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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 de-
pend on the Geological Strength Index (GS|I) and the distur-
bance factor (D). Recently, both the Hoek-Brown failure crite-
ria 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 Geologi-
cal Strength Index (GS1) and the disturbance factor (D). The
results show that these parameters are very sensitive to both
the GS | 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 | 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.
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1 Introduction

The sensitivity of various empirical formulas to parameter un-
certainty is important for a rock engineering designer. The pur-
pose of this paper is to determine the sensitivity of the different
mechanical equations based on the Geological Strength Index
(GS1) 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 |
value by 5, from 35 to 40, leads to a dramatic increase in values
of the following parameters: o¢m by 37%, m, by 20% and in the
modulus of deformation Ey by 33%, while that of parameter s
by 85% (see Eq. (I) and the accompanying explanation of these
parameters).

It has to be noted that the origin of all of these GS | based
equations is empirical, they do not have any theoretical foun-
dation. 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 | 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 an-
alyze the generalized Hoek-Brown formula from this point of
view, and give some practical tools for rapid sensitivity analy-
ses. The first steps of this analysis were carried out by Van and
Vaésarhelyi [4},/5].

2 Geological Strength Index (GS I) and the disturbance

factor (D)

The Geological Strength Index (GS1), as a system of rock
mass characterization, was introduced by Hoek [618] and re-
cently 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 prop-
erties, 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 con-
sidered as a mechanical continuum. Marinos et al. [10] review
the application and the limitation of the Geological Strength In-
dex (GS 1), 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. [] the general chart for GS | determination is presented fol-
lowing Marinos and Hoek [11]]. According to the original defi-
nition, “From the lithology, structure and surface conditions of
the discontinuities, estimate the average value of GS1. Do not
try to be too precise. Quoting a range from 33 to 37 is more
realistic than stating that GS | =35” [10]. Therefore, in relative
terms, the GS 1 here is 35+ 10% and because the exactness is
given in absolute terms, for lower values the relative error in-
creases. This is what is suggested using GS1 in case of very
weak and sheared rock masses, i.e. flysch and schist, where GS |
<30 [8}/12]. E.qg. if the GS1 =10 (8 <GS 1< 12) the sensitivity
of this value reaches 20%!

Sen and Barton [13] accentuated the importance of the block
volume. The GS | value, according to its definition, does not de-
pend on the block volume, which is a very important property of
the rock mass. Therefore, if the discontinuity conditions are un-
changed, rock mass formed by cubical blocks of 1 cm? will have
the same GS | as the one formed by blocks of 1dm?, or even of
1mS. In order to eliminate this problem, recently several au-
thors developed more exact methods for the calculation of the
GS | value (see e.g. [14H17]), nevertheless without error estima-
tion. Moreover, the various input (in situ measured) parameters
for determining the GS | 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 GS1, the surface quality and
the structure of the rock mass have a similar effect upon the me-
chanical properties. E.g. GS | value is 70 both in case of massive
rock mass with few widely spaced but smooth and moderately
weathered discontinuities (point “A” in Fig.[I) and a very blocky,
partially disturbed rock mass with very rough and fresh surfaces
of discontinuities (point “B” in Fig.[I). 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 O 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 [T [19]. Ac-
cording 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

value D =0.8 £ 0.1 with a 12.5% uncertainty in D.

3 Mechanical equations based on GS | 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

. oy

oy =03+0¢|M—+5], 1)
Ti

where

. o-’1 and o3’ are the maximum and minimum effective principal
stresses at failure;

e o is the uniaxial compressive strength of the intact rock sec-
tions;

e my is the value of the Hoek-Brown constant for the rock mass,
depending on the Hoek-Brown constant of the intact rock
(m;), the Geological Strength Index (GS1) and the blast dis-
turbance (D):

GS1 - 100
28 — 14D ) @)

e sand a are parameters that also depend on the rock mass char-

acteristics:

my = miexp(

GS1-100
= ( 9-3D ) @)
and 11
— -GS 1/15 -20/3
a= 5 + 5 (e —e ) 4)

According to the Hoek-Brown equation Eq. (I), the ratio of the
uniaxial compressive strength of the rock mass (o¢m) to that of
the intact rock (o) is given by:

Oem/0¢i = s (5)

where s and a can be calculated by Egs. (3) and (@), respec-
tively.

3.2 Deformation modulus of rock mass
The introduced formula of Hoek and Diederichs [21] calcu-
lates the deformation modulus from the GS | value and D factor

as:
1-D/2

Erm(MPa) = 100.000 1 + e(75+25D-GS /i1 ©6)

or if the deformation modulus of the intact rock (E;) is known,
Eq. (@) can be modified to:

1-D/2
+ (60+15D-GS1)/11 ()

Erm(MPa) = E; (0.02 3

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|
values can be large.
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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

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 with by effective stress analysis.

SURFACE CONDITIONS

STRUCTURE

Very rough, fresh unweathered surfaces

VERY GOOD

DECREASIN

gh, slightly weathered, iron stained surfaces

GOOD
® Rou

FAIR

SURFAC

Slickensided, highly weathered surfaces with compact

Smooth, moderately weathered and altered surfaces
coatings or fillings or angular fragments

POOR

m

Slickensided, highly weathered surfaces with soft clay

VERY POOR
coatings or fillings

QUALITY =>>

INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

N\

N/A

N/A

VERY BLOCKY- interlocked,
partially disturbed mass with
multi-faceted 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

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

7/_9/ LAMINATED/SHEARED - Lack

<—— DECREASING INTERLOCKING OF ROCK PIECES

10

/ of blockiness due to close spacing N/A N/A
/ of weak schistosity or shear planes
Fig. 1. General chart for GS1 [10].
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Tab. 1. Guidelines for estimating disturbance factor D [19]

Appearance of rock mass

Description of rock mass

Suggested value of D

Excellent quality controlled blasting or
excavation by Tunnel Boring Machine results

in minimal disturbance to the confined rock D=0
mass surrounding a tunnel.

Mechanical or hand excavation in poor quality

rock masses (no blasting) results in minimal

disturbance to the surrounding rock mass. D=0
Where squeezing problems result in significant

floor heave, disturbance can be severe unlessa | D=0.5
temporary invert, as shown in the photograph, No invert
is placed.

Very poor quality blasting in a hard rock tunnel

results in severe local damage, extending 2 or 3

m, in the surrounding rock mass. D=038
Small scale blasting in civil engineering slopes | D=10.7

results in modest rock mass damage,
particularly if controlled blasting is used as
shown on the left hand side of the photograph.
However, stress relief results in some
disturbance.

Good blasting

D=1.0
Poor blasting

Very large open pit mine slopes suffer
significant disturbance due to heavy production
blasting and also due to stress relief from
overburden removal.

In some softer rocks excavation can be carried
out by ripping and dozing and the degree of
damage to the slopes is less.

D=1.0
Production blasting

D=0.7
Mechanical excavation
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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 x;, Xz, ... X,. From their
uncertainties Axy, AXz, ...AX, we can calculate the uncertainty
Af of f:

5[ of
Af = [;( o (8)
Here it is assumed that the variables are uncorrelated and the
underlying probability distribution of the errors is Gaussian.

Therefore if the variables x; are measured with an experimen-
tal error, x; = AX;, we can estimate the uncertainty of their arbi-
trary 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 1 and D,
are not necessarily independent. Considering the measurement
methods of D and GS|1 (see Fig. [I), 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 pa-
rameters 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+0.1D and GS1 +£0.1GS|
for D=0.1; 0.5and 0.9.

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

The effect of 10% deviation in the GS | value was calculated
and presented in Fig. [2 We can see that the relative sensitiv-
ity of my is at least double the uncertainties of the GS1 and D
values, and may be 7 times higher in case of large disturbance
parameters and low and high GS | values.

e 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 (1) in case of large disturbance
parameters and high GS | values.

o Analysis of the sensitivity of the a parameter

The parameter a is independent of the disturbance factor and
not sensitive to the uncertainties in GS1 (Eq. (@)). The maxi-
mum relative sensitivity of s is about equal to the uncertainty of
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Fig. 2. The relative sensitivity of my, in case of 10% measurement errors

(GS1+0.1GS I and D+0.1D).
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Fig. 3. The relative sensitivity of s in case of 10% measurement errors

(GS1+0.1GS I and D+0.1D).

0.8}

0.6

0.41

GSI

0 20 40 60 80
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Fig. 4. The relative sensitivity of a in case of 10% measurement errors

(GS1+0.1GS1).
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the variables at GS | value 20. The relative sensitivity of a in the
case 10% measurement error is plotted in Fig. 4]

e Analysis of the sensitivity of the strength of the rock mass

The dependence of GS 1 on the rock mass strength o, (see
Eq. (@) in the case of various disturbance factors D is presented
in Fig.[6] According to Figs. 56| at low GS 1 values the uncer-
tainty in the disturbance parameter D determines the sensitivity
of the rock mass strength, while at high GS | values the uncer-
tainty in GS | dominates and the disturbance parameters has less
influence. Fig. [7] shows that the relative sensitivity of the rock
mass strength o~ is at least the double of the uncertainties in the
GS | and the disturbance parameters, and may be 8 times higher
in case of large disturbance parameter and high GS I values.

Ao
I ll[%]
T
D=0.1
50
. -—  D=05
40
——————— D=0.9
30 .
20
TS T
10 Te—
— — e G
0 20 40 60 80 100

Fig. 5. The relative sensitivity of the rock mass strength o1 in case of
10% measurement error in the disturbance parameter and exact GS| values
(D+0.1D).
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Fig. 6. The relative sensitivity of the rock mass strength o1 in case of 10%
measurement error in the GS | and exact disturbance parameter determination
(GS1£0.1GSI).

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.: GS1+0.1GS1 and D+ 0.1 D).

: - : : — GSI
0 20 10 60 80 100

Fig. 7. The relative sensitivity of the rock mass strength o1 in case of 10%
measurement errors (GS1+0.1GS | and D+ 0.1 D).

" 80
60

0 gy
[%]

Fig. 8. The sensitivity of the Hoek-Brown failre criteria in case of 10% er-
rors (GS1+0.1GS | and D+0.1D).

5.2 Analysis the deformation moduli of rock mass

The sensitivity of various empirical formulas to parameter un-
certainty 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 vari-
ables are uncorrelated, therefore, one can apply Eq. (7). If the
uncertainty in the disturbance factor D is AD and in the GS 1 it
is AGS |, one can find:

AEm(MPa) =

1 2 1 25 2.9
= \/(11(1+A)AGS') +((D—2 - 11(1+A))AD)

where A = g(GS1-75-25D)/11

The relative sensitivity for the simple Hoek-Diederichs
criteria of Eq.(6) is plotted in the case of AD=0.05 and
AGS1/GS1=0.05 in Fig. [g for disturbance values D=0, 0.5
and 1. One can see that the sensitivity in the rock mass modu-
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lus is between 15 - 35% and strongly depends on the GS | value.
There is a peak in the sensitivity between GS|1 values 60 and
80. Fig. [10] shows the corresponding absolute sensitivity ac-
cording to Eq. (8). The Gauss’s law applied to the modified
Hoek-Diederichs criteria (Eq. (7)) gives

AEm(MPa) = (1 - O'OZEi)x.

rm

1 2 1 15 2
' \/(11(1+A)AGSI) +((D—z - 11(1+A))AD)

where A = e(GSI—GO—lSD)/ll_

The relative sensitivity estimated by Eq. (9) is plotted for
AD=0.05 and AGSI/GS1=0.05 in Fig. [I1] 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 |
value. The peaked property is even more apparent in this case,
with the greatest sensitivity occurring for GS | values between
40 and 60. Fig. [I2]shows the corresponding absolute sensitivity
according to Eq. (10).

(10)

LEm
Emm
0.4

0.2

G51

a0 40 &0 80 100

Fig. 9. Relative sensitivity of the simple Hoek-Diederichs function (Eq. (I))
asafunctionGS|, incase AD=0.05, AGSI/GS1=0.05if D=0, 0.5and 1 (from
below).

Erz
100

&80
&0
40

20

G5I

20 40 A0 a0

10no

Fig. 10. Absolute sensitivity of the simple Hoek-Diederichs function
(Eq. (@) as a function GS |, in case AD =0.05, AGS1/GS1=0.05 if D=0, 0.5
and 1 (from below). The dashed lines around the solid ones denote the sensitivity
intervals.

G5I

20 40 &0 30 100

Fig. 11. Relative sensitivity of the modified Hoek-Diederichs equation
(Eq. (@) as a function GS1, in case AD=0.1 and AGS1=0 if D=0, 0.5 and
1 (from below at left).

Ern
1

I

20 41 50 80 100 Gs

Fig. 12. Absolute sensitivity of the modified Hoek-Diederichs equation
(Eq. @) as a function GS|1, in case AD=0.05, AGS1/GSI=0.05if D=0, 0.5
and 1 (from below). The dashed lines around the solid ones denote the sensitivity
intervals.

6 Conclusion

The sophisticated empirical Hoek-Brown formula is sensitive
to the uncertainties of the Geological Strength Index (GS 1) and
disturbance parameter (D) values. Its relative sensitivity may
reach a value 8 times higher than the relative uncertainties of
the GS | and D factors in the case of high disturbance and GS |
values, if these relative uncertainties are uniform. With more ex-
act measurements/determination of GS I values and disturbance
factor determination at low GS | values, the relative uncertainty
of the Hoek-Brown formula can be considerably reduced.

According to our analysis, the Hoek-Brown (H-B) failure cri-
teria can be highly sensitive to the uncertainties in the GS | 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 engi-
neering 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 | and D are
known. The determination of each parameter is subjective, and
hence, to know the sensitivity of these equations is very impor-
tant. Using the Gauss’s formula, the sensitivity of the equations
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was analyzed for AD =0.05and AGS1/GS1=0.05forD=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 | value.

Our analysis points out the relative importance of the differ-
ent parts of the formula from this point of view. According to
these results, using the GS | 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 | value cannot be determined exactly,

e the D value is not defined and not possible to measure,

e the continuous variation of D in rock mass is not considered,
o the block size is not defined,

e it is false that the rock mass behavior depends on the struc-
ture of the rock mass in a similar manner than on the surface
quality,

o due to the sensitivity of the suggested equations, their appli-
cation increases the risk of the construction.
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