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The geological strength index (GSI) is one of the most exceptional rock mass classiﬁcation system which is used to evaluate very
weak and highly jointed rock mass by diﬀerent approaches and related to rock mass geomechanical properties including
generalized Hoek & Brown constants, deformation modulus, strength properties, and Poisson’s ratio for an appropriate design of
tunnels, caverns, and other engineering structures. The distinctiveness of this system over the rock mass rating (RMR), Q-system,
and other empirical methods is as follows: it utilized ﬁeld observations, blockiness of rock mass, and surface joint characteristics
during the evaluation process of rock mass and eﬃciently espoused as an empirical tool for estimation of geomechanical
properties of rock mass required for pre-post stability of engineering structures using numerical modeling. This study presents the
review of the 19 years of research studies conducted by diﬀerent researchers about the GSI in a systematic way, i.e., origination,
modiﬁcations, applications, and limitations. Furthermore, this study will provide a better understanding to ﬁeld professionals
(geologists, mining and civil engineers) about the qualitative and quantitative estimation of the GSI and its application as an
empirical estimating tool for an appropriate design of engineering structures in rock mass environments.

1. Introduction
The complex nature and uncertain behavior of rock mass due
to anisotropic and presence of unconformities make the rock
mass as diﬃcult material for empirical and numerical
modeling [1–5]. Modeling of such complex nature and uncertain behavior of rock mass in a precise way to decrease the
uncertainty associated with the characterization process is
quite complicated job [6]. Hudson and Feng [4] presented
four primary modeling methods (A, B, C, and D) and eight
submethods arranged in two levels for the solution/modeling
of complex rock mass conditions using forward and back
analysis-based design as shown in Figure 1.

The design process of engineering structure is started
from site investigations and followed by the main four
methods (A, B, C, and D) for completion of the project. At
the preliminary stage of any rock engineering project, the
detail data about geology and geotechnics of the area are not
available for the proper design of engineering structures.
Therefore, to deal with this situation, diﬀerent rock mass
classiﬁcation systems called empirical methods of design
have been developed for completion of the required design
at the preliminary stage of the project [7–10]. The empirical
methods of design are considered very helpful in rock mass
characterization and classiﬁcation into diﬀerent classes
having similar characteristics for quickly understanding and
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Figure 1: Summary of diﬀerent methods for the solution of rock engineering problems [4].

the construction of underground engineering structures
[11, 12] based on discontinuities and physiomechanical
properties of rock mass for capturing the real image of the in
situ conditions at the preliminary stage for eﬀective design of
engineering structures [13, 14]. Numbers of empirical
methods of design have been developed based on civil and
mining engineering related case studies by various researchers in order to ensure the curative of the complex
nature of rock mass for the design of tunnels, caverns, rock
slopes, and general purposes as shown in Table 1.
These empirical methods have wide applications in the
civil and mining ﬁelds. Each empirical approach used deﬁned input parameters, including ﬁeld observations and
laboratory testing, for solving diﬀerent aspects of rock engineering projects [36, 37]. In the aforementioned empirical
methods, RMR and Q-system are widely used classiﬁcation
systems for various purposes in rock engineering and
considered as a base for the development of other classiﬁcation systems [28, 33, 38].
The rock mass rating (RMR) and tunneling quality index
(Q-system) used rock quality designation (RQD) as an integral input parameter in the evaluation of rock mass quality
for the design of a support system for underground structures [39]. The value of RQD is determined by core drilling,
which is a very tedious procedure [17]. The procedure is
cost-eﬀective, and the value of RQD for a very weak rock is
usually considered zero [17]. This condition leads to an
estimation of the inappropriate value of RMR and Q-system
for the classiﬁcation of rock mass [40]. The RMR and

Q-system classiﬁcation systems are mostly used for simple
rock mass behavior, and these are less reliable to be used in
squeezing, deﬁned structural failures, rock bursting under
very high-stress conditions, and estimation of rock mass
properties for numerical modeling and less helpful in
gaining information about the sequential installation of
supports for controlling of progressive failure in weak rock
mass conditions during tunneling construction [41].
Keeping in view of the above weaknesses of RMR and
Q-system, the GSI rock mass classiﬁcation system was developed. After development of the GSI system, diﬀerent
researchers, worldwide, have conducted research studies
about the various aspects of the GSI system to accommodate
and evaluate weakest, jointed, and heterogeneous rock mass
environment for design of engineering structures and numerical modeling [11, 13, 41–57]. The research conducted so
far on GSI is not comprehensive reviewed in a systematic
way, therefore, it is very important, to carry out a systematic
and comprehensive review of the research conducted about
the various aspects of GSI system in order to provide a better
understanding to ﬁeld professionals (geologists, mining and
civil engineers) about the GSI system and its application as
an empirical classiﬁcation and rock mass property estimation tool for an appropriate design of engineering structures
and numerical modeling.
In this study, a review of 19 years of research conducted
by diﬀerent researchers about the various aspects of the GSI
is presented in a systematic way. The review about the GSI is
divided into four categories, i.e., origination, modiﬁcations,
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Table 1: Empirical methods for rock mass classiﬁcation and design of engineering structures in rock mass.
S. no
1
2
3
4
5

Empirical method
Rock load
Stand-up time
Rock quality designation (RQD)
Rock structure rating (RSR)
Rock mass rating (RMR)

Year
1946
1958
1963, 1966
1972
1973 (modiﬁcations
1989)
1974 (last
modiﬁcation 2002)

Applications
Tunnels with steel support
Tunneling
Tunneling
Tunneling

Authors
Terzaghi
Lauﬀer
Deere and Miller
Wickham et al.

Reference
[15]
[16]
[17, 18]
[19]

Tunnels, mines, slopes

Bieniawski

[20, 21]

Tunnels, mines,
foundations

Barton et al.

[22]

6

Tunneling quality index (Q)

7

New Austrian tunneling method (NATM)

1974

Tunneling

8
9
10

1975
1981
1982

Tunneling
General
Metal mining

1984

General

12

Size strength classiﬁcation
Basic geotechnical classiﬁcation (BGC)
Rock mass strength (RMS)
Uniﬁed rock mass classiﬁcation system
(URCS)
Rock mass index (RMi)

1996

13

Geological strength index (GSI)

Tunneling
All underground
excavations

11

1997

15

Rock tunneling quality index by TBM
excavation (QTBM)
Continuous rock mass rating (CRMR)

16

Rock mass excitability (RME)

2006

17

Rock mass quality rating (RMQR)
Modiﬁcation of the rock mass rating system
(rock Bolt Supporting factor (RSF))
Anisotropic rock mass rating (ARMR)

2015

14

18
19

1999

TBM tunnels

2003

General

2017
2018

applications, and limitations, in order to provide a better
understanding to ﬁeld professionals (geologists, mining and
civil engineers) about the qualitative and quantitative estimation of the GSI for assessment of rock mass and use the
GSI as an empirical estimating tool for an appropriate design
of engineering structures in rock mass environments.

2. Origination of the Geological Strength
Index (GSI)
After reviewing the empirical methods of design as presented in Table 1, the following grounds are identiﬁed for the
development of the GSI:
(a) RQD is an integral part of RMR and Q-system. In
weak rock mass conditions, RQD value is taken as
zero using Deree et al. procedure and equation (1)
[58]. This condition leads to an estimation of the
inappropriate value of RMR and Q-system for rock
mass classiﬁcation [40].
(b) RMR, Q-system, and other rock mass classiﬁcation
systems are inconvenient to provide information about
the requirement of the support system in complex
tunneling conditions for controlling progressive failure
and design of proper sequentially installed temporary
supports, and on the contrary, the numerical methods
are considered very eﬀective to give detail information
about this situation. The numerical methods used the
physiomechanical and deformation properties of rock
mass surrounding the tunnel as input parameters.

Pacher and
Rabcewicz
Franklin
ISRM
Stille and Groth
Williamson and
Kuhn
Palmström

[23]
[24]
[25]
[26]
[27]
[28]

Hoek and Kaiser

[29]

Barton

[30]

Sen and Bahaaeldin
Bieniawski von
TBM tunnels
Prein et al.
General
Aydan et al.
Tunneling and
Mohammadi and
underground excavations
Hossaini
Tunneling and general
Saroglou et al.

[31]
[32]
[33]
[34]
[35]

These properties of the rock mass are diﬃcult to
measure in the ﬁeld due to uncertain rock mass
conditions and challenging procedure [7, 40, 58–60].
Researchers are now focused on estimating the rock
mass properties rather than ﬁnding in the ﬁeld [61]. In
this regard, the ﬁrst attempt was made to estimate the
rock mass properties by Hoek and Brown in 1980 [61].
Hoek and Brown developed failure criteria to estimate
the rock mass properties. It was realized after the
development of Hoek and Brown’s failure criteria that
this failure criterion should be linked with actual
geological observations of the ﬁeld to gain its practical
value [41]. Thus, in this context, the development of the
geological strength index (GSI) was started in Toronto
with taking engineering geology as input from David
Wood in 1992 by Hoek et al. to classify weak and
jointed rock mass environments.
RQD � (length of core pieces > 10 cm length)
×

100
.
total length of core run

(1)

3. Geological Strength Index (GSI)
The geological strength index (GSI) is a rock mass characterization tool developed for the design of tunnels,
caverns, and other underground structures based on ﬁeld
observations including geological data about rock mass,
inputs from qualiﬁed and expertise ﬁeld geologists/

4
engineers about the visual impression of the rock structure
including block and surface condition of the discontinuities
represented by joint characteristics (roughness and alteration) and providing reliable data in the form of rock mass
strength properties which are used as input parameters for
numerical
analysis
or
closed-form
solutions
[41, 46, 50, 55, 62]. The GSI classiﬁcation system has gained
wide acceptance as an empirical tool for estimating the
strength and deformation characteristics of heavily jointed
rock masses [11]. The development process of the GSI was
started in Toronto, Canada, taking input about engineering
geology from David Wood by Hoek et al. [41, 44]. The GSI
was further linked with Hoek and Brown failure criterion to
estimate rock mass properties in true spirit in 1994 as
presented by Hoek and Kaiser in 1995 [29] and Hoek and
Brown in 1997. The GSI system classiﬁes the rock mass
environment into ﬁve categories ranging from very good to
very poor based on the ﬁeld observations about the rock
mass structure ranging from blocky to disintegrated
(poorly interlocked and heavily broken rock mass)
[43, 61, 63]. The numeric value of the GSI is estimated from
the quantiﬁed diagonal lines ranging from 10 to 80 and
having an interval of 5. The quality of rock mass is divided
into ﬁve categories and four rock mass structure domains.
The basic GSI chart is presented in Figure 2.

4. Modifications in the GSI
The GSI rock mass classiﬁcation system was updated and
modiﬁed from time to time, keeping in view its applicability
and the mode of assessment of rock mass and estimation of
rock mass strength properties. The details of the review of
the improvements and modiﬁcation in the GSI system made
by diﬀerent researchers are described in the following
paragraphs.
Hoek, in 1994 [63], linked the Hoek and Brown failure
criterion, and its constants with each surface quality of rock
mass of the basic GSI chart in order to achieve the primary
estimating objective of the GSI system for each rock mass
structure domain as presented in Figure 3 without changing
the rock mass structure domain and quality in the basic GSI
chart. The estimating parameters for each rock mass quality
and structure domain includes Hoek and Brown constants
(s, a), rock mass deformation modulus (Em), and Poisson’s
ratio (v).
Hoek et al., in 1998 [43], made an extension in the GSI
classiﬁcation system to accommodate the weakest Athens
Schist rock masses. The foliated/laminated/sheared rock
mass category of the said area has been added to the basic
GSI chart to represent thinly laminated, foliated, and
structurally sheared weak rocks. The rock mass included in
this category is not associated with good to very good surface
quality, while it is associated with poor to very poor surface
quality; due to its poor rock mass quality and shear behavior,
the rock mass falls into disintegrated and foliated/laminated
categories having the GSI value ranging from 5 to 30 [43].
The extension in the GSI is shown in Figure 4.
From 1974 to 1998, the GSI value is estimated qualitatively based on thorough geological visual observations of
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ﬁeld and expertise of professionals about collecting data. The
degree of correctness of the GSI value mainly depends on the
expertise of the data collector and vice versa. It means that the
GSI value may be estimated diﬀerently by diﬀerent people
based on the degree of expertise [47]. Therefore, it was essential to overcome these diﬃculties in the estimation of the
GSI value. The era of switching from qualitative to quantitative estimation of the GSI value started in early 1999 in order
to estimate the GSI value appropriately as possible. In this
regard, the ﬁrst attempt was made by Sonmez and Ulusay in
1999 to develop a reﬁned quantitative numerical basis for
estimating the GSI value, to suggest quantities for estimation
of rock mass strength as an additional tool, and to apply the
GSI in the stability analysis of slopes [52]. During the development of the quantiﬁcation of the GSI chart, Sonmez and
Ulusay did not consider the extension made in the basic GSI
chart by Hoek et al. [43]. For GSI quantiﬁcation, Sonmez and
Ulusay suggested structure rating (SR) based on Jv (volumetric joint count), which describes the rock mass structure
and surface condition rating (SCR) based on roughness,
weathering, and inﬁlling nature of joints. SCR was calculated
using a rating of Rr, Rw , and Rf [21, 64]. The total rating of
SCR is obtained using the following equation [52]:
SCR � Rr + Rw + Rf ,

(2)

where Rr, Rw , and Rf represent roughness, weathering, and
inﬁlling, respectively.
The SCR maximum range of the rating is 18, and the SCR
axis is divided into 18 equal parts as shown in Figure 5.
Jv is estimated from a joint survey about block size using
equations (3) and (4) [52]:
Jv �

N1 N2 N3
N
+
+
+ · · · + n,
L1 L2 L3
Ln

(3)

Jv �

1 1 1
1
+ + +··· + ,
S1 S2 S3
Sn

(4)

where S is joint spacing, N is the number of joints along
scanline, L is the scanline length, and n is the joint set
number. Equations (3) and (4) are used when there are
limited joints available, and the rock may deal as isotropic
and homogenous. For highly joint conditions, Sonmez and
Ulusay suggested the following equation to be used [52]:
Jv �

Nx Ny Nz
×
×
···.
Lx Ly Lz

(5)

It is complicated to assess joints in all directions during a
scanline joint survey; therefore, for easiness, the rock mass is
assumed as a homogenous material. For this condition,
equation (5) is simpliﬁed as
N 3
Jv �   .
L

(6)

Marinos and Hoek, in 2000 and 2001, thoroughly
worked on incredible jointed rock masses surrounding the
tunnels in Greece and included the intact/massive category
in the structure domain and joint characteristics in the GSI

Structure

Fair
Smooth and/or moderately weathered and altered
surfaces

Good
Rough, maybe slightly weathered or iron-stained
surfaces

Surface conditions

From the description of structure and surface conditions of
the rock mass, pick an appropriate box in this chart.
Estimate the average values to the geological strength
index (GSI) from the contours. Do not attempt to be too
precise. Quoting a range of GSI from 36 to 42 is more
realistic than stating that GSI = 38. It is also important to
recognize that the Hoek–Brown criterion should only be
applied to rock masses where the size of individual blocks
is small compared with the size of the excavation under
consideration.

Very good
Very rough and fresh unweathered surfaces

Geological strength index

Very poor
Slickensided and highly weathered surfaces with soft
clay coatings or ﬁllings

5

Poor
Slickensided or highly weathered surfaces or compact
coatings with ﬁllings of angular fagments
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Decreasing surface quality

80
Blocky-very well interlocked, undisturbed
rock mass consisting of cubical blocks formed
by three orthogonal discontinuity sets

70

60
Very blocky-interlocked, partially disturbed
rock mass with multifaceted angular blocks
formed by four or more discontinuity sets
Decreasing interlocking of rock pieces

Blocky/disturbed-folded and/or faulted with
angular blocks formed by many intersecting
discontinuity sets

50

Disintegrated-poorly interlocked, heavily
broken rock mass with a mixture of angular
and rounded rock pieces

40

30

20

10

Figure 2: GSI basic chart [43, 61, 63].

chart from lithology, structure, and surface conditions of
rock mass discontinuities [42, 45, 48] as shown in Figure 6.
Cai et al., in 2004 [50] introduced block volume (Vb),
joint condition (Jc) factor for quantifying GSI value and
insert massive block segment in structure domain of GSI as
shown in Figure 7. Inserting these parameters not only
decreased the dependency on ﬁeld experience required for

estimation of GSI value but also maintained the simplicity
of GSI chart developed by Marinos and Hoek in 2000 and
2001. The inﬂuence of these two parameters, i.e., Vb and Jc,
were calibrated using published data and further veriﬁed on
two caverns as case studies based on the back analysis
technique. The block volume is determined by the following equation:

6
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Good
Rough, slightly weathered, iron-stained
surfaces

Fair
Smooth, moderately weathered, or altered
surfaces

Poor
Slickensided, highly weathered surfaces with
compact coatings or ﬁllings containing angular
rock fragments

Very poor
Slickensided, highly weathered surfaces with
soft clay coatings or ﬁllings

Generalised Hoek–Brown Criteria

0.60
0.190
0.5
75,000
0.2
85

0.40
0.062
0.5
40,000
0.2
75

0.26
0.015
0.5
20,000
0.25
62

0.16
0.003
0.5
9,000
0.25
48

0.08
0.0004
0.5
3,000
0.25
34

0.40
0.062
0.5
40,000
0.2
75

0.29
0.021
0.5
24,000
0.25
65

0.16
0.003
0.5
9,000
0.25
48

0.11
0.001
0.5
5,000
0.25
38

0.07
0
0.53
2,500
0.3
25

mb/mi
s
α
Em
ν
GSI

0.24
0.012
0.5
18,000
0.25
60

0.17
0.004
0.5
10,000
0.25
50

0.12
0.001
0.5
6,000
0.25
40

0.08
0
0.5
3,000
0.3
30

0.06
0
0.55
2,000
0.3
20

mb/mi
s
α
Em
ν
GSI

0.17
0.004
0.5
10,000
0.25
50

0.12
0.001
0.5
6,000
0.25
40

0.08
0
0.5
3,000
0.3
30

0.06
0
0.55
2,000
0.3
20

0.04
0
0.60
1,000
0.3
10

σ1′ = major principal effective stress at failure
σ3′ = minor principal effective stress at failure
σc = uniaxial compressive strength of intact
pieces of rock
mb, s, and α are constants which depend on
the composition, structure, and surface
conditions of the rock mass

Structure

Blocky - very well interlocked,
undisturbed rock mass consisting
of cubical blocks formed by three
orthogonal discontinuity sets

Very blocky - interlocked,
partially disturbed rock mass with
multifaceted angular blocks formed
by four or more discontinuity sets

Blocky/seamy - folded and
faulted with many intersecting
discontinuities forming angular
blocks

Crushed - poorly interlocked,
heavily broken rock mass with a
mixture of angular and rounded
blocks

mb/mi
s
α
Em
ν
GSI

mb/mi
s
α
Em
ν
GSI

Very good
Very rough, unweathered surfaces

Surface condition

σ1′ = σ3′ + σc (mb (σ3′/σc) + S)a

Figure 3: Hoek and Brown failure criterion linkage with the GSI [63].

Vb �

s1 × s2 × s3
,
sin c1 × sin c2 × sin c3

(7)

where s is joint spacing and c is the angle between joint sets,
as shown in Figure 8.
Due to variations in joint spacing, the eﬀect of c between
joint sets is relatively small. Therefore, the block volume can
be estimated for practical purpose as

V b � s1 × s2 × s3 .

(8)

Since joints are discontinued, it is essential to determine
equivalent block volume using the following equation:
s1 × s2 × s3
1
�×
Vb � 3 ����������
,
P1 × P2 × P3 sin c1 × sin c2 × sin c3

(9)

Structure

Fair
Smooth, moderately weathered, and altered
surfaces

Good
Rough, slightly weathered, iron-stained surfaces

Very good
Very rough and fresh unweathered surfaces

From the description of structure and surface conditions of
the rock mass, pick an appropriate box in this chart.
Estimate the average value to the geological strength
index (GSI) from the contours. Do not attempt to be too
precise. Quoting a range of GSI from 36 to 42 is more
realistic than stating that GSI = 38. It is also important to
recognize that the Hoek–Brown criterion should only be
applied to rock masses where the size of individual blocks
is small compared with the size of the excavation under
consideration

Surface conditions

Geological strength index

Very poor
Slickensided, highly weathered surfaces with soft
clay coatings or ﬁllings

7

Poor
Slickensided or highly weathered surfaces with compact
coatings or ﬁllings of angular fragments
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Decreasing surface quality

80

Blocky–very well interlocked, undisturbed rock
mass consisting of cubical blocks formed by three
orthogonal discontinuity sets

70

60
Very blocky-interlocked, partially disturbed rock
mass with multifaceted angular blocks formed by
four or more discontinuity sets
Decreasing interlocking of rock pieces

Blocky/disturbed-folded and/or faulted with
angular blocks formed by many intersecting
discontinuity sets

50

40

30

20

Disintegrated-poorly interlocked, heavily broken
rock mass with a mixture of angular and rounded
rock pieces

Foliated/laminated/sheardthinly laminated or foliated, tectonically
sheared weak rocks; closely spaced schistosity
prevails over any other discontinuity set, resulting
in complete lack of blockiness

10

N/A

N/A

Figure 4: Extension in the basic GSI chart [43].
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90

70
60
Very good
Very rough, fresh unweathered
surfaces

50
40
30
20
10
0
0.1

1

10

103

102

104

Volumetric joint count, Jv (joint/m )
3

Surface condition rating (SCR)
18 17 16 15 14 13 12 11 10 9 8 7 6 5

4

3

2

1

100
95

80

90

Blocky - very well interlocked, undisturbed rock
mass consisting of cubical blocks formed by three
orthogonal discontinuity sets

85
70
80
75
60
70
65

Very blocky - interlocked, partially disturbed rock
mass with multifaceted angular blocks formed by
four or more discontinuity sets

60
Structure rating (SR)

Structure rating, (SR)

80

Very poor
Slickensided, highly weathered
surfaces with soft
clay coatings or ﬁllings

Disintegrated

Poor
Slickensided or highly weathered
surfaces with compact coatings
or ﬁllings of angular fragments

B/D

Fair
Smooth, moderately weathered, or
alterted surfaces

VB

Good
Smooth, slightly weathered, iron-stained
surfaces

Blocky

100

Slightly
Roughness Very
Smooth Slickensided
rough
rating (Rr) rough Rough
5
1
0
6
3
Slightly Moderately Highly Decomposed
Weathering
0
rating (Rw) None weathered weathered weathered
6
5
3
3
Hard
Hard
Soft
Soft
Inﬁlling
> 5mm
> 5mm
rating (Rf) None < 5 mm > 5mm
6
4
2
2
0
SCR = Rr + Rw + Rf

Blocky/disturbed - folded and/or faulted with
angular blocks formed by many intersecting
discontinuity sets

50

55
50
40
45
40
35
30

30

25
20
20
Disintegrated- poorly interlocked, heavily broken
rock mass with a mixture or angular and rounded
rock pieces

15
10
5
0

Figure 5: Quantiﬁcation of the GSI chart [52].
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Structure

Very poor
Slickensided, highly weathered surfaces with soft
clay coatings or ﬁllings

Poor
Slickensided, highly weathered surfaces with compact
coatings with ﬁllings or angular fragments

Fair
Smooth, moderately weathered, and altered surfaces

Good
Rough, slightly weathered, iron-stained surfaces

Very good
Very rough, fresh unweathered surfaces

From the lithology, structure, and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced is water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt by eﬀective stress analysis.

Surface conditions

Geological strength index for
jointed rocks [49]

Decreasing surface quality

Intact or massive - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

90

N/A

N/A

80

Very blocky - interlocked,
partially disturbed mass with
multifaceted angular blocks
formed by 4 or more joint sets

Blocky/disturbed/seamy
-folded with angular blocks formed
by many intersecting discontinuity sets.
Persistence of bedding planes or schistosity

70

Decreasing interlocking of rock pieces

Blocky - well interlocked, undisturbed
rock mass consisting of cubical blocks formed
by three intersecting discontinuity sets

60

50

40

30

Disintegrated - poorly interlocked,
heavily broken rock mass
with mixture of angular and
rounded rock pieces

Laminated/sheared - Lack
of blockiness due to close spacing
of weak schistosity or shear planes

20

10
N/A

N/A

Figure 6: GSI chart for jointed rock mass [42, 45, 48].
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Very poor
Slickensided, highly weathered surfaces with soft
clay coatings or ﬁllings

zo
ne

60
50

lur
e

85

80

75
3
65
5

4
40
30 cm

1E + 6
(1 m3)

fai

90
80
70

zo
ne

lur
e
fai

100 cm 90

100E + 3

70

Back calculated GSI

55
2

1

10E + 3

45

20

60
Predicted GSI

50

35

10 cm

1000
(1 dm3)

40
25
Blocky/disturbed-folded and/or
faulted with angular blocks formed
by many intersecting discontinuity sets
Joint spacing 3–10 cm

30

5

100
15

3
Disintegrated poorly interlocked,
heavily broken rock mass with a
mixture or angular
and rounded rock pieces
Joint spacing < 3 cm

20
10

2

10

1cm
Foliated/laminated/sheared-thinly
laminated or foliated, tectonically sheared
weak rock; closely spaced schistosity
prevails over any other discontinuity set,
resulting in complete lack of blockiness
Joint spacing < 1 cm

1

N/A

12

N/A

4.5

1.7
0.67
Joint condition factor Jc

Figure 7: GSI quantiﬁcation chart [49].

5
0.25

0.1

0.1

Block volume Vb (cm3)

Very blocky-interlocked, partially
disturbed rock mass with multifaceted
angular blocks formed by four or more
discontinuity sets
Joint spacing 10–30cm

95
150

Br
ittl
e

Blocky-very well interlocked,
undisturbed rock mass consisting
of cubical blocks formed by three
orthogonal discontinuity sets
Joint spacing 30–100 cm

10E + 6

Br
ittl
e

Massive - very well interlocked,
undisturbed rock mass blocks formed
by three or less discontinuity sets
with very wide joint spacing
Joint spacing > 100 cm

Poor
Slickensided, highly weathered surfaces with compact
coating or ﬁllings of angular fragments

Block size

Fair
Smooth, moderately weathered or
altered surfaces

GSI

Good
Rough, slightly weathered, iron-stained
surfaces

Very good
Very rough, fresh unweathered surfaces

Joint or block wall condition
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Joint set 1

S3

γ2

γ3

γ1

S2

Joint set 2

Joint set 3

5.1. Estimation of the Generalized H-B Failure Criterion
Constants and Mohr–Coulomb Failure Constants. Hoek and
Brown, in 1980 [61, 74, 75], proposed the nonlinear failure
criterion as given in equation (11) for estimation of intact
rock strength based on a wide range of triaxial tests on intact
rock samples.
������������
(11)
σ 1 � σ 3 + mCoσ 3 + sCo2 ,
where σ 1 and σ 3 are major and minor principal stresses,
respectively, Co is the uniaxial compressive strength, and m
and s are Hoek and Brown constants. Equation (11) can also
denoted as
0.5

σ 1 � σ 3 + σ ci m

S1

Figure 8: Joint sets and angle between joint sets [49].

where P is the joint persistent factor.
The joint condition factor, similar to the factor used by
Palmstrom [28], is determined by the following equation:
Jc �

Js × Jw
,
Ja

(10)

where Js, Jw , and Ja are joint spacing, roughness, and alteration ratings.
Hoek et al., in 2005 [64], incorporated weak, heterogeneous rock masses, and lithological variability of a rock
mass. Hoek et al. developed two charts for conﬁned and
ﬁssile molaissic rock masses for tunnels and surface
excavations.
Hoek et al., in 2013, inserted scales at the x-axis and yaxis represented by A and B, respectively, in the GSI chart
developed by Hoek and Marinos 2000. Scale A is representing the surface quality of rock mass, having a range from
0 to 45 divided into 5 divisions at an interval of 9. Scale B is
representing block interlocking and structure domains of the
rock mass, having a range from 0 to 50 divided into 5 divisions at an interval of 10 [13].
Furthermore, Marinos and Hoek deﬁned scale A by 1.5
JCond89, and scale B is deﬁned as RQD/2 in the basic GSI
chart, as shown in Figure 9.

5. Applications of the GSI as an Empirical
Estimation Tool for Geomechanical
Properties of Rock Mass
The GSI system is explicitly used in estimations of rock mass
strength and deformation properties based on Hoek and
Brown failure criterion for numerical modeling and analysis
of projects in rock engineering [8, 9, 11, 22, 39–41, 43, 47,
49–51, 53, 54, 61, 64–73]. The exceptionality of the GSI over
other empirical methods (RMR, Q-system, etc.) is that this
empirical method determined the rock mass strength and
deformation properties of weak to very weak rock mass
environment and addressed the rock heterogeneity in the
best way. The details of the GSI, as an empirical estimation
tool, are discussed in the following.

σ3
+ s .
σ ci

(12)

The Hoek and Brown failure criterion is updated from
time to time in accordance to experience gained and to
address certain practical limitations [29, 44, 61, 76]. Hoek
and Brown developed a generalized failure criterion, also
known as 2002 edition, to estimate jointed rock mass
strength as given in the following equation [11, 13, 42,
48, 49, 76, 77]:
a

σ 1 � σ 3 + σ c  mb

σ3
+ s ,
σc

(13)

where mb, s, and a are material constants. Hoek and Brown
constants are determined by equations (14)–(16), respectively, when the GSI value and D are known [78, 79]. The
other empirical methods are used to determine the Hoek and
Brown constants.
mb � mi exp 

GSI − 100 a
 ,
28 − 14 D

(14)

GSI − 100
s � exp
,
9 − 3D
1
a � 0.5 +  e−
6

GSI/15

− e−

(15)
20/3

,

(16)

where D is a disturbance factor which depends on the nature
of the blast and mi is the intact rock constant.
The Hoek–Brown constants mb, s, and a for jointed rock
mass are determined using the following equations without
disturbance factor (D) or when the D value is zero (control
blast of excavation by TBM) [52].
When the GSI value is estimated, then the following
equation is used to determine the value of mb:
mb � mi exp

GSI − 100
.
28

(17)

When GSI > 25, then s is calculated from the following
equation as
s � exp

GSI − 100
.
9

For good quality of rock mass,

(18)
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Very poor
Slickensided, highly weathered surfaces with soft clay
coatings or inﬁllings

Poor
Slickensided, highly weathered surfaces with compact
coatings or ﬁllings of angular fragments

This chart applies to tunnels of about 10m
span and slopes < 20 m high. For larger
Caverns and slopes, consider reducing GSI
to account for decreasing block interlocking.

Fair
Smooth, moderately weathered, and altered surfaces

Good
Rough, slightly weathered, iron-stained surfaces

For intact or massive rock with GSI > 75,
check for brittle spalling potential. For
sparsely jointed rock with GSI > 75, failure
will be controlled by structurally deﬁned blocks
or wedges. The Hoek–Brown criterion should
not be used for either of these conditions.

Very good
Very rough, fresh unweathered surfaces

From the lithology, structure, and observed
discontinuity surface conditions, estimate the
average GSI based on the descriptions in
the row and column headings. Alternatively,
from logged RQD values and joint condition
ratings (from Bieniawski, 1989), estimate
GSI = 1.5 JCond89 + RQD/2 based on the
scales attached to the chart axes.

Surface conditions

Geological strength index (GSI)
for jointed blocky rock masses

Decreasing surface quality

Structure

40

80

Blocky-well interlocked,
undisturbed rock mass made
up of cubical blocks formed by
three sets of intersecting joints

70

35

Decreasing interlocking

20

RQD/2

50

25

40

15

30

Blocky, disturbed/seamy
-folded with angular blocks formed
by many intersecting joint sets.
Persistence of bedding planes or
schistosity

60

30
Very blocky-interlocked,
partially disturbed rock mass,
multifaceted angular blocks
formed by 4 or more joint sets

10

20

Disintegrated-poorly interlocked, heavily broken rock mass
with mixture of angular and rounded
rock pieces

10

5

0
45

40

35

30

25
20
1.5 JCond89

15

10

5

0

Figure 9: GSI showing scale A represented by 1.5 JCond89 and scale B by RQD/2 [13].

a � 0.5.

(19)

When GSI < 25, then the rock mass is of poor quality,
and
s � 0.

(20)

And the value of a is determined by the following
equation:

a � 0.65 −

GSI
.
200

(21)

The Mohr–Coulomb failure criterion is also called as the
linear failure criterion which is used in estimation of
strength of rocks for design purpose. The constants, i.e.,
cohesion (Cm) and angle of internal friction (φm), or shear
strength parameters are empirically estimated using

Advances in Civil Engineering

13

equations (22) and (23) [80, 81], respectively, when intact
rock and rock mass constants (mb, s, and a) are known:

a− 1

Cm �

σ ci (1 + 2a)s + (1 − a)mb σ 3 n mb σ 3 n + s
����������������������������������,
a− 1
(1 + a)(2 + a) 1 + 6amb mb σ 3 n + s /(1 + a)(2 + a)

⎡
φm � sin− 1 ⎣

3amb mb σ 3 n + s

a− 1

(1 + a)(2 + a) + 3amb mb σ 3 n + s

When the GSI value is known, then equations (14)–(21)
can be used to ﬁnd the values of mb, s, and a for estimation of
cohesion and angle of internal friction.
5.2. Estimation of the Rock Mass Deformation Modulus.
Rock mass deformation modulus is an integral parameter for
numerical modeling of rock engineering problems for pre
and post failure analysis and assessment of the eﬀectiveness
of design [7]. The determination of rock mass deformation
modulus in the ﬁeld is a very challenging job, and the obtained results may be questionable due to complicated
procedures [7, 38, 59, 61, 73, 82]. Therefore, most of the
researchers prefer to estimate the rock mass deformation
modulus rather than determining in the ﬁeld through in situ
techniques [49, 59, 69–73, 77, 82–85]. The empirical models
developed based on GSI values for rock mass deformation
modulus are presented in Table 2.

(22)

a− 1

⎦⎤.

(23)

5.4. Relation of GSI with Other Rock Mass Classiﬁcation
Systems. Hoek and Diederichs developed an alternate
equation for estimation of the GSI using surface joint
characteristics/ratio, as shown in the following equation
[46]:
GSI � 1.5JCOND89 +

RQD
.
2

(38)

Equation (38) can be rearranged to estimate the value of
RQD, as shown in the following equation:
RQD � 2(GSI − 1.5JCOND89).

(39)

Barton et al., in 1974, suggested a relation representing
the detail of joint condition (joint alteration (Ja), joint
roughness (Jr)) as given in the following equation:
Jr/Ja
.
1 +(Jr/Ja)

JCOND89 � 35

(40)

Substituting equation (40) into equation (39), we will get
5.3. Estimation of the Rock Mass Strength and Poisson’s Ratio.
The strength and passion ratio are very important parameters used in numerical modeling of rock engineering
problems for evaluating the behavior of rock mass. The in
situ determination of these properties of rock mass using
diﬀerent methods is diﬃcult and time-consuming as compared to empirical methods [7]. The following are diﬀerent
empirical models using GSI and other parameters for estimation of strength and Poisson’s ratio of a rock mass.
Ramamurthy, in 1993, established an empirical model
using GSI and σ c (compressive strength of the rock) for
estimating the compressive strength of rock mass as given in
the following equation [91]:
σ c m � σ c e(GSI−

100)/18.5

.

(35)

Vásárhelyi in 2009 [93], developed linear empirical
models, as shown in equations (36) and (37), for estimation
of Poisson’s ratio using GSI, Poisson’s ratio for intact rock
(vi ), and Hoek–Brown constant (mi) [93]:
vrm � − 0.002GSI + vi + 0.2,

(36)

vrm � − 0.002GSI − 0.003mi + 0.457,

(37)

where vrm is Poisson’s ratio for rock mass and vi is intactrock Poisson’s ratio.

Jr/Ja
.
1 +(Jr/Ja)

RQD � 2(GSI − 52.5)

(41)

Various researchers, worldwide, have developed diﬀerent correlations for estimating the GSI value using RMR76,
RMR89, Q value, RMR, RCR, RSR, and RMI as shown in
Table 3.
5.5. Application of the GSI System in Stability Analysis of Slope,
Tunnels, and Excavations. Sonmez and Ulusay, in 1999 [52],
developed a reﬁne quantitative numerical basis for estimating the GSI value, as shown in Figure 5. They used
disturbance factor due to the method of excavation (mode of
blasting) and rock mass strength for estimating the GSI
value. For stability of slopes, they used the GSI value as the
input in HOBRSLP software for slope stability analysis of
circular and noncircular slip surfaces. In 2013, Hoek et al.
[13] presented a simpliﬁed qualitative approach for stability
analysis of tunnels having s span of 10 m and slopes having a
height less than 20 m. For larger caverns and slopes, consider
reducing value of the GSI for decreasing block interlocking.
Furthermore, the GSI value is usually used as an input
parameter in RocLab software for evaluating diﬀerent
strength parameters of rock mass and numerical tools such
as RS2 and RS3 developed by Rocscience, for numerical
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Table 2: Empirical models for rock mass deformation modulus.

S.
no

Empirical
model
Erm � Ei(sa )0.4 Ei � 50 GPa, s � e((GSI− 100)/9) ,
a � 0.5 + (1/6)(e(− GSI/15) − e(− 20/3) )
�������
Erm � (1 − (D/2) ) (σ c /100)10((GSI− 10)/40) for σ c < 100 MPa

1
2

Erm � (1 − (D/2))10((GSI−

3

10)/40)

for σ c > 100 MPa

Unit

GPa Sonmez et al.
GPa

Hoek et al.

GPa

Hoek et al.

5

Erm � Ei0.02 + ((1 − (D/2))/(1 + exp((60 + 15 D − GSI)/11)))

MPa

6

Erm � 105 ((1 − (D/2))/(1 + exp((75 + 25 D − GSI)/11))) 

MPa

7

Erm � Ei(e(GSI− 100)/A )
���������������
√��
Erm � tan( 1.56 + (ln(GSI))2 ) 3 σ c
�������
Erm � (σ c /100) ∗ 10(GSI− 10)/40 for σ c < 100 MPa

GPa

8
9
10
11
12

Erm � Ei(s)3/4 , where s � e((GSI−

100)/9)

0.06GSI

Erm��������
0.35 ∗�exp
Erm � (Ei/100)10((GSI−

20)/35)

Name of the
researcher

GPa
GPa

Hoek and
Diederichs
Hoek and
Diederichs
Ván and
Vasarhelyi
Beiki et al.
Palmström
and Singh

GPa Sonmez et al.
GPa
GPa

Majdi et al.
Majdi et al.

Parameters Year References
Ei, GSI, s,
and a
GSI, D, and
σc
GSI, D, and
σc
GSI, D, and
Ei

Equation
no.

2004

[86]

(24)

2002

[78]

(25)

2002

[78]

(26)

2006

[77]

(27)

GSI and D 2006

[77]

(28)

[87]

(29)

[88]

(30)

[89]

(31)

2004

[59]

(32)

2012
2012

[90]
[90]

(33)
(34)

GSI, Ei,
2010
and A
GSI and σ c 2010
σ c and GSI 1998
Ei, GSI,
and s
GSI
GSI

Table 3: Comparison of various correlations among the rock mass classiﬁcations.
S. no.
1
2
3

Authors
Hoek and Brown
Hoek and Brown
Morales et al.

4

Coşar

5

Osgoui and Ünal

6

Hashemi et al.

7
8
9

Irvani et al.
Singh and Tamrakar
Zhang et al.

10

Sadeghi et al.

Correlation
GSI � RMR76 . . . RMR76 > 18
GSI � RMR89 − 5 . . . RMR89 > 23
GSI � 4.714 + 0.687RMR
GSI � 0.42RMR + 23.07
GSI � 1.61LnQ + 42.99
GSI � 6e0.05RMR
GSI(Hoek,1995) � 0.692RMR89 + 22.32
GSI(Hoek,1995) � 0.917GSI(Cai,2004) + 3.18
GSI � 1.35RMR − 16.4
GSI � 0.73RMR − 4.38
GSI � 1.21RMR − 18.61
GSI � 0.5939RMR1.1047
Basic
GSI � 0.9143RMR + 6.132
GSI � 12.638LnQ + 28.538
GSI � 10.951LnRMi + 33.157
GSI � 29.891LnRSR − 71.285
GSI � 1.7RCR0.8566
GSI � 25.577Q0.2841
N
GSI � 0.7861GSICai + 8.5483

modeling, stability analysis of engineering structures, and
pre- and postbehavior of rock mass (tunnels, slopes, and
excavations). The value of RMR, Q-system, and other empirical methods is not used as compared to the GSI value
directly in numerical tools, but indirectly, the support
system recommended by these empirical methods is installed and evaluated in numerical modeling.
5.6. Application of the GSI in Excavatability Assessment of
Rock Masses. GSI system has been successfully utilized in
excavability assessment of rock mass during construction of
underground excavation. The mode of excavation is deﬁned
based on 61 site investigations including sedimentary and

Estimated parameter
GSI from RMR79
GSI from RMR89
GSI from RMR89
GSI from RMR89
GSI from Q
GSI from RMR89
GSI from RMR89
GSI from GSI
GSI from RMR89
GSI from RMR89
GSI from RMR89
GSI from RMRBasic
GSI from RMR89
GSI from Q
GSI from RMi
GSI from RSR
GSI from RCR
GSI from QN
GSI from GSICai

Reference
[61]
[61]
[94]
[95]
[95]
[51]
[84]
[84]
[96]
[65]
[50]

[97]

Equation no.
(42)
(43)
(44)
(45)
(46)
(47)
(48)
(49)
(50)
(51)
(52)
(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)

metamorphic rocks having deformed structures and joint
conditions utilizing the GSI value by Tsiambaos and Saroglou [98]. The research study concluded that (1) when GSI
value > 65 and point load index (Is50) > 3 MPa and GSI
value > 60 and Is50 < 3 MPa, blasting is preferred to be used
in massive blocky, having tight joint conditions. (2) When
the GSI value ranges from 20 to 45 and Is50 ≥ 3 MPa and the
GSI value ranges from 25 to 55 and Is50 < 3 MPa, excavation
is carried out by ripping, while in the transition phase from
blasting to ripping, the hyudraulic breaker is to be used for
excavation. This excavability assessment is suitable to be
used in rock mass, where discontinuities control the excavation, while it is not suitable in heterogeneous rock masses
such as sheared ﬂysch, bimrocks, and soft rocks.
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6. Limitations
The GSI system is based on assumptions that the rock mass
behaves like isotropic media, and the behavior of rock mass
is not reliant on the direction of the applied load. Based on
GSI assumptions, this system should not be used in such
conditions where predominant structural orientation and
structurally dependent gravitational instability exist.
The GSI system is not applied to already excavated faces
in very hard rock having few discontinuities spaced at
distances of similar magnitude to the dimensions of the
tunnel or slope under consideration, because in this case, the
stability of the tunnel or slope is controlled by the threedimensional geometry of the intersecting discontinuities and
the free faces created by the excavation.
The quantitative version of the GSI developed by H
Sonmez and Ulusay is valid to use in such cases in which
frequency and orientation of discontinuities are measured
easily. The quantiﬁcation version of the GSI is not eﬀective in
tectonically disturbed rock masses having destroyed structural fabric. In such a case, the researchers recommend using
a qualitative version of the GSI based on careful visual
observations.

(7)

(8)

(9)

(10)

to be used for weak to very weak and high-stress
rock mass environments.
The GSI system is explicitly used for estimation of
geomechanical properties of rock mass with maximum conﬁdence level as compared to other rock
mass classiﬁcation systems.
GSI has a wide range of applications in rock engineering. However, this system did not cover the
design of the support system for tunnel and other
structures as compared to RMR and Q-system.
The qualitative approach for estimating the GSI
system required better knowledge and skills about
collecting and evaluating the ﬁeld data. However,
the quantitative and empirical model approaches
are easy to be used for the assessment of rock mass
environment.
This study will provide a common understanding to
ﬁeld professionals to use diﬀerent estimating approaches for the GSI value in a convenient way for
evaluating the rock mass environment and estimating the required rock mass strength and deformation properties for numerical modeling.

7. Conclusions

Data Availability

The following conclusions are drawn from this study:

The data used to support the ﬁndings of this study are included within the article.

(1) The empirical methods such as RMR, Q, and RMI
used RQD as input parameters which are not
suitable to be applied in a very weak and highly
jointed rock mass environment because for such
rock mass conditions, RQD value is taken as zero.
(2) The empirical methods (RMR, Q-system, RMI, etc.)
are inconvenient to be used for design of tunnels,
caverns, and other underground excavations in
squeezing, high-stress, and weak rock mass
environments.
(3) The empirical methods (RMR, Q-system, RMI, etc.)
are not suitable to be used for prepost failure and
stability analysis of engineering projects through
numerical modeling.
(4) The GSI system, as compared to other rock mass
classiﬁcation systems, may represent the heterogeneity of rock mass in a convenient way in terms of
rock mass structure domain.
(5) Three diﬀerent approaches are eﬀectively used to
estimate the GSI value, i.e., qualitative, quantitative,
and empirical models based on other empirical
methods. The qualitative and quantitative approaches are suitable to be used for evaluating the
weak, jointed, layered, and heterogeneous rock
mass for engineering design purpose.
(6) It has been concluded from the study that the RMR,
Q-system, and other empirical methods are convenient to be used in favorable joint conditions or
presence of less joints in the hard rock mass environment, while the GSI system is recommended
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Supplementary Materials
Figure 1: GSI charts for conﬁned and ﬁssile molaissic rock
masses for tunnels and surface excavations, respectively [64];
Hoek et al., in 2005 [64], incorporated weak, heterogeneous
rock masses and lithological variability of a rock mass. Hoek
et al. developed two charts for conﬁned and ﬁssile molaissic
rock masses for tunnels and surface excavations, as presented in Figures 1(a) and 1(b), respectively. Figure 2: scale A
and B inserted at x- and y-axis of the GSI chart [13].
(Supplementary Materials)
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