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Abstract
The purpose of this paper is to analyze the sensitivity of the
various constants of the different mechanical equations that depend on the Geological Strength Index (GS I) and the disturbance factor (D). Recently, both the Hoek-Brown failure criteria and the Hoek-Diederichs equations for determining the rock
mass moduli are widely used in rock mechanics. For calculation
these parameters, it is necessary to determine both the Geological Strength Index (GS I) and the disturbance factor (D). The
results show that these parameters are very sensitive to both
the GS I and the D factor, hence determining both them exactly
is very important for the rock engineering design. Our results
present the relationship between the uncertainties of GS I and D
values and the uncertainties of the rock mass moduli. In order
to establish good empirical formulas one should have some idea
about the effect of variations in the input parameters for judging
the acceptability of the design.
Keywords
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1 Introduction

The sensitivity of various empirical formulas to parameter uncertainty is important for a rock engineering designer. The purpose of this paper is to determine the sensitivity of the different
mechanical equations based on the Geological Strength Index
(GS I) and disturbance factor (D). Bieniawski [1] demonstrates
the high sensitivity of the Hoek-Brown failure criteria according
to the results of Malkowski [2]: he shows that changing the GS I
value by 5, from 35 to 40, leads to a dramatic increase in values
of the following parameters: σcm by 37%, mb by 20% and in the
modulus of deformation E M by 33%, while that of parameter s
by 85% (see Eq. (1) and the accompanying explanation of these
parameters).
It has to be noted that the origin of all of these GS I based
equations is empirical, they do not have any theoretical foundation. Moreover, their empirical foundation is questionable, it
was never published, as it was pointed out by Anagnostou and
Pimentel [3]. Here we do not want to criticize the GS I system,
nor the particular Hoek-Brown failure criteria, however, as it is
frequently applied in engineering calculations, one should have
some idea about the effect of variations in the input parameters
for judging the acceptability of the design. Accordingly, we analyze the generalized Hoek-Brown formula from this point of
view, and give some practical tools for rapid sensitivity analyses. The first steps of this analysis were carried out by Ván and
Vásárhelyi [4, 5].
2 Geological Strength Index (GS I ) and the disturbance
factor (D)
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The Geological Strength Index (GS I), as a system of rock
mass characterization, was introduced by Hoek [6–8] and recently it is widely used in rock engineering designs (in Hungary
see [9]). The goal of this engineering geological system was to
present input data, particularly those related to rock mass properties, required as inputs into numerical analysis or closed form
solutions for designing tunnels, slopes or foundations in or on
rocks. It provides a field method so the geological character of
rock material, together with the visual assessment of the mass
it forms, is used as a direct input to the selection of parameters
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relevant for the prediction of various mechanical properties of
the rock mass. This approach enables a rock mass to be considered as a mechanical continuum. Marinos et al. [10] review
the application and the limitation of the Geological Strength Index (GS I), showing the determination methods. However, it is
well known that the determination of this parameter is not easy
and is not exact; it is encumbered by several uncertainties. On
Fig. 1 the general chart for GS I determination is presented following Marinos and Hoek [11]. According to the original definition, “From the lithology, structure and surface conditions of
the discontinuities, estimate the average value of GS I. Do not
try to be too precise. Quoting a range from 33 to 37 is more
realistic than stating that GS I = 35” [10]. Therefore, in relative
terms, the GS I here is 35 ± 10% and because the exactness is
given in absolute terms, for lower values the relative error increases. This is what is suggested using GS I in case of very
weak and sheared rock masses, i.e. flysch and schist, where GS I
<30 [8, 12]. E.g. if the GS I = 10 (8 < GS I < 12) the sensitivity
of this value reaches 20%!
Sen and Barton [13] accentuated the importance of the block
volume. The GS I value, according to its definition, does not depend on the block volume, which is a very important property of
the rock mass. Therefore, if the discontinuity conditions are unchanged, rock mass formed by cubical blocks of 1 cm3 will have
the same GS I as the one formed by blocks of 1 dm3 , or even of
1 m3 . In order to eliminate this problem, recently several authors developed more exact methods for the calculation of the
GS I value (see e.g. [14–17]), nevertheless without error estimation. Moreover, the various input (in situ measured) parameters
for determining the GS I value depend on the site investigators
(see e.g. [18]). The subjectivity of the results is well-known,
thus the differences for the same tunnel face can reach as much
as 30%.
According to the definition of GS I, the surface quality and
the structure of the rock mass have a similar effect upon the mechanical properties. E.g. GS I value is 70 both in case of massive
rock mass with few widely spaced but smooth and moderately
weathered discontinuities (point “A” in Fig. 1) and a very blocky,
partially disturbed rock mass with very rough and fresh surfaces
of discontinuities (point “B” in Fig. 1). It is easy to realize that
probably the rock mass behavior is different in these two cases,
however, according to the Hoek-Brown failure theory, it should
be the same.
The influence of blast damage on the near surface rock mass
properties has been taken into account in the 2002 version of
the Hoek-Brown criterion [19]. A disturbance parameter D has
been introduced, which characterizes the degree of disturbance
due to blast damage and stress relaxation. It varies from 0 for
undisturbed in situ rock masses to 1 for very disturbed rock
masses. The exact determination of the disturbance factor D
is difficult, there are no guidelines except the Table 1 [19]. According to that paper, 10 - 20% errors are tolerable. E.g. both
the good blasting (D = 0.7) and poor blasting (D = 0.9) enable a
380
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value D = 0.8 ± 0.1 with a 12.5% uncertainty in D.
3 Mechanical equations based on GS I and D values
3.1 Hoek-Brown failure envelop

The Hoek-Brown equation is one of the most popular failure
criteria for determining the failure envelope of the rock mass.
For jointed rock masses it is given by the following generalized
formula [18] and recently it is ISRM suggestion, as well [20]:

a
0
 σ

0
0
σ1 = σ3 + σci mb 3 + s ,
(1)
σci
where
0

• σ1 and σ3 0 are the maximum and minimum effective principal
stresses at failure;
• σci is the uniaxial compressive strength of the intact rock sections;
• mb is the value of the Hoek-Brown constant for the rock mass,
depending on the Hoek-Brown constant of the intact rock
(mi ), the Geological Strength Index (GS I) and the blast disturbance (D):
!
GS I − 100
mb = mi exp
(2)
28 − 14D
• s and a are parameters that also depend on the rock mass characteristics:
!
GS I − 100
s = exp
(3)
9 − 3D
and


1 1  −GS I/15
(4)
+ e
− e−20/3 .
2 6
According to the Hoek-Brown equation Eq. (1), the ratio of the
uniaxial compressive strength of the rock mass (σcm ) to that of
the intact rock (σci ) is given by:
a=

σcm /σci = sa

(5)

where s and a can be calculated by Eqs. (3) and (4), respectively.
3.2 Deformation modulus of rock mass

The introduced formula of Hoek and Diederichs [21] calculates the deformation modulus from the GS I value and D factor
as:
1 − D/2
Erm (MPa) = 100.000
(6)
1 + e(75+25D−GS I)/11
or if the deformation modulus of the intact rock (Ei ) is known,
Eq. (1) can be modified to:
!
1 − D/2
(7)
Erm (MPa) = Ei 0.02 +
1 + e(60+15D−GS I)/11
Using these two formulas the estimated deformation moduli are
not the same, they depend on the deformation modulus of the
intact rock – the ratio of the two results in case of low GS I
values can be large.
Péter Ván / Balázs Vásárhelyi

Fig. 1. General chart for GS I [10].
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Tab. 1. Guidelines for estimating disturbance factor D [19]
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4 Sensitivity analysis

The sensitivity of a function f regarding the uncertainties of
the variables can be characterized by the formula commonly
known as propagation of uncertainty or propagation of error
[22]. Let us suppose that f is a real function which depends
on n random and independent variables x1 , x2 , . . . xn . From their
uncertainties ∆x1 , ∆x2 , . . . ∆xn we can calculate the uncertainty
∆ f of f :
 n
!2  21
X ∂ f


∆ f = 
(8)
∆xi  .
∂xi x1 ,...,xi−1 ,xi+1 ,...,xn
i=1
Here it is assumed that the variables are uncorrelated and the
underlying probability distribution of the errors is Gaussian.
Therefore if the variables xi are measured with an experimental error, xi ± ∆xi , we can estimate the uncertainty of their arbitrary function with the above formula. This formula is robust;
the Gaussian distribution is a reasonable assumption in most
cases.
This formula is an approximation from two different points
of view in our case. The variables of the formula, GS I and D,
are not necessarily independent. Considering the measurement
methods of D and GS I (see Fig. 1), the quantification of this
correlation does not seem to be easy, but it can only increase the
uncertainty. The second point is that, for both our variables, the
domain is a finite interval. In this case the normal distribution
is a bad approximation near the ends of the intervals. A slightly
better approximation could be given e.g. by the Euler-Gamma
distribution.
In this paper, the relative sensitivity of the Hoek-Brown parameters and the rock mass strength have been calculated for the
case of 10% relative uncertainties for three representative values
of the parameter D, that is, when D ± 0.1 D and GS I ± 0.1 GS I
for D = 0.1; 0.5 and 0.9.

Fig. 2. The relative sensitivity of mb in case of 10% measurement errors
(GS I ± 0.1 GS I and D ± 0.1 D).

Fig. 3. The relative sensitivity of s in case of 10% measurement errors

(GS I ± 0.1 GS I and D ± 0.1 D).

5 Results of the sensitivity analyses
5.1 Analysis of the Hoek-Brown failure envelope

• Analysis of the sensitivity of the mb value
The effect of 10% deviation in the GS I value was calculated
and presented in Fig. 2. We can see that the relative sensitivity of mb is at least double the uncertainties of the GS I and D
values, and may be 7 times higher in case of large disturbance
parameters and low and high GS I values.
• Analysis of the sensitivity of s
Fig. 3 shows that the relative sensitivity of the parameter s
is at least the triple of the uncertainties of the variables, and
may even be 15 times higher (!) in case of large disturbance
parameters and high GS I values.
• Analysis of the sensitivity of the a parameter
The parameter a is independent of the disturbance factor and
not sensitive to the uncertainties in GS I (Eq. (4)). The maximum relative sensitivity of s is about equal to the uncertainty of
Sensitivity analysis of GSI based mechanical parameters of the rock mass

Fig. 4. The relative sensitivity of a in case of 10% measurement errors
(GS I ± 0.1 GS I).
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the variables at GS I value 20. The relative sensitivity of a in the
case 10% measurement error is plotted in Fig. 4.
• Analysis of the sensitivity of the strength of the rock mass
The dependence of GS I on the rock mass strength σ1 (see
Eq. (1)) in the case of various disturbance factors D is presented
in Fig. 6. According to Figs. 5-6 at low GS I values the uncertainty in the disturbance parameter D determines the sensitivity
of the rock mass strength, while at high GS I values the uncertainty in GS I dominates and the disturbance parameters has less
influence. Fig. 7 shows that the relative sensitivity of the rock
mass strength σ1 is at least the double of the uncertainties in the
GS I and the disturbance parameters, and may be 8 times higher
in case of large disturbance parameter and high GS I values.

Fig. 5. The relative sensitivity of the rock mass strength σ1 in case of
10% measurement error in the disturbance parameter and exact GS I values
(D ± 0.1 D).

Fig. 7. The relative sensitivity of the rock mass strength σ1 in case of 10%
measurement errors (GS I ± 0.1 GS I and D ± 0.1 D).

Fig. 8. The sensitivity of the Hoek-Brown failre criteria in case of 10% errors (GS I ± 0.1 GS I and D ± 0.1 D).

5.2 Analysis the deformation moduli of rock mass

The sensitivity of various empirical formulas to parameter uncertainty is an important factor for a designer. To establish good
empirical formulas, one should have some sense on the effect
of variations in the input parameters to judge the acceptability
of the design. In this note, we analyze the above formulas from
this point of view, giving some practical tools to enable rapid
sensitivity analyses.
In estimating the sensitivity, we have assumed that the variables are uncorrelated, therefore, one can apply Eq. (7). If the
uncertainty in the disturbance factor D is ∆D and in the GS I it
is ∆GS I, one can find:
Fig. 6. The relative sensitivity of the rock mass strength σ1 in case of 10%

measurement error in the GS I and exact disturbance parameter determination
(GS I ± 0.1 GS I).

The sensitivity of the Hoek-Brown criteria as a function of
both GS I and disturbance parameter is plotted in Fig. 8 in case
of 10% errors (i.e.: GS I ± 0.1 GS I and D ± 0.1 D).
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∆Erm (MPa) =
s
!2
1
=
∆GS I +
11(1 + A)

!
!2
1
25
−
∆D
D − 2 11(1 + A)

(9)

where A = e(GS I−75−25D)/11 .
The relative sensitivity for the simple Hoek-Diederichs
criteria of Eq.(6) is plotted in the case of ∆D = 0.05 and
∆GS I/GS I = 0.05 in Fig. 9 for disturbance values D = 0, 0.5
and 1. One can see that the sensitivity in the rock mass moduPéter Ván / Balázs Vásárhelyi

lus is between 15 - 35% and strongly depends on the GS I value.
There is a peak in the sensitivity between GS I values 60 and
80. Fig. 10 shows the corresponding absolute sensitivity according to Eq. (8). The Gauss’s law applied to the modified
Hoek-Diederichs criteria (Eq. (7)) gives
!
0.02Ei
∆Erm (MPa) = 1 −
x·
Erm
s
!
!2 (10)
!2
1
1
15
∆D
·
∆GS I +
−
11(1 + A)
D − 2 11(1 + A)
where A = e(GS I−60−15D)/11 .
The relative sensitivity estimated by Eq. (9) is plotted for
∆D = 0.05 and ∆GS I/GS I = 0.05 in Fig. 11 for values of
D = 0.0, 0.5 and 1.0. The sensitivity in the rock mass modulus
is between 0.5 - 22% and, again, it strongly depends on the GS I
value. The peaked property is even more apparent in this case,
with the greatest sensitivity occurring for GS I values between
40 and 60. Fig. 12 shows the corresponding absolute sensitivity
according to Eq. (10).

Fig. 11. Relative sensitivity of the modified Hoek-Diederichs equation

(Eq. (2)) as a function GS I, in case ∆D = 0.1 and ∆GS I = 0 if D = 0, 0.5 and
1 (from below at left).

Fig. 12. Absolute sensitivity of the modified Hoek-Diederichs equation
(Eq. (2)) as a function GS I, in case ∆D = 0.05, ∆GS I/GS I= 0.05 if D = 0, 0.5
and 1 (from below). The dashed lines around the solid ones denote the sensitivity
intervals.

6 Conclusion
Fig. 9. Relative sensitivity of the simple Hoek-Diederichs function (Eq. (1))

as a function GS I, in case ∆D = 0.05, ∆GS I/GS I = 0.05 if D = 0, 0.5 and 1 (from
below).

Fig. 10. Absolute sensitivity of the simple Hoek-Diederichs function
(Eq. (1)) as a function GS I, in case ∆D = 0.05, ∆GS I/GS I = 0.05 if D = 0, 0.5
and 1 (from below). The dashed lines around the solid ones denote the sensitivity
intervals.
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The sophisticated empirical Hoek-Brown formula is sensitive
to the uncertainties of the Geological Strength Index (GS I) and
disturbance parameter (D) values. Its relative sensitivity may
reach a value 8 times higher than the relative uncertainties of
the GS I and D factors in the case of high disturbance and GS I
values, if these relative uncertainties are uniform. With more exact measurements/determination of GS I values and disturbance
factor determination at low GS I values, the relative uncertainty
of the Hoek-Brown formula can be considerably reduced.
According to our analysis, the Hoek-Brown (H-B) failure criteria can be highly sensitive to the uncertainties in the GS I and
disturbance parameters. This sensitivity is due to the complex
structure of the function, criteria containing a lower number of
parameters may be less sensitive. In any case the rock engineering design should consider the uncertainties of the design
parameters and calculate them routinely.
Using the Hoek-Diederichs (H-D) equations, the rock mass
deformation modulus can be determined if the GS I and D are
known. The determination of each parameter is subjective, and
hence, to know the sensitivity of these equations is very important. Using the Gauss’s formula, the sensitivity of the equations
2014 58 4
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was analyzed for ∆D = 0.05 and ∆GS I/GS I = 0.05 for D = 0, 0.5
and 1. It was shown that, in case of the simple H-D equation,
the uncertainty in the rock mass modulus is between 15 - 35%
while for the modified H-D equation it is between 0.5 - 22%. In
both cases, the sensitivity strongly depends on the GS I value.
Our analysis points out the relative importance of the different parts of the formula from this point of view. According to
these results, using the GS I system without any control is not
recommended.
Finally, let us summarize the problematic aspects of GS I and
D based rock failure criteria:
• the GS I value cannot be determined exactly,
• the D value is not defined and not possible to measure,
• the continuous variation of D in rock mass is not considered,
• the block size is not defined,
• it is false that the rock mass behavior depends on the structure of the rock mass in a similar manner than on the surface
quality,
• due to the sensitivity of the suggested equations, their application increases the risk of the construction.
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