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ABSTRACT 

This study aims to correlate the mechanical properties measured in the laboratory and the field for weak 
and crushable limestone in a mining site containing random karstic cavities. Compressive tests were 

performed in the laboratory to obtain Unconfined Compressive Strength (UCS) and rock mass modulus 

(Erm). Field tests were: i) boring and drilling cores that allowed obtaining Rock Quantification Distribution 

(RQD) and recovery rock parameter (REC), and ii) Ground Penetration Radar (GPR) to detect and locate 

random cavities in the underground limestone deposit. The correlation between the Em/UCS rate and the 

RQD was determined and analyzed. Based on the role of the new interpretation of the Geological Strength 

Index (GSI) and its relationship with the Erm/UCS rate, a mathematical relationship was determined to link 
GSI and RQD. This relationship was a basis for modifying the generalized Hoek-Brown criterion, involving 
the amplitude of reflected electromagnetic waves (EM) provided by GPR field tests. 

Keywords-weak limestone rock; Unconfined Compressive Strength (UCS); rock mass modulus (Em); Rock 

Quality Designation (RQD); Karstic cavities; Ground Penetration Radar (GPR) 

I. INTRODUCTION  

The behavior of rock masses has been widely investigated, 
and laboratory results are generally associated with field 
observations. The conjunction between the two sources of data 
characterizes the majority of constitutive laws and the failure 
criterion by evaluating the corresponding parameters. By 
combining geological observations with laboratory test results, 
engineers and geologists can develop a comprehensive 
understanding of the behavior of rocks and predict their 
response to different stress and environmental factors. This 
knowledge is crucial for designing safe and sustainable 
engineering projects, namely tunnels, dams, slopes, and 
foundations, that rely on the stability and performance of rock 
materials [1-4]. Weak rock mass behavior refers to the 

mechanical response of rocks that have lower strength and 
stability compared to intact rock formations. This can occur 
due to factors, such as geological discontinuities, weathering, 
or structural weaknesses within the rock mass. Understanding 
the behavior of weak rock masses is crucial in various 
engineering and construction projects, as it can affect the 
stability and safety of infrastructure, like tunnels, slopes, and 
foundations. By studying the behavior of weak rock masses, 
engineers can develop effective strategies to mitigate potential 
risks and ensure the long-term durability of structures built on 
or within these formations. A literature review manifested that 
there are few correlation studies between field and laboratory 
test results, particularly for weak rocks.  
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In [3], a rock weathering classification system was 
proposed based on engineering properties, involving load index 
(Is(50)), slake durability index (Id2), density, mineralogy, and 
microstructure. Associations between parameters were used to 
develop engineering classification systems that provide an 
estimate of the engineering properties of weathered rocks. On 
the other hand, many empirical relations have been proposed 
for compressive strength (UCS) and stiffness. Other statistical 
connections have been proposed, but only between mechanical 
parameters measured in the laboratory [2]. Correlations 
between field and laboratory data are rarely proposed. 
Furthermore, field tests, such as in situ testing methods like 
borehole logging, pressuremeter tests, and geophysical surveys 
(seismic and ground penetration radars) provide valuable 
information about the geotechnical properties and conditions of 
the rock mass in its natural state. These tests can help identify 
geological features, discontinuities, and weaknesses that may 
affect the overall stability and behavior of the rock [5-8]. 
Ground Penetration Radar (GPR) offers several advantages 
compared to other field tests, as it can indirectly detect hidden 
faults and embedded elements without causing any destruction. 
For example, it enables the location and identification of 
cavities [9-12]. Furthermore, the common failure criterion for 
brittle and weak rocks is the Hoeke-Brown criterion [13-14]. 
The 2018 edition of the criterion was proposed to incorporate 
all modifications based on the experiences gained in applying it 
to practical problems [15]. Although the properties of fractured 
rocks considering the orientation and spacing of discontinuities 
have been relatively studied [16-18], the behavior of weak 
rocks, particularly crushable rocks, requires further 
investigation [19, 20]. 

This study investigates weak and crushable limestone in a 
mining site where civil engineering works have been planned. 
The new proposed idea is to combine geotechnical methods in 
the laboratory and field and GPR tests. This study begins by 
presenting the compressive test results of UCS and the rock 
mass modulus (Em) and then conects the Em/UCS rate to the 
Rock Quantification Distribution (RQD). The results in [15] are 
used to define the correlations between Em/UCS and the 
geological index (GSI), and a mathematical relationship was 
obtained for weak and crushable limestone. As a result of the 
correlations and mathematical relationships, GSI was defined 
as a function of RQD for the limestone studied. Furthermore, 
based on a near-surface GPR survey, the karstic cavities were 
localized by interpreting the parabolic reflected waves and their 
amplitudes (Ai). A new change of the GSI parameter in the 
widely used generalized Hoeke-Brown criterion was proposed 
for a mathematical relationship between GSI, RQD, and the 
Ai/A0 rate, where A0 is the reference wave's amplitude. 

This study presents some novelties that focus on three main 
aspects. The study concerns the behavior of the high crushable 
limestone. To the authors' knowledge, such rocks have 
previously been studied only a little. Adding to that, this study 
aims to relate GPR and geotechnical data, focused on the RQD 
collected from field experiences. To reduce the effect of the 
stochastic variability of RQD, some deterministic relationships 
were established to relate compressive resistance (UCS) to 
stochastic data (RQD). The third novelty is to consider the 
presence of cavities across the GPR information, characterized 

by the shape and the amplitude of magnetic waves. New 
mathematical relationships are proposed to link RQD, 
dimensionless waves' amplitude (Ai/A0), and the commonly 
deployed GSI index. GSI is a field index that is often utilized in 
geologist recommendations. Some previous studies focused on 
the establishment of relationships between RQD and GSI. A 
modification of the mathematical expression of the Hoeke-
Brown criterion is proposed that includes the relation between 
RQD and GSI and the instantaneous amplitude of EM waves. 

II. LABORATORY TESTS AND FIELD 
INVESTIGATION 

A. Laboratory Results of the Limestone Rock Deposit 

Laboratory tests were performed to characterize the soil, 
including sieve analysis, Atterberg limits, and physical (dry 
density, water content) and unconfined compression tests. The 
findings showed that the soil consists of limestone rock with 
crystalline calcite. Figure 1 shows a typical GSD of the 
crushable part of the limestone rock. The area from which the 
samples were provided was (712×665 m). GSD was obtained 
for several specimens, as shown in Table I. Sieve analysis 
indicated that a huge part of the broken part of the cored 
specimens (obtained by drilling) corresponds to crushable 
limestone and gives a grain of an equivalent diameter between 
7 cm and 2 mm. Crushable limestone is a typical behavior of 
weak limestone and expects the possibility of transition of rock 
to soil even by static mechanical loading. This is a real issue for 
the stability of the foundation, which should be compromised 
by an important elastic settlement. In addition, the friction 
resistance mobilized at the interface between the foundation 
(the case for piles) could be influenced by the crushing and it is 
significantly reduced. Using the ASTM classification, it can be 
concluded that the soil is sand mixed with on average 15% 
gravel and 15% fine soil (silt and clay). This is a wrong 
conclusion when examining the liquid and plastic limits that 
are not possible to measure (the fine amount of soil 
corresponds to the amount of highly crushable limestone). 
Table I summarizes the results and shows the homogeneous 
formation of crushable limestone by drilling, where the 
equivalent diameter ranges mainly between 0.075 mm and 7 
cm. The formation percentage of the crushable quantity ranges 
between 65 and 70% (diameter equivalent to sand diameter 
range). The water content measured for the samples at depths 
of 0.5 to 10 m was relatively low, falling within the range of 
1.5 to 2.5%. Table II shows UCS and Em measurements. 

TABLE I.  PERCENTAGE OF CRUSHABLE PART OF THE 
LIMESTONE 

Sample  % Gravel % Sand  % Fine soil 

B-2-1 17.8 68.2 14 
B-6-1 19.5 65.2 15.3 
B-9-1 20.1 66.5 13.4 
B-12-2 22.9 62.1 15 
B-12-4 15.3 70.9 13.8 
B-16-1 18.9 65.8 15.3 
B-20-3 19.2 66.6 14.2 
B-24-2 16.7 69.8 13.5 
B-27-4 19.2 67.1 13.7 
B-30-3 15.9 69.1 15 
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TABLE II.  PHYSICAL AND MECHANICAL PROPERTIES OF 
THE MASS ROCK MEASURED IN THE LAB 

Specific gravity 

(Gs) 

Measured unconfined 

compression strength  

(σc, MPa) 

Average rock 

mass modulus 

(Em , MPa) 

2.633 8.16 1.94 
2.619 8.31 2.77 
2.622 8.89 2..10 
2.626 8.09 1.93 
2.621 12.75 3.93 
2.582 12.75 2.45 
2.623 13.82 2.50 
2.623 16.18 2.85 
2.612 14.48 3.25 
2.585 15.76 3.50 

 
An empirical relationship between UCS and Em was derived 

from the experimental results (1). The results of compressive 
strength and stiffness indicate the weak state of the limestone 
and its highly weathered character (well-crushable). 

�� � 0.52	 
��

�√
��  �    (1) 

III. GEOTECHNICAL FIELD TESTS 

The RQD, defined by (2), was determined by drilling a 
large number of cored specimens. The recovery rock parameter 
(REC), defined by (3), was also determined. Figure 1 shows a 
regression between the two parameters. 

��� � ∑ ������ �� ����� ,   "�#� �# �$%&� �� 
'�"()
*��&� +����� �� ��� ,#����,  &"���  (%) (2) 
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*��&� +����� �� ��� ,#����,  &"���  (%) (3) 

 

 
Fig. 1.  RQD as a function of REC (results obtained by drilling in the 
investigated mining area). 

RQD correlates with UCS and a regression relationship is 
provided. To the authors' knowledge, there is no relationship 
between RQD and UCS for limestone in the literature. So, the 
proposed mathematical relationship can be considered as a 
useful equation that links two key parameters, the RQD 
provided from borehole drilling as a field test and UCS 
provided from unconfined compression as a laboratory test. 
Figure 2 shows the trends of Em/UCS with RQD and 1-RQD. 
The two representations are often used by engineers depending 
on the application (for example, see [3]). 

 

(a) 

 

(b) 

 
 

Fig. 2.  (a) Em/UCS against RQD, (b) Em/UCS against (1- RQD). 

IV. GEOPHYSICAL INVESTIGATION USING GPR 

GPR tests were performed on the site to detect karstic 
cavities. The principle of this method is to follow the shape of 
the EM waves, where their propagation and reflection depend 
on the contrast of the electric properties of the medium. 
Hyperbolic curves in GPR data serve as representations of 
target shapes [22-24]. The targets must exhibit contrasting 
electric properties, with the dielectric constant and electrical 
conductivity being directly proportional to the magnitude of 
this contrast [24]. Figure 3 shows the procedure followed to 
obtain the GPR data, and some corresponding GPR results are 
summarized in Figure 4. See [24] for more details on the 
reflections from voids (or cavities) and the reverse polarity on 
the radargram reflections. 

 

 
Fig. 3.  A general overview of GPR data processing flow. 
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Figure 4 shows two examples of 2D radargrams (2D 
distributions of reflected waves), providing clear identification 
of the cavities locations for each profile. Areas of weakness 
corresponding to cavities are delineated by circles where the 
hyperboles appeared in restricted areas. These cavities are 
approximated in terms of shape and depth and distinctly 
marked by circles. The hyperbolic shape of the EM direction 
depicts the location of the cavity. Figure 4 emphasizes the 
presence of high-amplitude reflections, indicating the presence 
of cavities at a depth of 1.5 and 2.5 m. Other radargrams 
showed reflections that occurred at a depth exceeding 3.5 m. 

 

(a) 

 

(b
) 

 

Fig. 4.  2D radargrams: circles delineate weak zones and karstic cavities. 

V. MODIFIED GENERALIZED HOEK-BROWN 
CRITERION OF WEAK LIMESTONE ROCK DEPOSIT 

CONTAINING KARSTIC CAVITIES 

The basic Hoek-Brown criterion is a well-known criterion 
for rocks, with its most recent update (2002 edition). Recently, 
a few changes were proposed in the empirical parameters 
introduced in the mathematical relationships by considering the 
dependence of the GSI on discontinuities such as joints. In the 
Hoek-Brown criterion, the strength and deformation properties 
of intact rock, derived from laboratory tests, are reduced based 
on the properties of discontinuities in the rock mass. In the 
limestone rock studied here, to consider the influence of 
crushing and the presence of cavities (voids assumed as huge 
discontinuities), correlations between GSI and RQD were 
proposed, and then between GSI, RQD, and the amplitude 
reflections Ai of the EM wave to assure the applicability of the 
criterion to very weak rock masses with cavities (karstic 
cavities as a specific case). The main proposed changes in the 
generalized Hoek-Brown criterion are as follows. Equation (4) 

is the standard form of the Hoek-Brown criterion. Equations 
(5), (6), and (7) give the relationships between the parameters 
of the model and GSI. Finally, (8) provides a new definition of 
GSI as a function of RQD and the dimensionless amplitude 
Ai/A0 of the EM wave. 

0
 � 01 2 0��   	�.
34
356

2 7�8   (4)  

�. � 01 2 �.  9:;<	=>? @ 100� 	28 @ 14 �� D (5) 

7 � 9:;<	=>? @ 100� /	9 @ 3 �� D  (6) 

H � 0.5 2 

I  <9:;	@=>?/15� @ 9:;	@20/3� D  (7) 

=>? � J K���, L�
L'

,
M    (8)  

where Ai is the amplitude of the reflected wave at the cavity 
location and A0 is the amplitude reference. As can be observed, 
contrary to the initial case where GSI was initially introduced 
as a geologic parameter estimated qualitatively from geological 
observations in the field, in the proposed new formulation, GSI 
is linked directly to RQD and the amplitude reflection Ai of the 
EM wave, including in such way the data from GPR of the 
karstic cavity, and g is a given function. Furthermore, D is a 
disturbance factor that depends on the degree of disturbance of 
the rock mass and varies from 0 for undisturbed in situ rock 
masses to 1 for very disturbed rock masses. In (8), a is a 
material parameter. 

Consider the results given in [15], given three functions for 
respectively D = 0, D = 0.5, and D = 1 that link Erm/UCS with 
GSI. Figure 5 presents only the case of D = 1 for a high-
weathered rock. The mathematical relationships for three 
values of D are given based on the fitting of data presented in  
[15]. Considering the highly weathered and crushable character 
of limestone, D is fixed to 1. Then, GSI is obtained as a 
function of RQD. Figure 6 shows the GSI against RQD, 
obtained based on the following process or algorithm. 

NOP

�� � Q
	=>?� QRS� <    D → =>? �  QU
 VNOP


��W   
Then, using experimental results in Table II provides: 

=>? � QU
 VNOP

��W   

where Erm/UCS data are given in Table II.  

 

 
Fig. 5.  GSI against Em/UCS (data from [15]). 
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Figure 6 shows the GSI against RQD considering an 
average value of Ai/A0. This curve is deduced using the fitting 
equation between GSI and both UCS and rock mass modulus: 

=>? �  2628.4 V NP

��W

1
–  2221.7 V NP


��W
[

2 661.07 V NP

��W 2

   28.84      (9) 

 

 
Fig. 6.  GSI against (Em/UCS) for the weak and crushable limestone. 

In the case of karstic cavities, for which GPR data are 
available and the instantaneous amplitude Ai is obtained, GSI 
can be defined explicitly and (8) becomes: 

=>? � J K���, L�
L'

,
M � L�

L'  J<���D   (10) 

where g is given by the equation in Figure 6. 

VI. CONCLUSION 

The findings of this study pertain to a site with a limestone 
rock deposit with underground karstic cavities. Unconfined 
compressive tests were performed and conducted to determine 
the UCS values and the rock mass modulus. RQD was 
determined from the boreholes and drilling for a field area of 
473480 m2. The correlation between Em/UCS and RQD was 
provided and analyzed. Based on the new interpretation of the 
GSI relationship with the rate Em/UCS, a mathematical 
relationship was given to link GSI and RQD. By mitigating the 
issue of random cavity distribution through in-depth 
interpretation of cross-GPR sections, qualitative instantaneous 
amplitude reflected EM waves were introduced in the 
mathematical relationship between GSI and RQD. GSI 
decreases with increasing instantaneous amplitude, which 
indicates existing karstic cavities. The generalized Hoek-
Brown criterion was modified by involving both RQD 
quantitative data from drilling log data and the amplitude of 
reflected EM waves provided by radar ground penetration field 
tests. The results presented shed light on a potential correlation 
between Em/UCS and RQD and then between GSI and RQD, 
using a function linking Em/UCS and RQD. This suggests that 
geotechnical investigations may precede complementary GPR 
surveys as successive steps. Thus, the correlation between GSI 
and RQD was extended by introducing the quantitative data 
provided by GPR (instantaneous amplitude of the reflected EM 
wave). The future scope of this research is to collect more 
relevant geophysical data, particularly GPR information on 
cavities, stochastic field data, and basic laboratory results 
commonly used in the rock mechanics framework. Such 
findings can be used to build some practical charts for a better 
engineering system for classifying weak rocks, providing a 

quick estimate of the engineering properties of weathered 
karstic rocks. 
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