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Practical estimates of rock mass strength

E. HOEK*
E.T. BROWN?**

The Hoek-Brown failure criterion was originally developed for estimating the
strengths of hard rock masses. Because of the lack of suitable alternatives, the
criterion has been applied to a variety of rock masses including very poor quality
rocks, which could almost be classed as engineering soils. These applications have
necessitated changes to the original criterion. One of the principal problems has
been the determination of equivalent cohesive strengths and friction angles to meet
the demands of software written in terms of the Mohr-Coulomb failure criterion.
This paper summarises the interpretation of the Hoek-Brown failure criterion which
has been found to work best in dealing with practical engineering problems.

INTRODUCTION

Since its introduction in 1980 [1], the Hoek-Brown
failure criterion has evolved to meet the needs of
users who have applied it to conditions which were
not visualised when it was originally developed. In
particular, the increasing number of applications to
very poor quality rock masses has necessitated some
significant changes. The key equations involved in
each of the successive changes are summarised in
Appendix A.

The criterion is purely empirical and hence there
are no ‘correct’ ways to interpret the various
relationships which can be derived. Under the
circumstances, it is not surprising that there have been
a few less than useful mutations and that some users
have been confused by the alternative interpretations
which have been published.

This paper is an attempt to set the record straight
and to present an interpretation of the criterion which
covers the complete range of rock mass types and
which has been found to work well in practice.

GENERALISED HOEK-BROWN CRITERION

The Generalised Hoek-Brown failure criterion for
jointed rock masses is defined by:
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where (Si and o5 are the maximum and minimum

effective stresses at failure respectively,
my, is the value of the Hoek-Brown constant m

for the rock mass,

s and a are constants which depend upon the
characteristics of the rock mass, and

o ,;is the uniaxial compressive strength of the

intact rock pieces.

It is possible to derive some exact mathematical
relations]ﬂ\pli between the Hoek-Brown criterion,
expressed in terms of the major and minor principal
stresses, and the Mohr envelope, relating normal and
shear stresses. However, these relationships are
cumbersome and the original approach used by Hoek
and Brown [1] is more practical. In this approach,
equation (1) is used to generate a series of triaxial test
values, simulating full scale field tests, and a
statistical curve fitting process is used to derive an
equivalent Mohr envelope defined by the equation:
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where A and B are material constants

G, is the normal effective stress, and

G, is the ‘tensile’ strength of the rock mass.

This ‘tensile’ strength, which reflects the
interlocking of the rock particles when they are not
free to dilate, is given by:

o ..
O = 2” (m,, —Jm? +4s) 3)

In order to use the Hoek-Brown criterion for
estimating the strength and deformability of jointed
rock masses, three ‘properties’ of the rock mass have
to be estimated. These are
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1. the uniaxial compressive strength &, of the

intact rock pieces in the rock mass,
2. the value of the Hoek-Brown constant m; for

these intact rock pieces, and
3. the value of the Geological Strength Index GSI
for the rock mass.

THE EFFECT OF WATER

Many rocks show a significant strength decrease with
increasing moisture content. In some cases, such as
montmorillonitic clay shales, saturation destroys the
specimens completely. More typically, strength losses
of 30 0100 % occur in many rocks as a result of
chemical deterioration of the cement or clay binder
(Broch [2]). Samples which have been left to dry in a
core shed for several months, can give a misleading
impression of the rock strength. Laboratory tests
should be carried out at moisture contents which are
as close as possible to those which occur in the field.

A more important effect is the strength reduction
which occurs as a result of water pressures in the pore
spaces in the rock. Terzaghi [3] formulated the
concept of effective stress for porous media such as
soils. The effective stress ‘law’, as it is frequently
called, can be expressed as ¢"=c—u where G is
the effective or intergranular stress which controls the
strength and the deformation of the material, ¢ is the
total stress applied to the specimen and u is the pore
water pressure. In a comprehensive review of the
applicability of the effective stress concept to soil,
concrete and rock, Lade and de Boer [4] conclude
that the relationship proposed by Terzaghi works well
for stress magnitudes encountered in most
geotechnical applications, but that significant
deviations can occur at very high stress levels.

The effective stress principle has been used
throughout this paper for both intact rock and jointed
rock masses. For intact rocks, with very low porosity,
it has been assumed that stress changes are slow
enough for the pore pressures in the rock specimens
to reach steady state conditions (Brace and Martin
[5]). In jointed rock masses, it may be expected that
the water pressures in the discontinuities will build up
and dissipate more rapidly than those in the pores of
the intact rock blocks, especially in low porosity and
permeability rocks. For this reason, a distinction is
sometimes made between joint and pore water
pressures in jointed rock masses. When applying the
Hoek - Brown criterion to heavily jointed rock
masses, isotropic behaviour involving failure on the
discontinuities is assumed. In these cases, the water or
‘pore’ pressures governing the effective stresses will
be those generated in the interconnected
discontinuities defining the particles in an equivalent
isotropic medium.

In applying the failure criterion, expressed in
effective stress terms, to practical design problems it
is necessary to determine the pore pressure
distribution in the rock mass being analysed. This can
be done by direct measurement, using piezometers, or
estimated from manually constructed or numerically
generated flow nets. In the case of slopes, dam
foundations and tunnels subjected to fluctuating
internal water pressure, the magnitude of the pore
pressures can be of the same order as the induced
rock stresses and hence it is very important to deal
with the analysis in terms of effective stresses. In
other cases, particularly when designing under-ground
excavations, it can be assumed that the rock mass
surrounding these excavations will be fully drained
and hence the pore pressures are set to zero.

INTACT ROCK PROPERTIES

For the intact rock pieces that make up the rock
mass equation (1) simplifies to:

. 0.5
. . o
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O

The relationship between the effective principal
stresses at failure for a given rock is defined by two
constants, the uniaxial compressive strength ¢ ; and

a constant m; . Wherever possible the values of these

constants should be determined by statistical analysis

of the results of a set of triaxial tests on carefully

prepared core samples, as described in Appendix B.
Note that the range of minor principal stress (6'3 )

values over which these tests are carried out is critical
in determining reliable values for the two constants.
In deriving the original values of 6, and m;, Hoek

and Brown [1] used a range of 0 < 65 < 0.50

and, in order to be consistent, it is essential that the
same range be used in any laboratory triaxial tests on
intact rock specimens.

When laboratory tests are not possible, Tables 1

and 2 can be used to obtain estimates of &, and

m; . These estimates can be used for preliminary

design purposes but, for detailed design studies,
laboratory tests should be carried out to obtain values
that are more reliable.

When testing very hard brittle rocks it may be
worth considering the fact that short-term laboratory
tests tend to overestimate the in-situ rock mass
strength. Extensive laboratory tests and field studies
on excellent quality Lac du Bonnet granite, reported
by Martin and Chandler [7], suggest that the in-situ
strength of this rock is only about 70% of that
measured in the laboratory. This appears to be due to
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the fact that damage resulting from micro-cracking of
the rock initiates and develops critical intensities at
lower stress levels in the field than in laboratory tests
carried out at higher loading rates on smaller
specimens.

Anisotropic and foliated rocks such as slates,
schists and phyllites, whose behaviour is dominated
by closely spaced planes of weakness, cleavage or
schistosity, present particular difficulties in the
determination of the uniaxial compressive strengths.

Salcedo [8] has reported the results of a set of
directional uniaxial compressive tests on a graphitic
phyllite from Venezuela. These results are
summarised in Fig. 1. It will be noted that the uniaxial
compressive strength of this material varies by a
factor of about 5, depending upon the direction of
loading. Evidence of the behaviour of this graphitic
phyllite in the field suggests that the rock mass

Table 1. Field estimates of uniaxial compressive strength.

properties are dependent upon the strength parallel to
schistosity rather than that normal to it.

In deciding upon the value of ©,; for foliated

rocks, a decision has to be made on whether to use the
highest or the lowest uniaxial compressive strength
obtained from results such as those given in Fig. 1.
Mineral composition, grain size, grade of
metamorphism and tectonic history all play a role in
determining the characteristics of the rock mass.

The authors cannot offer any precise guidance on
the choice of G, but suggest that the maximum

value should be used for hard, well interlocked rock
masses such as good quality slates. The lowest
uniaxial compressive strength should be used for
tectonically disturbed, poor quality rock masses such
as the graphitic phyllite tested by Salcedo [8].

Uniaxial ~ Point
Comp. Load )
Grade* Term Strength  Index Field estimate of strength Examples
(MPa) (MPa)
R6 Extremely >250 >10  Specimen can only be chipped Fresh basalt, chert, diabase,
Strong with a geological hammer gneiss, granite, quartzite
R5 Very 100 -250 4-10 Specimen requires many blows of ~ Amphibolite, sandstone,
strong a geological hammer to fracture it  basalt, gabbro, gneiss,
granodiorite, limestone,
marble, rhyolite, tuff
R4 Strong 50 - 100 2 -4 Specimen requires more than one  Limestone, marble, phyllite,
blow of a geological hammer to sandstone, schist, shale
fracture it
R3 Medium 25-50 1-2 Cannot be scraped or peeled with a Claystone, coal, concrete,
strong pocket knife, specimen can be schist, shale, siltstone
fractured with a single blow from a
geological hammer
R2 Weak 5-25 **  Can be peeled with a pocket knife ~ Chalk, rocksalt, potash
with difficulty, shallow indentation
made by firm blow with point of a
geological hammer
R1 Very 1-5 *#*  Crumbles under firm blows with Highly weathered or altered
weak point of a geological hammer, can  rock
be peeled by a pocket knife
RO Extremely 025-1 **  Indented by thumbnail Stiff fault gouge
weak

* Grade according to Brown [2]

** Point load tests on rocks with a uniaxial compressive strength below 25 MPa are likely to yield ambiguous results.
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Table 2. Values of the constant m; for intact rock, by rock group. Note that values in parenthesis are estimates.

Rock Class Group Texture
type Coarse | Medium Fine Very fine
Conglomerate Sandstone Siltstone Claystone
. (22) 19 9 4
Clastic
Greywacke
(18)
S Chalk
~ 7
§ Organic
Z Coal
E (8-21)
a . Breccia Sparitic Micritic
«» Non-Clastic Carbonate (20) Limestone Limestone
(10) 8
Chemical Gypstone Anhydrite
16 13
9 . Marble Hornfels Quartzite
= Non Foliated 9 (19) 24
%
% Slihtly foliated Migmatite Amphibolite Mylonites
ightly foliate _
§ (30) 25-31 (6)
= Foliated* Gneiss Schists Phyllites Slate
= 33 4-8 (10) 9
Granite Rhyolite Obsidian
. 33 (16) (19)
Light
Granodiorite Dacite
(30) (17)
% Diorite Andesite
2 28) 19
< Dark Gabbro Dolerite Basalt
27 19 a7
Norite
22
Extrusive pyroclastic type Agglomerate Breccia Tuff
(20) (18) (15)

* These values are for intact rock specimens tested normal to bedding or foliation. The value of m; will be significantly

different if failure occurs along a weakness plane.

Unlike other rocks, coal is organic in origin and
therefore has unique constituents and properties.
Unless these properties are recognised and allowed
for in characterising the coal, the results of any tests
will exhibit a large amount of scatter. Medhurst,
Brown and Trueman [9] have shown that, by taking
into account the ‘brightness’ which reflects the
composition and the cleating of the coal, it is possible
to differentiate between the mechanical characteristics
of different coals.

INFLUENCE OF SAMPLE SIZE

The influence of sample size upon rock strength has
been widely discussed in geotechnical literature and it
is generally assumed that there is a significant
reduction in strength with increasing sample size.
Based upon an analysis of published data, Hoek and
Brown [1] have suggested that the uniaxial
compressive strength 6.4 of a rock specimen with a
diameter of d mm is related to the uniaxial













































HOEK & BROWN - PRACTICAL ESTIMATES OF ROCK MASS STRENGTH 19

Fig. 23. Structurally controlled failure in the face of a steep
bench in a heavily jointed rock mass.

Tension crack

Failure through weak rock
mass

Groundwater
surface

Failure on fault dipping at 25°

Failure through weak rock mass
at slope toe

H
100 m

Fig 24. Complex slope failure controlled by an outward
dipping basal fault and circular failure through the poor
quality rock mass overlying the toe of the slope.

Sancio [25] and Sonmez et al [26] have presented
interesting discussions on methods of back analysis of
slope failures involving jointed rock masses, the
properties of which can be described in terms of the
Hoek-Brown failure criterion. Numerical analysis of
complex failure processes in very large-scale open pit
mine slopes have been described by Board et al [27].

ACKNOWLEDGEMENTS

Many individuals have been involved in the
development of the ideas presented in this paper and
it is impossible to list them all individually. However,
the contributions of the following persons stand out
and the authors expresses their sincere gratitude for
their assistance and encouragement over the past
twenty years: Dr John Bray, a former colleague at
Imperial College in London, Mr David Wood, Mr
Peter Stacey, Mr Graham Rawlings and Dr Trevor
Carter in Canada, Dr John Read and Dr Terry
Medhurst in Australia, Professor Z.T. Bieniawski in
the USA, Dr Antonio Karzulovic in Chile, Professor
Paul Marinos and Dr Michael Kavvadas in Greece,
Dr Walter Steiner in Switzerland, Professors
Rudolpho Sancio and Daniel Salcedo in Venezuela,
Mr. P.M. Jalote, Mr Vinai Kumar and Dr. B.
Dasgupta in India.

The authors also acknowledge permission to
publish details of current projects by the following
organisations: The Nathpa Jhakri Power Corporation
Limited, India, Attiko Metro, Greece and Sistema
Hidraulico Yacambu Quibor C.A., Venezuela.

REFERENCES

1. Hoek E. and Brown E.T. Underground excavations in
rock, p. 527. London, Instn Min. Metall. (1980).

2. Broch E. The influence of water on some rock
properties. Proc. 31 Congress, ISRM, Denver. 74(2),
Part A, 33-38 (1974).

3. Terzaghi K. Die Berechnung der Durchlassigkeitsziffer
des Tones aus dem Verlauf der hydrodynamischen
Spannungserscheinungen. Sber. Akad. Wiss. Wien.
132(105), 125-138 (1923).

4. Lade P.V. and de Boer R. The concept of effective
stress for soil, concrete and rock. Géotechnique 47(1),
61-78 (1997).

5. Brace W.F. and Martin R.J. A test of the law of
effective stress for crystalline rocks of low porosity. Int.
J. Rock Mech. Min. Sci.. 5(5), 415-426 (1968).

6. Brown E.T. (Ed). Rock characterization, testing and
monitoring - ISRM suggested methods, 171-183.
Oxford, Pergamon (1981).

7. Martin C.D. and Chandler N.A. The progressive failure
of Lac du Bonnet granite. Int. J. Rock Mech. Min. Sci.
& Geomech. Abstr. 30(7), 643-659 (1994).

8. Salcedo D.A. Macizos Rocosos: Caracterizacion,
Resistencia al Corte y Mecanismos de Rotura. Proc. 25
Aniversario Conferencia Soc. Venezolana de Mecanica
del Suelo e Ingenieria de Fundaciones, Caracas. 143-
172 (1983).

9. Medhurst T.P., Brown E.T. and Trueman R.
Experimental studies of the effects of scale on the
strength of coal. In Proc. 8th Int. Congr. Rock Mech,
1, 347-351. Rotterdam, Balkema (1995).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

HOEK & BROWN - PRACTICAL ESTIMATES OF ROCK MASS STRENGTH

Medhurst T.P. and Brown E.T. Large scale laboratory
testing of coal. In Proc. 7th ANZ Conf. Geomech.,
(Edited by Jaksa M.B., Kaggwa W.S. and Cameron
D.A.), 203-208, Canberra, IE Australia (1996).

Hoek E. Strength of rock and rock masses, ISRM News
Journal, 2(2), 4-16 (1994).

Hoek E., Kaiser P.K. and Bawden W.F. Support of
underground excavations in hard rock. p. 215.
Rotterdam, Balkema. (1995).

Terzaghi K. Rock defects and loads on tunnel supports.
In Rock tunneling with steel supports, (Edited by
Proctor R. V. and White T. L.) 1, 17-99. Youngstown,
Ohio, Commercial Shearing and Stamping Company
(1946).

Hoek E., Wood D. and Shah S. A modified Hoek-
Brown criterion for jointed rock masses. Proc. Rock
Characterization, Symp. Int. Soc. Rock Mech.: Eurock
‘92, (Edited by Hudson J.A.), 209-214. London, Brit.
Geotech. Soc. (1992).

Bieniawski Z.T. Rock mass classification in rock
engineering. In Exploration for Rock Engineering,
Proc. of the Symp., (Edited by Bieniawski Z.T.) 1, 97-
106. Cape Town, Balkema (1976).

Bieniawski Z.T. Engineering  Rock
Classifications. p. 251. New York, Wiley (1989).
Hoek E. Strength of jointed rock masses, 1983 Rankine
Lecture. Géotechnique 33(3), 187-223. (1983).

Serafim J.L. and Pereira J.P. Consideration of the
geomechanical classification of Bieniawski. Proc. Int.
Symp. on Engineering Geology and Underground
Construction, Lisbon 1(IT), 33-44. (1983).

Pan X.D. and Hudson J.A. A simplified three
dimensional Hoek-Brown yield criterion. In Rock
Mechanics and Power Plants, Proc. ISRM Symp.
(Edited by Romana M.), 95-103. Rotterdam, Balkema
(1988).

Karzulovic A. and Diaz, A. Evaluacién de las
Propiedades Geomacdnicas de la Brecha Braden en
Mina El Teniente. Proc. IV Congreso Sudamericano de
Mecanica de Rocas, Santiago 1, 39-47. (1994).

Moretto O., Sarra Pistone R.E. and Del Rio J.C. A case
history in Argentina - Rock Mechanics for underground

Mass

22.

23.

24.

25.

26.

217.

28.

29.

30.

20

works in the Pumping Storage Development of Rio
Grande No 1. In Comprehensive Rock Engineering.
(Edited by Hudson. J.A) 5, 159-192. Oxford,
Pergamon (1993).

Hammett R.D. and Hoek E. Design of large
underground caverns for hydroelectric projects with
particular reference to structurally controlled failure
mechanisms. In Recent Developments in Geotechnical
Engineering for Hydro Projects. (Edited by Kulhawy
F.H.), 192-206. New York, ASCE (1981).

Jalote P.M., Kumar A. and Kumar V. Geotechniques
applied in the design of the machine hall cavern,
Nathpa Jhakri Hydel Project, N.-W. Himalaya, India. J.
Engng Geol. (India) XXV (1-4), 181-192. (1996).
Kavvadas M., Hewison L.R., Lastaratos P.G.,
Seferoglou C. and Michalis I. Experience in the
construction of the Athens Metro. Proc. Int. Symp.
Geotechical Aspects of Underground Construction in
Soft Ground. (Edited by Mair R.J. and Taylor R.N.),
277-282. London, City University. (1996).

Sancio R.T. The use of back-calculations to obtain
shear and tensile strength of weathered rock. Proc. Int.
Symp. Weak Rock, Tokyo 2, 647-652. (1981).

Sénmez H., Ulusay R. and Gokgeoglu, C. Practical
procedure for the back analysis of slope failures in
closely jointed rock masses. Submitted to Int. J. Rock
Mech. Min. Sci. (1997).

Board M., Chacon E., Verona P. and Lorig L.
Comparative analysis of toppling behaviour at
Chuquicamata open pit mine, Chile. Trans. Instn Min.
Metall.. 105, A11-21. (1996).

Balmer G. A general analytical solution for Mohr's
envelope. Am. Soc. Test. Mat. 52, 1260-1271. (1952).
Hoek E. and Brown E.T. The Hoek-Brown failure
criterion - a 1988 update. In Rock Engineering for
Underground Excavations, Proc. 15th Canadian Rock
Mech. Symp. (Edited by Curran J.C.), 31-38. Toronto,
Dept. Civil Engineering, University of Toronto. (1988).
Hoek E. and Franklin J.A. A simple triaxial cell for
field and laboratory testing of rock. Trans. Instn Min.
Metall. 77, A22-26.



HOEK & BROWN - PRACTICAL ESTIMATES OF ROCK MASS STRENGTH 21

APPENDIX A - HISTORICAL DEVELOPMENT OF THE HOEK-BROWN CRITERION

Publication Coverage Equations
Hoek & Brown Original criterion for heavily jointed rock masses G =Gh 40 [ G /G +
[1] with no fines. Mohr envelope was obtained by 150370 \MO3/0¢ T8
. .- ' . O
statistical curve fitting to a number of (G,,,T) pairs o, = —c (m —Jym? + 4s)
calculated by the method published by Balmer [28]. 2
' ' \ B
G, 03 are major and minor effective principal T= A0, ((Gn -0, )/6 ci )
stresses at failure, respectively . . ! , ! ,
6, =0,+((c,-0,)/(1+0dc, /dc
G, is the tensile strength of the rock mass " 3 (( ! 3 )/( 1/ 3 ))
m and s are material constants T=(0, —03)y/00; /86'3
G, .7 are effective normal and shear stresses, 96 /36'3 =mo,,; /2(0'1 -63)
respectively.
Hoek [17] Original criterion for heavily jointed rock masses 6 —G.4+G [ p /G N
with no fines with a discussion on anisotropic failure =3 ciVMO3/O¢i T8
and an exact solution for the Mohr envelope by Dr T= ( Cotd; — Coso’ )mG /8
1 1 (&)
J.W. Bray.
0; = arctan(l/\/ 4hcos? - 1)
0= (90+ arctan(1/v/n3 — 1))/3
h=1+(16(mc), +56;)/(3m?c ;)
Hoek & Brown As for Hoek [17] but with the addition of Disturbed rock masses:
[29] relationships between constants m and s and a m, /m - exp((RMR _ 100)/14)
modified form of RMR (Bieniawski [15]) in which !
the Groundwater rating was assigned a fixed value of ~ § = eXp((RMR - 100)/ 6)
10 and the Adjustment for Joint Orientation was set Undisturbed or interlocking rock masses
at 0. Also a distinction between disturbed and _ _
undisturbed rock masses was introduced together my fm; = exp ((RMR 100)/ 28)
with means of estimating deformation modulus E §= exp(( RMR —100)/ 9)
(after Serafim and Pereira [18]).
E= 1()((1e1\41a—10)/40)
my, ,m; are for broken and intact rock,
respectively.
Hoek, Wood & Modified criterion to account for the fact the heavily o , o
Shah [14] jointed rock masses have zero tensile strength. 01 =03+0G,; (mb03 / Gei )
Balmer’s technique for calculating shear and normal vt ' ' ' '
6,=05+((c; —05)/(1+0d5,/do
stress pairs was utilised n 3 (( 1 3 )/( 1/ 3 ))
1=(0, —G3)y05, /00,
" " o " ((1—1)
96, /dc; = 1+ocmb(c3/6d)
Hoek [11] Introduction of the Generalised Hoek-Brown

Hoek, Kaiser &
Bawden [12]

criterion, incorporating both the original criterion for
fair to very poor quality rock masses and the
modified criterion for very poor quality rock masses
with increasing fines content. The Geological
Strength Index GSI was introduced to overcome the
deficiencies in Bieniawski’s RMR for very poor
quality rock masses. The distinction between
disturbed and undisturbed rock masses was dropped
on the basis that disturbance is generally induced by
engineering activities and should be allowed for by
downgrading the value of GSI.

" " " a
for GSI >25
my, [m; = exp((GSI —100)/28)
s =exp((GSI —100)/9)

a=05
for GSI < 25
s=0

a=065-GSI/200
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APPENDIX B - TRIAXIAL TESTS TO
Sxy-(SxTy/m)

DETERMINE G,; AND m; S - E C R L) (B3)

I N | S| 22> ~((22)°/n)
Determination of the intact rock uniaxial compressive
strength G,; and the Hoek-Brown constant m; should  The coefficient of determination  is given by:
be carried out by triaxial testing wherever possible.
The tests should be carried out over a confining stress [Z w-(TxTy /n)]z
range from zero to one half of the uniaxial r’ = ; 5 N 5 (B4)
compressive strength. At lease five data points should [Z x* = (Zx) / n||Zy*-(Zy) / ”]

be included in the analysis.

One type of triaxial cell which can be used for
these tests is illustrated in Fig. B1. This cell,
described by Hoek and Franklin [26], does not require
draining between tests and is convenient for the rapid
testing or a large number of specimens. More
sophisticated cells are available for research purposes
but the results obtained from the cell illustrated in
Fig. B1 are adequate for the rock strength estimates
described in this paper. This cell has the additional
advantage that it can be used in the field when testing

hardened and ground
steel spherical seats

clearance gap

mild steel cell body

materials such as coals, shales and phyllites which are Y |__rock specimen
extremely difficult to preserve during transportation ,//,/ri;
and normal specimen preparation for laboratory M
testing. /% p
Once the five or more triaxial test results have 7 Im

been obtained, they can be analysed to determine the
uniaxial compressive strength o, and the Hoek-
Brown constant m; as described by Hoek and Brown
[1]. In this analysis, equation (4) is re-written in the
form:

4]

y =m0 ;x+50 (B1)

rubber sealing sleeve

where x =063 and y=(c, —0;)>
The uniaxial compressive strength o, and the
constant my; are calculated from:

Fig. B1. Cut-away view of the triaxial cell designed by

Gl 2V _ Ty (ZxXy/n) |Tx ) Hoek and Franklin [26].

ci n sz _((Zx)2/n) n

Fig. B2. Spreadsheet for calculation of 6,; and m; from triaxial test data

Triaxial test data Calculation
X y Xy Xsq ysq Number of tests n= 5
sig3 sig1 Uniaxial strength sigci= 37.4
0 38.3 1466.89 0.0 0.0 2151766 Hoek-Brown constant mi= 15.50
5 72.4 454276  22713.8 25.0 20636668 Hoek-Brown constant s= 1.00
7.5 80.5 5329.00 39967.5 56.3 28398241 Coefficient of determination r2 = 0.997
15 115.6  10120.36 1518054 225.0 102421687
20 134.3 13064.49 261289.8 400.0 170680899

47.5 4411 34523.50 475776.5 706.3 324289261
sumx sumy sumxy ~ sumxsq  sumysq

Cell formulae
y = (sig1-sig3)"2
sigci = SQRT(sumy/n - (sumxy-sumx*sumy/n)/(sumxsg-(sumx”2)/n)*sumx/n)
mi = (1/sigci)*((sumxy-sumx*sumy/n)/(sumxsg-(sumx”2)/n))
r2 = ((sumxy-(sumx*sumy/n))*2)/((sumxsg-(sumx”2)/n)*(sumysg-(sumy”*2)/n))
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APPENDIX C - CALCULATION OF MOHR-
COULOMB PARAMETERS

The relationship between the normal and shear
stresses can be expressed in terms of the

corresponding  principal effective stresses as
suggested by Balmer [24]:
. ' G, -6
G, =03 +# (C1)
00 / 963 +1

T=(0) —G3)4/00, /00, (C2)

For the GSI > 25, when a =0.5:

5. )
9oL _ MO (C3)
863 2((51 - (53)
For GSI < 25, when s = 0:
’ ’ a-l1
90; _ 1+am,f[ "3] (C4y
dG% G,

The tensile strength of the rock mass is calculated

from:
Cum zﬁ(mh —\/m,f +4s) (C5)

2

The equivalent Mohr envelope, defined by equation
(4), may be written in the form:

Y=logA+BX (C6)
where
Y=log——, X= log[MJ 7
o Gci

ci

Using the value of o©,, calculated from equation

m
(C5) and a range of values of T and 6;1 calculated

from equations (C1) and (C2), the values of A and B
are determined by linear regression where :

B IXY-(X2XXY)/T

(C8)
sx2-(zx)?/r

A=10/(ZY/T-B(X X/T)) (€9)

and T is the total number of data pairs included in the
regression analysis.

The most critical step in this process is the
selection of the range of o5 values. As far as the
authors are aware, there are no theoretically correct
methods for choosing this range and a trial and error
method, based upon practical compromise, has been

used for selecting the range included in the

spreadsheet presented in Fig. C1.
For a Mohr envelope defined by equation (4), the

friction angle q;} for a specified normal stress (5;”- is
given by:

: B-1
0, = arctan[AB[MJ ] (C10)

ci
The corresponding cohesive strength c£ is given by:

¢; =T—G,; tan0; (C11)

and the corresponding uniaxial compressive strength
of the rock mass is :

2¢ '
omi = ﬂ (C12)
1-sin ¢;
Note that the cohesive strength c; given by equation

(C11) is an upper bound value and that it is prudent to
reduce this to about 75% of the calculated value for
practical applications.
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Fig. C1. Spreadsheet for calculation of Hoek-Brown and equivalent Mohr-Coulomb parameters
Hoek-Brown and equivalent Mohr Coulomb failure criteria
Input: [ sigci= 85  MPa | mi = 10 [ GsI= 45
Output: mb = 1.40 = 0.0022 a= 0.5
sigfm= -0.13 MPa A= 0.50 B= 0.70
k= 3.01 phi= 30.12 degrees coh= 327 MPa
sigcm= 1136 MPa = 6913.7 MPa
Tangent: | signt= 15.97 MPa | phit=_ 30.12 degrees | coht=__ 4.12 MPa |
Calculation:
Sums
sig3 1E-10 3.04 6.07 9.1 12.14 15.18 18.21 21.25 85.00
sig1 4.00 22.48 33.27 42.30 50.40 57.91 64.98 71.74 347.08
ds1ds3 15.89 4.07 3.19 2.80 2.56 2.40 2.27 2.18 35.35
sign 0.24 6.87 12.56 17.85 22.90 27.76 32.50 37.13 157.80
tau 0.94 7.74 11.59 14.62 17.20 19.48 21.54 23.44 116.55
X -2.36 -1.08 -0.83 -0.67 -0.57 -0.48 -0.42 -0.36 -6.77
y -1.95 -1.04 -0.87 -0.76 -0.69 -0.64 -0.60 -0.56 -7.11
Xy 4.61 1.13 0.71 0.52 0.39 0.31 0.25 0.20 8.12
Xsq 5.57 1.17 0.68 0.45 0.32 0.23 0.17 0.13 8.74
sig3sig1 0.00 68.23 202.01 385.23 612.01 878.92 1183.65 1524.51 4855
sig3sq 0.00 9.22 36.86 82.94 147.45 230.39 331.76 451.56 1290
taucalc 0.96 7.48 11.33 14.45 17.18 19.64 21.91 24.04
sigisig3fit  11.36 20.51 29.66 38.81 47.96 57.11 66.26 75.42
signtaufit 3.41 7.26 10.56 13.63 16.55 19.38 22.12 24.81

tangent 4.253087 8.103211 11.40318 14.47286 17.3991 20.2235 22.97025 25.65501

Cell formulae:
mb = mi*EXP((GSI-100)/28)
s = IF(GSI>25,EXP((GSI-100)/9),0)
a = IF(GSI>25,0.5,0.65-GSI/200)
sigtm = 0.5*sigci*(mb-SQRT (mb"2+4*s))
A= acalc= 10"(sumy/8 - bcalc*sumx/8)
B = bcalc= (sumxy - (sumx*sumy)/8)/(sumxsq - (sumx”"2)/8)
k = (sumsig3sig1 - (sumsig3*sumsig1)/8)/(sumsig3sq-(sumsig3.2)/8)
phi = ASIN((k-1)/(k+1))*180/PI()
coh = sigem/(2*SQRT(k))
sigcm = sumsig1/8 - k*sumsig3/8
E = IF(sigci>100,1000%10((GSI-10)/40),SQRT(sigci/100)*1000*10*((GSI-10)/40))
phit = (ATAN(acalc*bcalc*((signt-sigtm)/sigci)*(bcalc-1)))*180/PI()
coht = acalc™sigci*((signt-sigtm)/sigci)*bcalc-signt*TAN(phit*P1()/180)
sig3 = Start at 1E-10 (to avoid zero errors) and increment in 7 steps of sigci/28 to 0.25*sigci
sig1 = sig3+sigci*(((mb*sig3)/sigci)+s)*a
ds1ds3 = IF(GSI>25,(1+(mb*sigci)/(2*(sig1-sig3))),1+(a*mb”a)*(sig3/sigci)*(a-1))
sign = sig3+(sig1-sig3)/(1+ds1ds3)
tau = (sign-sig3)*SQRT(ds1ds3)
x = LOG((sign-sigtm)/sigci)
y = LOG(tau/sigci)
Xy = X*y X sq = x"2 sig3sig1= sig3*sig1 sig3sq = sig3"2
taucalc = acalc*sigci*((sign-sigtm)/sigci)"bcalc
s3sifit = sigcm+k*sig3
sntaufit = coh+sign*TAN(phi*PI1()/180)
tangent = coht+sign*TAN(phit*PI()/180)



