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Estimating the rock mass 
deformation modulus: 
A comparative study of 
empirical methods based 
on 48 rock mass scenarios
Abstract

The rock mass deformation modulus, Erm, is an input parameter for most nu-
merical modeling to verify the deformation behavior of rocks due to rock engineer-
ing activities within/on it. Among the most common methodologies used for estimat-
ing this parameter, empirical correlations based on rock mass classification schemes 
(e.g., RQD, RMR, GSI, and Q) stand out the most, principally because of their low 
cost when compared to the other methods. Herein, the main correlations used in 
practice are evaluated and comparted for 48 different rock quality scenarios, previ-
ously characterized and classified according to rock mass classification systems. The 
results obtained by each of the empirical correlations demonstrated that normalized 
correlations, that is, based on the ratio of the rock mass and intact rock modulus,  
Erm/Ei, underestimate the Erm values when compared to those results obtained from not-
normalized correlations in the scenarios of better quality rock masses. For poor qual-
ity rock mass scenarios, both non-normalized and normalized correlation presented 
similar results. The correlations proposed by Hoek and Diederichs (2006) and Galera 
et al. (2007) estimated more central Erm values when compared to the other correla-
tions, for all quality scenarios, while the Mitri et al. (1994) and Sonmez et al. (2006) 
methods estimated most high and low values of Erm, respectively. 
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1. Introduction

The deformation modulus of the 
rock mass, Erm, is an essential input 
parameter for many analyses of jointed 
rock mass behavior that includes defor-
mations (Hoek and Diederichs, 2006). 
It can be estimated directly through 
field tests or indirectly by using empiri-
cal relationships based on classification 

schemes, e.g., Rock Quality Designation 
(Deere et al., 1967), Rock Mass Rating 
(Bieniawski, 1973, 1989), Q-System 
(Barton et al., 1974) and Geological 
Strength Index (Hoek, 1994). Consider-
ing that field tests are time-consuming, 
expensive, and often difficult to be con-
ducted, as reported by Zhang (2016), the 

second approach is often used by the rock 
mechanics community to estimate the 
rock mass deformation modulus. 

From the various empirical correla-
tions proposed for estimating Erm, standing 
out are those using as input parameters 
the RQD index (Coon and Merritt, 1970; 
Gardner, 1987; Zhang and Einstein, 
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A reliable prediction of rock mass 
behavior under different stress conditions 
is critical for the design of most rock en-
gineering projects. However, this is not a 
trivial task due to the heterogeneous and 
anisotropic characteristics of the rock 
material and the scale effect existing 
in jointed rock masses. These features 
combined make conventional laboratory 
and field tests, which are necessary to es-
timate the mechanical parameters of this 
geomaterial for this purpose, an extremely 
cost-effective solution.

Dealing with this limitation, dif-
ferent rock mass classification systems 
(RMCS) were proposed to be used as a 
guide for different rock engineering ap-
plications, taking into consideration the 
individual characteristics of the intact rock 
and the discontinuities within the rock 
masses. Among these RMCS, the classi-
fication schemes designed by Deere et al. 
(1967), Bieniawski (1973, 1978), Barton 
et al. (1974), and Hoek (1994) have been 
widely used to quantify the rock mass 
quality based on their indices, i.e., RQD, 
RMR, Q e GSI, respectively.

First, the Rock Quality Designation 
(RQD) index was idealized by Dr. Don U. 
Deere in 1964 and later presented for the 
first time in published form by Deere et al. 
(1967), as reported by Deere and Deere 
(1988). It represents a modified borehole 
core recovery percentage in which all the 
pieces of sound core over 10 cm long are 
summed and divided by the length of the 
core run, allowing a measurement of the 
rock mass quality. The RQD index ranges 
from 0 to 100%, where high RQD values 
will identify a rock mass with good qual-
ity, while an RQD ranging from 0 to 50% 
are indicative of poor quality rock mass 
(Deere et al., 1967). Although the RQD 
is a single-based parameter, only consid-

ering the discontinuity frequency within 
the rock mass, it is still widely used for 
estimating the rock’s mechanical proper-
ties, e.g., the deformation modulus (Zhang 
and Einstein, 2004).

The Rock Mass Rating (RMR) 
system, also known as the Geomechan-
ics Classification, was introduced first by 
Bieniawski (1973) and later modified over 
the years by the author until its last version 
presented by Bieniawski (1989). This sys-
tem allows classification of the rock mass 
quality based on six different parameters: 
(1) the uniaxial compressive strength of the 
intact rock; (2) the RQD; (3) the spacing of 
discontinuities; (4) the condition of discon-
tinuities; (5) the groundwater conditions; 
and (6) the orientation of discontinuities. 
Each of these parameters will attribute a 
rating for the rock mass, which combined, 
generate the overall RMR value of it, vary-
ing from 0 to 100. In a direct comparison 
to Deere’s index, the RMR provides a 
much more realistic quality condition of 
the jointed geomaterial due to the numbers 
of variables analyzed.

Almost one year after the first 
publication of Bieniawski’s classification 
scheme, Barton et al. (1974) introduced a 
new system to classify rock masses for en-
gineering purposes, the Q-system. Similar 
to the Geomechanics Classification, this 
system also provides a numerical assess-
ment of the rock mass quality using six 
parameters: (1) the RQD; (2) the number 
of joint sets; (3) the roughness of the dis-
continuities; (4) the degree of alteration of 
the discontinuities; (5) the water inflow; 
and (6) the stress conditions. The numeri-
cal value of Q ranges on a logarithmic sale 
from 0.001, for exceptionally poor rock 
mass quality, up to 1000, for exceptionally 
good rock mass quality. The main differ-
ence between the RMR and Q indices lies 

in the fact that the first uses the compres-
sive strength of the intact rock as an input 
parameter, while the second takes into 
account the stress condition of the rock 
mass. Besides that, for similar conditions 
of discontinuities within the rock mass, 
i.e., spacing, aperture, roughness, infilling 
and weathering, they attribute different 
weightings to compose their indices.

Lastly, the Geological Strength In-
dex (GSI) was designed by Hoek (1994) as 
a tool to describe a rock mass qualitatively 
based upon geological observations. Ac-
cording to the author, the GSI use as input 
parameters the two major features that 
most influence the mechanical properties 
of a rock mass, i.e., the overall structure 
conditions, also described as the blocki-
ness (Hoek and Brown, 2019), and the 
surface condition of the discontinuities. 
Besides describing the rock mass quality, 
Hoek’s index is frequently used for nu-
merical modeling in jointed rock masses, 
since it is used to determine the empirical 
constants of the generalized Hoek-Brown 
failure criterion (Hoek et al., 2002).

Although the RQD, RMR, Q, 
and GSI systems were introduced as an 
alternative methodology to evaluate the 
rock mass quality for rock engineering 
practices, especially to overcome the 
limitation of testing these jointed geo-
materials as a conventional engineering 
material, e.g., human-made materials 
and soils, they were designed initially 
for different applications. Under these 
circumstances, these systems have both 
their strengths and weaknesses that 
need to be assessed individually accord-
ing to some variables, such as the in-situ 
site accessibility conditions, the experi-
ence of the engineering and geological 
staff, and the previously recorded local 
geological features.

3. Empirical methods

This study selected the most 
relevant empirical methods presented 
in literature to estimate the deforma-
tion modulus of jointed rock masses 

based on their qualitative index values 
derived from Deere’s (1967), Bien-
iawski’s (1973,1989), Barton’s (1974, 
2002), and Hoek’s (1994) classification 

schemes. Table 1 presents the RQD 
based correlations, where all of them 
are normalized, i.e., expressed in terms 
of the deformation ratio, Erm/Ei. Coon 

2. Rock mass classification systems (RMCS) and their indices

2004), the RMR number (Bieniawski, 
1978; Serafim and Pereira, 1983; Nich-
olson and Bieniawski, 1990; Mitri et al., 
1994; Read et al., 1999; Gokceoglu et al., 
2003; Ramamurthy, 2004; Sonmez et al., 
2006; Galera et al., 2007; Lowson and 
Bieniawski, 2013), the Q-value (Barton 

et al., 1980; Grimstad and Barton, 1993; 
Barton, 1995; Pamström and Singh, 2001; 
Barton, 2002; Ramamurthy, 2004), and 
the GSI (Hoek and Brown, 1997; Hoek et 
al., 2002; Gokceoglu et al., 2003; Hoek 
and Diederichs, 2006).

Because of the number of cor-

relations in literature, this article will 
evaluate their behavior in determining 
the deformation modulus of the rock 
mass for 48 different rock quality 
scenarios, previously characterized 
and classified according to rock mass 
classification systems.
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Table 1 – RQD-based methods.

where Erm and Ei are the deformation modulus of the rock mass and intact rock, respective-

ly, and k is a constant parameter ranging from 0.2 to 1.8.

Author (s) Empirical Method Eq.

Coon and Merritt (1970)
Erm

Ei

= 0.0231RQD - 1.32 (1)

Gardner (1987) (2)

Zhang and Einstein (2004)
Erm

Ei

= k (100.0186RQD-1.91) (3)

Table 2 – RMR-based methods (non-normalized).

a RMR ≤ 56. b RMR ≤ 50. c RMR < 50.

Author (s) Empirical Method Eq.

Bieniawski (1978) Erm [GPa]=1.76 RMR-84.3 (4)

Bieniawski (1978) Erm [GPa]=2 RMR-100 (5)

Serafim and Pereira (1983)a Erm [GPa]= 10(RMR-10) ⁄40 (6)

Read et al. (1999) Erm [GPa]=0.0001(RMR)3 (7)

Gokceoglu et al. (2003) Erm [GPa]=0.0736e(0.0755 RMR) (8)

Galera et al. (2007)b Erm [GPa]=0.0876 RMR (9)

Galera et al. (2007)c Erm [GPa]=0.0876 RMR+1.056(RMR-50)+0.015(RMR-50)2 (10)

Table 3 – RMR-based methods (normalized).

a RMR > 56.

Author (s) Empirical Method Eq.

Nicholson and Bieniawski (1990)
Erm

Ei

1
100

RMR
22.82

= 0.0028 RMR2 + 0.9 exp[ ]( ) (11)

Mitri et al. (1994)
Erm

Ei

RMR
100

= 1-  cos{ ]( )0.5 [ π x } (12)

Sonmez et al. (2006)
Erm

Ei

= 10(RMR - 100) (100-RMR)/4000 exp
 -RMR

100( ) (13)

Galera et al. (2007)
Erm

Ei

= e
 RMR - 100

36 (14)

Lowson and Bieniawski (2013)a Erm
100-RMR

44
= 1- ]( )14 + (Ei-14) [ RMR / 70

(15)

Since the Rock Mass Rating sys-
tem, alias Geomechanics Classification, 
initially presented by Bieniawski (1973), 
was probably the most used classifica-
tion scheme during the '80s and '90s, 
many authors suggested correlations 
to estimate deformation modulus of 
rock masses using this system. These 

methods can be divided into two major 
groups, the non-normalized equations, 
and the normalized equations, and 
are summarized in Tables 2 and 3,  
respectively. Among the non-normal-
ized correlations, the ones proposed 
by Bieniawski (1978), Equation 5, for  
RMR > 50, and Serafim and Pereira 

(1983), Equation 6, for RMR ≤ 56, stand 
out in literature. While for the normalized 
correlations, Nicholson and Bieniawski’s 
(1990), Equation 11, and Sonmez et al.’s 
(2006), Equation 12, are commonly used 
for estimating the deformation modulus 
of rock masses using an RMR number 
for numerical modeling.

and Merritt’s (1970) and Gardner’s 
(1987) correlations are very similar, 
the only difference is that the first is 

only applied for RQD > 57%, while 
the second gives an arbitrary value of 
Erm/Ei for RQD < 57%. The correla-

tion proposed by Zhang and Einstein 
(2004) can be applied for the full range 
for RQD.

Erm

Ei

= 0.0231(RQD) - 1.32 ≥ 0.15
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Table 4 – Q-based methods.

Author (s) Empirical Method Eq.

Grimstad and Barton (1993)a Erm [GPa]=25 log (Q) (16)

Barton (1995)a Erm [GPa]=10 Q(1 ⁄ 3) (17)

Palmström and Singh (2001)b Erm [GPa]=8 x Q(0.4) (18)

Barton (2002)
σci

100
Q x ( )Erm[GPa] = 10

1 / 3
(19)

where σci is the uniaxial compressive strength of the intact rock. a Q > 1. b 1 < Q < 30.

Table 5 – GSI-based methods.

Author (s) Empirical Method Eq.

Hoek et al. (2002)a
σci

100
Erm[GPa] = (1-D/2) 10√

GSI-10
40 (20)

Hoek et al. (2002)b Erm[GPa] = (1-D/2) 10
GSI-10

40 (21)

Gokceoglu et al. (2003) Erm [GPa]=0.1451e(0.0654 GSI) (22)

Hoek and Diederichs (2006)
1-D/2

1+e(75+25D-GSI)/11( )Erm[GPa] = 100 (23)

Hoek and Diederichs (2006)
1-D/2

1+e(60+15D-GSI)/11( )Erm = EI 0.02 + (24)

where D is the disturbance factor of rock mass. a σci ≤ 100 MPa. b σci > 100 MPa.

Regarding the empirical methods 
developed based on the Q-value, most of 
the proposed correlation is indicated for 
fair, good and very good rock qualities, 

e.g., Equations 16 and 17, proposed by 
Grimstad and Barton (1993) and Barton 
(1995), respectively. For weak rocks, Bar-
ton's (2002) correlation, Equation 19, is 

recommended, which takes the strength 
of intact rock into account. Table 4 sum-
marizes these Q based methods, which all 
are not-normalized equations.

Lastly, because of its direct link 
to the Hoek-Brown empirical constants 
and consequently to other engineering 
parameters, such as the Mohr-Coulomb 
strength parameters, i.e., cohesive 

strength and the angle of friction, sev-
eral empirical methods for estimating 
rock mass deformation using GSI have 
been proposed. Among these methods, 
Table 5 presents several GSI-based 

methods to estimate the deformation 
modulus of rock masses, in which the 
generalized Hoek and Diederichs cor-
relation, Equation 23, stands as the only 
normalized equation. 

To assess the behavior of the em-
pirical correlations presented above, 
they were applied to estimate the de-
formability modulus of rock masses 
from a database of different lithologies, 
previously characterized and classified 
according to the rock mass classifica-
tions systems, i.e., RQD, RMR, Q, and 
GSI. Table 6 presents the database of 48 
scenarios selected.

Respecting the chosen database 
described in Table 6, the authors took 
into consideration grouping them ac-
cording to the following criteria: (i) 

lithology variability; (ii) wide range of 
jointed rock mass quality; (iii) availabil-
ity of mechanical properties of the in-
tact rock previously estimated through 
direct or indirect tests; (iv) multiple 
classifications for the same site using the 
RMCS discussed in this study; and (v) 
sites characterized for different civil en-
gineering purposes, e.g., underground 
excavations and dam foundations.

For the comparative study between 
the correlations, the 48 scenarios were 
divided into two groups, taking into 
consideration the similarity between 

the quality of the rock mass. The first 
group, SG-I, consists of the poor quality 
rock mass scenarios, while the second 
group, SG-II, comprises the rock mass 
with better quality. The scenarios pre-
sented in SG-I are: S1, S2, S4, S5, S6, 
S13, S15, S18, S19, S20, S21, S22, S27, 
S29, S32, S34, S35, S36, S38, S42, S43, 
S44, S45, S46, and S47. The SG-II group 
covers the following scenarios: S3, S7, 
S8, S9, S10, S11, S12, S14, S16, S17, S23, 
S24, S25, S26, S28, S30, S31, S33, S37, 
S39, S40, S41, and S48. Table 7 gives 
the descriptive statistics of both groups.

4. Scenarios database
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Table 6 – The 48 rock mass scenarios database.

Scs. Rock Type σci Ei RQD RMR Q GSI Author (s)

S1 Schist 20.0 14.0a 2.0 31 0.010 32

Coşar (2004)

S2 Schist 21.0 14.7a 21.1 34 0.480 39

S3 Schist 79.0 55.3a 13.3 44 0.090 40

S4 Schist 32.0 22.4a 16.1 31 0.200 38

S5 Schist 24.0 16.8a 19.9 34 0.540 40

S6 Limestone 13.0 9.1a 12.2 36 0.180 37

S7 Conglomerate 15.0 6.0a 93.5 58 18.750 52

S8 Shale 55.0 15.0 80.0 70 19.990 77
Bieniawski (1990)

S9 Basalt 70.0 32.0 90.0 74 11.250 79

S10 Limestone 50.0 26.0 94.0 59 6.150 55
Shafiei and Dusseault (2008)

S11 Evaporite 30.0 18.0 78.0 52 1.400 45

S12 Sandstone 95.0 40.0 80.0 55 5.340 66

Shafiei et al. (2007)S13 Sandstone 20.0 11.6 42.0 30 0.410 45

S14 Slate 44.0 41.9 59.0 42 1.930 53

S15 Conglomerate 5.1 3.0 35.0 16 0.031 15 Shafiei et al. (2008)

S16 Conglomerate 57.0 19.9a 80.0 65 12.600 70
Heydari et al. (2019)

S17 Shale 38.0 11.4a 40.0 50 1.100 49

S18 Phyllite 30.0 18.0a 26.0 27 0.040 28

Genis et al. (2007) and 
Genis (2010)

S19 Phyllite 1.5 0.9a 10.0 11 0.002 13

S20 Breccia 15.0 4.4a 28.0 24 0.045 28

S21 Granodiorite 30.8 13.3 50.0 36 0.600 38

S22 Granodiorite 26.0 10.4a 24.0 29 0.330 33

S23 Sandstone 55.0 31.0 50.0 58 3.420b 53
Dalgiç (2002)

S24 Mudstone 31.0 12.0 50.0 46 0.540b 41

S25 Basalt 142.0 40.0 15.0 38 0.630 43

Özsan and Akin (2002)S26 Andesite 93.0 41.2 41.0 34 0.560 41

S27 Tuff 24.0 11.6 10.0 21 0.110 31

S28 Basalt 52.7 39.3 60.0 36 0.130 31c Kocbay and Kilic (2006)

S29 Schist/Slate 44.0 26.4a 44.0 30 0.120 25c
Özsan and Karpuz (1996)

S30 Quartzite 104.3 39.1a 58.0 50 1.170 45c

S31 Basalt 40.6 30.9 62.0 56 1.030 48
Gurocak et al. (2007)

S32 Tuff 8.2 2.2 25.0 34 0.156 32

S33 Limestone 62.3 31.4 69.0 48 1.880 43

Basarir et al. (2005)S34 Sandstone 64.7 27.2 34.0 38 0.450 33

S35 Diabase 32.3 23.5 28.0 24 0.120 19

S36 Schist 24.3 12.9 10.0 28 0.020 22

Rasouli (2009)S37 Andesite 169.8 17.3 21.0 41 0.197 35

S38 Schist 68.1 11.6 12.0 34 0.021 30

S39 Schist 20.0 13.5 16.0 46 0.425 38

Riaz et al. (2016)

S40 Marble 50.0 42.5 21.5 43 1.183 40

S41 Schist 20.0 13.5 43.5 48 1.435 42

S42 Marble/Phyllite 40.0 22.0 19.0 33 0.392 32

S43 Schist 20.0 13.5 10.0 23 0.100 26

S44 Tuff 18.5 10.9 85.0 26 0.070 29
Kaya et al. (2011)

S45 Tuff 29.4 10.6 89.0 30 0.074 35

S46 Granite 74.0 31.5a N/A 24 0.800 19
Basarir (2006)

S47 Diorite 60.0 25.5a N/A 21 0.050 16

S48 Gneiss 85.0 44.6a N/A 69 17.800 80 Sapigni et al. (2003)

where σci is in MPa and Ei is in GPa. Scs. = Scenarios. a Estimated values using modulus ratio (MR) described by Hoek and Diederichs (2006). b Estimated values using 

Barton’s (1995) correlation. c Estimated values using Hoek’s (1994) correlation. The disturbance factor used for all scenarios was 0.
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The first comparative study consid-
ered the variation of estimated values for 
each scenario, based on the application of 
the possible correlations available. Regard-
ing the results of the SG-I, Figure 1 shows 
the box-whisker plots displaying the dis-
tribution of Erm estimated of the scenarios 
in this group. In summary, Equations (12) 
and (19) were responsible for estimating 

the maximum deformation modulus in 
28% (S1, S15, S19, S20, S36, and S38), 
20% (S4, S18, S29, S34, and S42) and 28% 
(S2, S5, S21, S22, S27, S46, and S47) of the 
scenarios analyzed, respectively.

On the other hand, the correlation 
suggested by Equation (13) estimated in 
80% (S2, S4, S13, S15, S18, S19, S20, S21, 
S22, S27, S29, S32, S34, S35, S42, S43, 

S44, and S45) the minimum values for the 
SG-I. Equation (3), which is a RQD-based 
method proposed by Zhang and Einstein 
(2004), was responsible for estimating the 
other 20% minimum values in this group. 
Equations (14), (20), (22), (23) and (24) 
gave the closest result to the mean in each 
study scenario, especially the generalized 
equation of Hoek and Diederichs (2006).

Regarding the group with better 
quality rock masses, SG-II, Figure 2 
shows the distribution behavior of Erm 

calculated for each scenario in this group. 
Equations (7) and (12) estimated almost 
61% (S3, S11, S12, S17, S23, S24, S25, 
S26, S28, S30, S31, S33, S39, and S40) 
of the maximum scenarios’ values of 

rock mass deformation modulus. It was 
Equation (23), however, that estimated 
the highest values (S8, S9, S16, and S48). 
In common, these are the highest quality 
rock mass scenarios in SG-II.

In contrast, Equations (3), (8) and 
(13) were responsible for estimating the 
minimum deformation modulus in 17% 

(S12, S14, S26, S48), 26% (S3, S23, S25, 
S37, S39 and S40) and 22% (S7, S10, S11, 
S16 and S24) of the scenarios analyzed, 
respectively. For the rock quality range 
in SG-II, Equations (11) and (24) esti-
mated values of deformation modulus 
with closest result to the mean in each 
study scenario.

Figure 1 - Box-whisker plots displaying the distribution of Erm estimated for the scenarios in SG-I.

5. Comparative analysis and results

Table 7 – Descriptive statistical of SG-I and SG-II.

#
RQD (%) RMR Q GSI

Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean

SG-1 89 2 28.36 38 11 28.18 0.8 0.002 0.214 45 13 29.4

SG-2 94 13 55.22 74 34 51.39 19.99 0.09 4.739 80 31 50.67

Figure 2 - Box-whisker plots displaying distribution of Erm estimated for the scenarios in SG-II.
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Based on the results presented 
above, it is noticed that non-normalized 
correlations tend to estimate higher 
values of deformation modulus as 
rock quality increases in most cases. 
In order to show this behavior, Figure 
3 presents a comparison between the 
arithmetic mean for each scenario of the 
Erm estimated using the normalized and 
non-normalized correlations.

For some scenarios with good 
rock mass quality, e.g., S8, S9, S16, 

and S48, there is noticeably a higher 
peak of the deformation modulus 
calculated by the non-normalized 
equations when compared with the 
normalized ones. In these cases, Equa-
tions (4), (5), (7), and (9) estimated 
Erm values up to 3 times more than the 
values obtained using Equations (11) 
to (15) and (24).

For the weak rock mass sce-
narios, the difference between the 
not-normalized and the normalized 

correlations is much smaller. There 
are even situations where normalized 
equations give higher values, e.g., S3 
and S40, which are justified by the 
mathematical function of the correla-
tions used. In both scenarios cited, 
the correlation proposed by Mitri 
et al. (1994), which is a function of 
cosine, estimates higher values for 
poor to fair quality rock masses when 
compared with other normalized and 
not-normalized equations.

For the third and final analysis 
of this study, the behavior of the es-
timated deformation modulus values 
was considered, based on the same 
type of classification system for each 
scenario. Regarding the RQD-based 
methods, Figure 4 presents the range 

of rock mass deformation modulus 
calculated using Equations (1) to (3). 
For the scenarios with rock masses 
with RQD > 64%, Equations (1) and 
(2) estimated higher values of Erm 

compared to the values estimated 
by Equation (3). In total, Equation 

(3) only overestimated Erm values in 
less than 7% of the total scenarios 
(S14, S28, and S31). Consequently, 
the correlation proposed by Zhang 
and Einstein (2004) predicted more 
conservative values for the scenarios 
analyzed in this study.

In relation to the values estimated 
using the RMR-based correlations for 
the all the 48 scenarios (Figure 5), 
Equations (9) and (14) presented the 

mean values for poorer quality rocks, 
while Equations (11) and (14) presented 
average values for rocks with better 
quality. On the other hand, Equations 

(12) and (13) resulted in overestimated 
and underestimated values of Erm, re-
spectively, for the full range of rock 
mass quality.

Figure 3 - Estimated average values of rock mass deformation 
modulus for non-normalized (NN) and normalized (N) empirical correlations.

Figure 4 - Rock mass deformation modulus estimated values using RQD-based correlations. 
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Figure 5 - Rock mass deformation modulus estimated values using RMR-based correlations.

Figure 6 - Rock mass deformation modulus estimated using Q-based correlations.

Figure 7 - Rock mass deformation modulus estimated using GSI-based correlations.

To conclude, the GSI-based 
methods, among the other systems, 
were responsible for estimating the 
greatest variation of rock mass de-
formation modulus, especially for 

the scenarios from the SG-II group. 
Taking into consideration only the 
estimated values using Equations 
(20) to (24), as illustrated in Figure 
7, it is remarkable that these equa-

tions estimated similar Erm values for 
scenarios formed by rock masses with 
poor qualities, putting in evidence the 
generalized equation of Hoek and 
Diederichs (2006).

Concerning the empirical methods 
that use Barton’s (1974) Q-value as an 
input parameter for estimating the defor-
mation modulus of rock masses, Figure 
6 gives the behavior of the Erm values  

estimated using Equations (16) to (19). For 
the low-quality rocks scenarios, i.e., from 
the SG-I group, Equation (19) were the 
only that could be used, and yet resulted 
in overestimated values compared to other 

classification scheme methods, as pointed 
out before. For the scenarios with better 
rock mass quality, in general, Equations 
(16) to (17), when applicable, estimated 
similar Erm values.
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6. Conclusions
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these goals. From the results discussed ear-
lier, the conclusions obtained are as follow:

1) For both poor and good quality 

rock mass scenarios, the correlations 
proposed by Hoek and Diederichs (2006) 
and Galera et al. (2007), Equations (14) 
and (24), respectively, estimated more 
central Erm values when compared to 
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