions for quarry-
ing purposes, obtained from the analysis of results, are 
presented. Regarding case study 1, the studied bench is 
non-mineable due to the high intensity of fractures. 
However, a general exploitation planning approach, 
based on the results of modelling fractures as 3D sur-
faces from GPR results as presented in this case study, is 
hereby proposed.

Determining the cutting zone of  t blocks in a bench 
can be optimally carried out after the accurate modelling 
of fractures. Planning the cutting zone of  t stone blocks 
can sustainably decrease the amount of waste. This ex-
ploitation planning approach could be illustrated in a 
simple case of a bench with a single set of sub-vertical 
fractures with large spacing (see Figure 16). If fractures 
are typically modelled as three dimensional  at planes, 
there will be a potential risk of wasting material during 
the cutting operation. While modelling fractures as ir-
regular 3D surfaces as close as possible to reality, like in 
the case study of bench A, may lead to decreasing waste. 
The zone of  t stone blocks can be optimally described 
as an irregular surface area bounded between two bor-
ders. The  rst border is the projection of the lower edge 
of a modelled fracture surface on the surface of the 
bench, hence the projection of the lower edge is limited 
to the required thickness or depth of commercial stone 
blocks. The second border is supposed to be the intersec-
tion of an irregular modelled fracture surface with the 
bench surface (or outcrop), however an offset tolerance 
area of some centimetres as a quarrying optimization 
factor of safety is preferable. Then, an optimization al-
gorithm can be used to  nd the optimal cutting direction 
that maximizes the number of extracted  t stone blocks, 
with the required commercial size, from the zone of  t 
blocks. This process may be time consuming and math-
ematically complicated, however it is expected to mini-
mize waste. If such an approach will be done in future 

research, the main obstacles for applying this method in 
industry is the possibility of modelling fracture surfaces 
in large areas in addition to the time consuming matter, 
however with programming such a model, the time con-
suming matter can be minimized.

For a case of more than one fracture set (see Figure 
17), the quantity of fractures zones increases and, conse-
quently, zones of cutting  t blocks decrease. Therefore, 
determining the optimum cutting direction becomes 
more dif  cult. This case is the most common in nature, 
that’s why developing a quarrying model based on the 
suggested approach, that deals with all the cases of frac-
ture sets is required to optimize the recovery. Actually, 
the most dangerous parameter is not the orientations of 
fractures or number of sets but the spacing between the 
fractures. The larger the spacing of a fracture set, the 
larger is the amount of extracted  t blocks. In case of a 
highly fractured rock mass, with sub-vertical and sub-
horizontal fractures, most quarrymen currently consider 
such stone deposit as non-mineable in terms of extract-
ing commercial size  t blocks. However this is partially 
true, being such stone deposit mineable is sustainably 
possible in two preliminary conditions. The  rst is the 
accurate modelling of fractures whilst the second is the 
possibility of using a disc sawing machine as a quarrying 
method which cuts simultaneously in two directions 
(horizontal and vertical). Consequently, direct extraction 
of small size blocks may be obtained. Small slabs for 
paving or  ooring can be then released from these small 
size blocks.

With regard to case study 2, the GPR results point out 
that a particular three-dimensional rock body of the rock 
mass, in a depth between about 5.0 to 10.0 m, is less 
fractured in comparison to the whole body of the rock 
mass. Actually the absence of fracture re  ections in this 
depth region is expected to be because of two reasons: 
(i) higher mechanical properties of the rock strata in this 
depth region, and (ii) the limited resolution of the used 
antenna. The investigation of these two points is consid-
ered as future work. If this stratum has higher mechani-
cal properties in comparison to the other strata, the inter-
pretation of discontinuous extension of fractures may be 
because of a reduction in the size of fracture aperture 
that the antenna resolution is unable to detect. A me-
chanical test for some samples from all the strata exist-
ing in this bench is recommended to validate this view-
point. Using a reasonable higher frequency GPR anten-
na, that can reach to a penetration depth between 5.0 m 
and 10.0 m, to survey this rock mass is recommended for 
result comparison. Apparently, in the depth range be-
tween 5.0 to 10.0 m, there is commercial quality stratum 
which means that, in comparison to the whole body, 
some parts in the commercial quality stratum are with-
out large aperture size fractures. Wider areas should be 
surveyed in order to decide the feasibility of quarrying 
the whole bench or a part of it. With limitation to the 
results of the surveyed area, the GPR models showed 
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Figure 17: A non-scale hypothetical sketch graphically presents a complex case of two intersected sets of fractures. 
The hatched zones are zones out of cutting planning because of fractures whilst the free yellow zone is the zone in which 

 nding the optimum cutting direction is required. The hatched zone should be, in any case, cut by any way to continue 
quarrying the zones of cutting  t blocks.

Figure 16: A non-scale hypothetical sketch graphically presents a suggested approach of optimizing the production 
(minimizing the waste) after accurate modelling of fractures as 3D surfaces.

that the entire body of the commercial quality stratum is 
different than its outcrop in the bench face in which large 
aperture fractures are noticeable as compared to another 
close part of the bench.

5. Conclusions

In Case Study 1, the use of a high frequency antenna 
of 400 MHz to detect fractures in a quarry bench of 
sandstone led to the accurate detection of fracture traces 
in successive radargrams. Proper survey planning fol-
lowed by an interpretation tracing technique allowed for 
the modelling of the detected sub-vertical fractures as 
3D irregular surfaces. Visualization of fracture surfaces 
through graphical software can assist in exploring the 
spatial behaviour of fracture surfaces in different orien-
tations.

The out-cropping fractures are not a real indicator to 
what is inside the rock mass. This was demonstrated by 
a comparison between mapping the intensity of the out-
cropping fractures in the bench surface and the results of 
the GPR survey, particularly in a free-areas of out-crop-
ping fractures. The comparison showed that hidden sub-
horizontal fractures could be detected in the free-areas 
of out-cropping fractures in the bench surface.

To maximize the quantity of extracted commercial-
size of  t blocks simultaneously with performing a sus-
tainable exploitation by minimizing the waste, a sug-
gested optimization approach based on modelling frac-
tures as 3D surfaces is graphically proposed. With this 
approach, it was shown that modelling fractures as 3D 
surfaces can be more promising, in terms of production 
optimization, than the typical modelling of fractures as 
planes. This can be done by developing a production op-
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timization model that suggests the optimal cutting direc-
tion based on accurate 3D fractures modelling.

Case Study 2 showed the ability of a low frequency 
GPR antenna of 70 MHz to detect large aperture size of 
fractures in a quarry bench of sandstone reaching to a 
penetration depth of 14.0 m. Planning an intensive three 
dimensional survey grid, with the use of low frequency 
antenna, is quite important to minimize the effect of the 
low resolution. The interpolation of the radargrams, us-
ing the signal processing software package, led to the 
creation of a three dimensional GPR model of the rock 
mass body. The detected large aperture fracture could be 
investigated through 3D cross-sectional and 3D trans-
parent GPR models. This allowed for the identi  cation 
of a three-dimensional rock body in the rock mass char-
acterized by the lowest amount of large aperture frac-
tures. However, mechanical rock laboratory tests for 
rock samples from this bench and using a higher GPR 
antenna frequency are recommended for future work de-
velopment.

Using a wide range of GPR frequencies, in application 
to evaluate fracture status and model fractures in orna-
mental stone deposit, is recommended to have a compro-
mise between the resolution and penetration depth. How-
ever using a wide range of frequencies is time consuming, 
and currently this issue can be tackled when dual-frequen-
cy GPR antenna systems are available.
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SAŽETAK

Kartiranje i modeliranje pukotina iz podataka dobivenih zemaljskim radarom 
u procjeni kvalitete ukrasnoga kamena i optimiziranju pridobivanja (dva primjera)

Stijenska masa obi no je obilježena pukotinama koje uzrokuju prirodno komadanje kamena. Rezanje blokova u takvim 
kamenolomima može prouzro iti preveliki udio „otpada” (nekorisne stijenske mase) ili pridobivanje raspucanih bloko-
va. Prikazana su dva slu aja istražena uporabom niskofrekvencijskoga i visokofrekvencijskoga zemaljskoga prodiru eg 
radara (skr. ZPR), kojim su zabilježene pukotine u dvama dijelovima kamenoloma. U prvome slu aju snimanje visokim 
frekvencijama rabljeno je za: (i) usporedbu radarskih rezultata interpoliranih obi nim krigiranjem, s kartom fraktura 
opaženih na površini stijenskoga ureza, te (ii) prikaz na ina modeliranja približno okomitih pukotina u tri dimenzije, a 
na temelju radarskih mjerenja. Drugi slu aj temeljio se na uporabi niskih frekvencija, kojima su opažane pukotine ve ih 
promjera te pra ene što dublje u kameni blok s ciljem odre ivanja dubine jedre stijene prije va enja. To je na injeno 
izu avanjem trodimenzionalnoga radarskog modela pro  la i transparentnosti. Na kraju je prikazan teorijski model 
 planiranja pridobivanja koji je uklju io trodimenzionalni prikaz pukotina, a s ciljem optimiziranja i/ili pove anja 
 proizvodnje. Uporaba radara pokazala su korisnim alatom za procjenu ležišta ukrasnoga kamena, odnosno optimizaciju 
njegova pridobivanja.

Klju ne rije i:
zemaljski prodiru i radar, model pukotina, ukrasni kamen, planiranje va enja kamena
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