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INTRODUCTION

The design of an excavation in rock requires an assessment of the likely
response of the rock mass to a set of induced stresses. In order to predict
this response, a knowledge is required of the complete stress-strain behavior
and strength characteristics of the rock mass and of the influence of time on
these properties. This paper is concerned with only part of this total response,
the peak strength developed under a given set of stresses; the influence of
time is not considered.

In many cases such as slopes (30) or shallow tunnels (29), instability may
be associated with the structural features in the rock mass, and the shear strengths
of these discontinuities will be required for use in design calculations. In some
deep underground excavations, stability may depend on the relationship between
the induced stresses and the strength of the intact rock (27). The processes
of drilling and blasting and excavation by tunnelling machinery are also strongly
influenced by the strength of the intact rock material (41,47).

There is a further class of rock engineering problem in which the overall
stability of a deep surface cut or the components of a system of underground
excavations will be determined by the mass behavior of the rock mass surrounding
the excavation. In some cases, the rock mass may be heavily jointed so that,
on the scale of the problem, it can be regarded as an isotropic assembly of
interlocking angular particles. The transition from intact rock to heavily jointed
rock mass with increasing sample size in a hypothetical rock mass surrounding
an underground excavation is shown in Fig. 1. Which model will apply in a
given case will depend on the size of the excavation relative to the discontinuity
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spacing, the boundary conditions, the imposed stress level, and the orientations
and strengths of discontinuities.

A significant proportion of past rock mechanics research effort has been
devoted to the search for strength criteria for use in one or more of the classes
of design problem previously described. Two general classes of strength criterion
have been used—empirical criteria (3,5,25) and criteria based on mechanistic
or physical models of the deformation or fracture processesinvolved (22,26,28,38),
or both. Clearly, a fundamental mechanistic approach is to be preferred. However,
it must be acknowledged that despite the attention that the subject has received
and the volume of the resulting literature, a basic rock mass strength criterion
suitable for general practical application, has not been developed as yet.

Because of this, the writers have reexamined the available experimental data
in an attempt to develop an empirical strength criterion for rocks and rock
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FIG. 1.—Transition from Intact Rock to Heavily Jointed Rock Mass with Increasing
Sample Size

masses for use in excavation design. Ideally, such a criterion should:

1. Adequately describe the response of intact rock material to the full range
of stress conditions likely to be encountered in practice.

2. Be capable of accounting for anisotropic strength behavior associated with
the existence of planes of weakness.

3. Provide some indication, even if approximate, of the likely strength of
a full-scale rock mass containing several sets of discontinuities.

GeneraL EmpiricaL STReNGTH CRITERION

Examination of a wide range of experimental data for intact rock and rock
discontinuities, and the very much more limited range of data available for
jointed rock masses, shows that the relationships between major and minor
principal stresses and between shear and normal stresses at failure (defined
here as the attainment of peak stress), are generally nonlinear. By analogy
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with the nonlinear failure envelope predicted by classical Griffith crack theory
for plane compression (28) and by using a process of trial and error, the writers
have developed the following empirical relationship between the principal stresses
at failure:

[¢3 [ef ag
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in which o, = the major principal stress at failure; o, = the minor principal
stress; o, = the uniaxial compressive strength of the intact rock material; and
m and s = constants that depend on the properties of the rock and on the
extent to which it had been broken before being subjected to the failure stresses
o, and o;.

For conciseness, Eq. 1 may be rewritten in the form

Cln =03, +V Mo, +5 . . o e e e e )

in which ¢,, and o,, are the values of the principal stresses normalized with
respect to ¢.(c,, = ¢,/0.,0,, = 6;3/0,).

By putting ¢, = 0 in Eq. 1, the uniaxial compressive strength of the rock
is obtained as

O, =V S0 e e e 3)

cs

For intact rock material, s = 1.0 and o, = o, as required. For previously
broken rock, s < 1 and the compressive strength at zero, confining pressure
is given by Eq. 3. It must be emphasized that o, is the uniaxial compressive
strength of the intact rock material making up the specimen. For a completely
granulated specimen or a rock aggregate, s = 0.

The uniaxial tensile strength of a specimen is found by putting o, = O in
Eq. 1 and solving the resulting equation for o, = o, to obtain

When s = 0, o, = 0 as would be expected for completely broken material.
For intact rock material with s = 1.0 and m >> 1, m = o_/|o,|. However,
because of the difficulty involved in adopting the uniaxial tensile strength as
a fundamental rock property (23), it is preferable to treat m simply as an empirical
curve fitting parameter. The value of m will decrease as the degree of prior
fracturing of a specimen increases.

Although for many design applications, it will be appropriate to express the
rock strength criterion in terms of principal stresses, for cases involving shear
failure on a single surface or in a narrow zone, a criterion expressed in terms
of the shear and normal stresses on the slip surface may be required. Using
the relationship between normal and shear stresses on the critical plane derived
by Balmer (2) for a general nonlinear failure criterion, it is found that the
normal stress, o, and the shear strength, 7, defined in Fig. 2, can be written
as
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From Fig. 2 it can be seen that the normalized values of ¢ and 1, o, = o/0,
and 7, = 7/0o_, may be related by an equation of the form

Tai= AT @) Sih Ve heveins s oAK - gies » Be pongo Bo. EEAS nhesriapyer sk 5. bk ®
in which o,, = the normalized tensile strength of the rock given by

1
o,,,=?(m—\/m2+4s) ........................... )

and 4 and B = constants depending upon the value of m.
In developing the criterion, it has been assumed that the intermediate principal
stress will have a negligible influence on failure conditions. This may be less
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FIG. 2.—Failure Envelope Showing Relationships between Stress Components

acceptable for jointed rock than it is for intact isotropic rock material (49).
The criterion has been expressed in terms of total or applied stresses. The
effective stress form of the criterion that allows pore—or joint—water pressures
to be accounted for can be obtained simply by substituting the effective stresses
o, and o; for the total stresses o, and o, in the preceding equations. The
parameters m and s determined from the effective stress form of the strength
criterion will not be necessarily the same as those evaluated in terms of total
stresses.

AppucaTion To Isotroric Rock MATERIAL

In order to check the applicability of the empirical strength criterion to isotropic
rock material, published triaxial test data for a variety of rock types were analyzed.
Only those data that were found to be well supported by details of the experimental
techniques used were included in the analysis.

It is well recognized that the behavior of most rocks changes from brittle
to ductile at some elevated confining pressure, defined by Byerlee (15) as the
brittle-ductile transition pressure. Not only does the shape of the stress-strain
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curve change at this pressure, but the mechanism of deformation also changes
in the transition zone (54). Therefore, it cannot be expected that a strength
criterion developed for application in the brittle range should be equally applicable
in the ductile range. Mogi (42) found that the brittle-ductile transition for most
rocks could be defined approximately by the intersection of the line

on=i334 opnin g o o en Wk dhah T ) Ae wivie 46 (10)

with the principal stress failure envelope. Accordingly, only those data sets
containing five or more experimental points well spaced in the stress space
defined by o, < 0, < 0,/3.4 were accepted for analysis. All data analyzed
were for oven- or air-dried samples except where otherwise stated in Table 1.

For intact rock material, s = 1.0, and the normalized form of the strength

TABLE 1.—Values of Strength Parameter m for Intact Rock Materials (s = 1.0)

Data from Range of o, Coefficient
reference | Number of in pounds of determi-
Rock type numbers | data points | per square inch m nation, r?
(1 2) (3) 4) (5) (6)
Limestone 21, 41, 51 84 6,380-29,200 5.4 0.68
Dolomite 9, 43 25 21,500-73,400 6.8 0.90
Mudstone 5, 41 34 —* 7.3 0.82
Marble 11, 12, 21, 105 7,210-19,300 10.6 0.90
36, 51,
54
Sandstone 1,5,8,21, 375 5,790-57,800 14.3 0.87
32, 36,
41, 48,
50, 51
Dolerite 9,21, 27 51 42,600-83,000 15.2 0.97
Quartzite 5,217, 41 59 32,900-47,500 16.8 0.84
Chert 27 24 84,000 20.3 0.93
Norite 5 17 —* 23.2 0.97
Quartz-diorite | 12 10 27,300 (saturat- 234 0.98
ed)-35,200 (dry)
Gabbro 12 10 29,700 (saturat- 239 0.97
ed)-50,900 (dry)
Gneiss 12 10 26,700 (parallel fo- | 24.5 0.91
liation)-25,900
(perpendicular
: foliation)
Amphibolite 36 10 21,300 (parallel fo- | 25.1 0.98
liation)-29,200
(perpendicular
foliation)
Granite 9, 21, 23, 109 16,900-50,000 279 0.99
41, 43,
51, 53

*Source data in Ref. 5 given in normalized form.
Note: 1 psi = 6.9 kPa.
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A linear regression analysis was used to determine the values of o, and m
giving the best fit of Eq. 11 to each individual set of data obtained by a given
writer for a particular rock type. These individual sets of data were then grouped
according to rock type. Each data set was normalized using its own value of
o, and a further linear regression analysis was carried out to determine the
value of m giving the best overall fit for each rock type.

Table 1 summarizes the results obtained from this analysis. Typical normalized
plots of principal stresses at failure (taken to correspond with the peak value
of o) are shown in Figs. 3 and 4 for sandstones and granites, respectively.
The grouping and analysis of data according to rock type has obvious disadvan-
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FIG. 3.—Normalized Failure Envelope for Sandstones

tages. Detailed studies of rock strength and fracture indicate that factors such
as mineral composition, grain size and angularity, grain packing patterns and
the nature of cementing materials between grains, all influence the manner in
which fracture initiates and propagates (45). If these factors are relatively uniform
within a given rock type, then it might be expected that a single curve would
give a good fit to the normalized strength data with a correspondingly high
value of the coefficient of determination, r>. Such a result is shown for granite
in Fig. 4. If, on the other hand, these factors are quite variable from one
occurrence of a given rock type to another, then a wider scatter of data points
and a poorer fit by a single curve might be anticipated. Table 1 shows that
for sandstone (Fig. 3) where grain size, porosity and the nature of the cementing
material can vary widely, and for limestone that is a name given to a wide
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variety of carbonate rocks, the values of r* are, indeed, quite low.

Despite these difficulties and the sometimes arbitrary allocation of a particular
name to a given rock, the results shown in Table 1 do serve an important
practical purpose. By using the approximate value of m found to apply for
a particular rock type, it may be possible to carry out preliminary design
calculations on the basis of no testing other than a determination of a suitable
value of o, made using a simple test such as the point load test (5). A value
of o, is required as a scaling factor to determine the strength of a particular
sample of rock. Thus, although the same value of m may apply to the granites
tested by Schwartz (51) and Brace (9), respectively, the strengths of the two
rocks at a given confining pressure can differ by a factor of three.

6.0 /
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m= 27-86 /
r?z 0-99 /
5.0

o Franklin & Hoek {21)

+ Heard ot al (24)

2 Wawersik & Brace (53)
= Brace (9)
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0 0.2 0.4 0.6 0.8 1.0
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FIG. 4—Normalized Failure Envelope for Granites

Rock types are listed in Table 1 in increasing order of the value of the parameter
m. There is clearly some general pattern to the relationship between intact
rock type and m. These and other results not included in the tabulation because
of their limited range suggest that m increases with rock type in the following
general way: (1) m = 7—Carbonate rocks with well developed crystal cleavage
(dolomite, limestone, marbie); (2) m = 10—lithified argillaceous rocks (mudstone,
siltstone, shale, slate); (3) m = 15—arenaceous rocks with strong crystals and
poorly developed crystal cleavage (sandstone, quartzite); (4) m = 17—fine-grained
polyminerallic igneous crystalline rocks (andesite, dolerite, diabase, rhyolite);
and (5) m = 25—coarse-grained polyminerallic igneous and metamorphic rocks
(amphibolite, gabbro, gneiss, granite, norite, quartz-diorite).
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AppuicaTIiON TO ANisoTroric Rock

The influence of single discontinuities or planes of weakness on the strength
of otherwise intact rock has been widely investigated. Jaeger’s single plane
of weakness theory (31), developed for the case shown in Fig. 5(a), postulates
two independent failure modes, slip on the discontinuity and shear fracture
of the intact rock material, depending on the orientation of the discontinuity
to the principal stress directions; see Fig. 5(b). This behavior is reasonably
well represented in specimens containing a single open joint or an artifically
induced discontinuity (31). The behavior of anisotropic rock such as slate or
shale is more complex than that allowed for by this theory, with specimen
strengths varying continuously with the orientation of the planes of weakness
(18,26,40).

It is clear that, for anisotropic specimens, the parameters m and s in the
empirical strength criterion cannot be constant as they are for isotropic rock
but must vary with the orientation of the plane of weakness as defined by
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FIG. 5.—Anisotropic Rock Failure: (a) Problem ldealization; (b) o, — B Failure
Characteristic

the angle B in Fig. 5(a). By a process of trial and error, it has been found
that a good fit to experimental data such as that obtained by Hoek (26), Donath
(18) and McLamore and Gray (40) can be obtained by putting

m=m, [1 =N, exp(—0)*] ... ... . . 12)
and*UFE] 2P X p(SL)t P IN) pUASEISNILT L 9108 | d Datae 035 sl 1 13)
in which m, = the value of m for intact rock determined for B = 90°; and
B . B S N S e (14a)
N,+ N,B
= Ll gt epe e e g B O (14b)
P,+ P

where 3, = the value of B at which m is a minimum; 8, = the value of
B at which s is a minimum; and N,, N,, N, P,, P,, and P, = constants.
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An example of the application of this approach to the triaxial test data obtained
for a slate by McLamore and Gray (40) is shown in Fig. 6. It is hardly surprising
that a reasonable fit to the data can be obtained given the large number of
parameters and constants involved in the anisotropic formulation of the empirical
strength criterion. Indeed, it is unlikely that this approach would be particularly
useful in practice given that reasonable fits to experimental data can be obtained
with less complicated approaches (26,31,40). However, the results obtained do
show that the general criterion can be modified to take account of anisotropic
strength behavior.

AppucaTion To Muttipey Jointep Rock

The most complex of the rock strength problems to be considered here is
that of the mass strength of multiply jointed rock masses. Very little direct
experimental data are available for this case, but some understanding of the
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FIG. 6.—Strength Characteristics of Slate at Various Confining Pressures; Note Ref.
40 (1 ksi = 6.9 MPa)

problem can be gained from the results of laboratory model studies (13,14,16,19,
35,38). These studies show that a great number of failure modes are possible
in jointed rock (13,14), and that the internal distribution of stresses within a
jointed rock mass can be highly complex (16). Of particular interest is the
finding that, even where failure takes place not along the discontinuities but
through the intact rock material, the strength of a jointed mass may be considerably
less than that of the unjointed material tested under otherwise identical conditions
(13,19). The relative strength reduction measured in triaxial compression tests
decreases with increasing confining pressure (13). The quantification of these
effects in natural rock masses remains an outstanding problem in rock engineering.

The influence of multiple discontinuities on rock mass strength in a somewhat
different case can be illustrated by reconsidering the data for a slate presented
in Fig. 6. Assume that, instead of containing one set of planes of weakness,
the specimens contain a number of identical sets oriented at equal angles to
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each other. It is possible to apply Jaeger’s theory in several parts to construct
a set of o, versus § characteristics for the composite specimens for the values
of o, represented in Fig. 6. The solution for the case of four identical sets
of planes of weakness is shown in Fig. 7. In this case, it is found that failure
will always take place by slip on one of the planes of weakness. It will be
noted that, to a very good first approximation, the strength of this hypothetical
rock mass may be considered to be isotropic. A composite failure envelope
for this case, constructed using the minimum strength developed for each value
of o;, yields the parameters m = 1.48 and s = 0.007 with o, = 32,630 psi
(225 MPa) measured for 8 = 90°; for the intact rock material, m = 4.71 and
s =1.0.

The result shown in Fig. 7 suggests that if a rock mass contains four or
more sets of discontinuities having similar properties, it may be possible to

120
P~ - -
L S N N
N\¢ 7 N\ 77
\/ >/ \(\/
VAWAN /AN
or , \ Y AN T
// \\ // ~d 3 1

30

60 |
_/\A_/\, 20
40 F

_/\/\_/\-10
ok~ 5

Axial strength Oy (ksi)

15 30 45 75

0 50 5 B

FIG. 7.—Hypothetical Composite Strength Characteristics for Slate Containing Four
Identical Sets of Discontinuities (1 ksi = 6.9 MPa)

assume the strength of the rock mass to be isotropic. This will not be the
case when one of the discontinuities has a more pronounced influence than
the others because of a greater persistence or a lower shear strength due to
the presence of gouge, for example.

It is to be expected that the presence of one or more sets of discontinuities
in a rock mass will cause a reduction in the values of both m and s. Unfortunately,
relatively few sets of reliable triaxial test data for jointed rock are known to
exist, and so the choice of m and s for a given rock mass must be based
on the very few sets of data available as well as back-analysis of documented
cases of rock mass failure and a good measure of judgment. Such data as
are available to the writers will be considered in some detail since the lessons
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to be learned from them are vital to the development of an understanding of
the way in which the parameters m and s vary with rock mass characteristics.
The presence of fractures in a rock mass results in a decrease in both m
and s below the intact values because of the greater freedom of movement
made available to individual pieces of rock material. This effect can be seen
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FIG. 8.—Complete Uniaxial Stress-Strain Curve for Westerly Granite; Note Ref. 53
(1 ksi = 6.9 MPa)
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FIG. 9.—Strength Envelopes for Various Stages of Triaxial Tests on Westerly Granite
(1 ksi = 6.9 MPa)

in the results of a series of triaxial compression tests carried out on Westerly
granite by Wawersik and Brace (53). A stiff testing machine and special testing
techniques were used so that the progressive failure of the specimens could
be studied. A complete uniaxial stress-strain curve for Westerly granite is shown
in Fig. 8. Wawersik and Brace identified a number of well-defined stages in
the breakdown process on this and other curves. The same series of stages
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could be identified in triaxial compression tests carried out at seven different
confining pressures, although the relative importance of the various stages changed

with the confining pressure.
For the present analysis, the following stages of each test were used:

1. Start of stage IV—Maximum stress associated with the formation of a

large number of smiall fractures parallel to the direction of loading.
2. Start of stage VI—Formation of small, steeply inclined shear fractures.
3. Start of stage VII—Growth of small, steeply inclined fractures into an

open fault.
TABLE 2.—Strength Parameters for Intact, Jointed and Recompacted Panguna Ande-
site
Speci-
men Coeffi-
dia- cient
meter, of
in deter-
Number| inches mi-
Specimen of data| (milli- nation
description Tested by | points | meters) m s r
(1 2) 3) 4) (5) (6) U]
Intact fresh rock ma- |Jaeger (33) 5 2.0(51) | 18.9 1.00 0.85
terial Golder Asso- 4.0 (102)
ciation,
Vancouver
Undisturbed closely |Jfaeger (33) 7 6.0 (152)| 0.278 | 0.0002 0.99
jointed samples ob-
tained using triple
tube core barrel
Graded mine bench | Bougainville 72 6.0(152)} o0.116] O —
samples recompact- | Copper Ltd.
ed to close to in situ
unit weight
Fresh to slightly SMEC* 15 [22.5(572)| 0.040 | O -—
weathered rock re-
compacted to a unit
weight of 127.5-
129.4 pef (2.04-2.07
t/m?)
Moderately weathered SMEC* 5 {22.5(572)] 0.030| O —
rock recompacted to
a unit weight of
124.3 pcf (1.99
t/m’)
Highly weathered rock] SMEC*" 3 |225(572)] 0.012] O —
recompacted to a
unit weight of 101.5
pef (1.63 t/m>)

*Snowy Mountains Engineering Corporation
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4. Start of stage VIII—Attainment of the residual strength of loose, broken
material held together by friction between the particles.

Each of these points was identified on the stress-strain curve obtained at
each confining pressure and the corresponding relationship between the principal
stresses plotted (Fig. 9). As shown on Fig. 9, both m and s decrease as the
degree of fracturing of the initially intact rock increases. The value of m decreases
by a factor of approximately two as the strength of the rock reduces from
peak to residual. This is a relatively modest decrease compared with that found
for natural rock masses. It appears that the parameter m is sensitive to the
angle of interparticle friction and to the degree of particle interlocking that
is still relatively high in the case of an initially intact granite specimen loaded
to its residual strength in a controlled manner. Note, however, that the value
of s decreases from 1.0-zero as the strength is reduced from peak to residual.
The parameter s appears to depend on the interparticle tensile strength and
the degree of particle interlocking.
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600}
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e rn:OmS‘ sSO P
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z . -==Highly weathered specimens
200 PO m = 0.012, s=0
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«=== Extrapolated

0 200 400 600 800
Normal stress O (psi)

Shear strength T {psi)

FiG. 10.—Shear Strength Envelopes for Triaxial Tests on Panguna Andesite (1 psi
= 6.9 kPa)

The only set of triaxial test data for undisturbed naturalily jointed rock known
to the writers is that obtained by Jaeger (33) for the Panguna andesite from
the Bougainville open pit mine, Papua-New Guinea. The sources and nature
of this and other test data for the Panguna andesite, and the results obtained
by analyzing them in terms of the empirical strength criterion, are summarized
in Table 2. The results show a systematic decrease in the values of m and
s with increasing fragmentation and weathering of the samples (Fig. 10).

A decrease in values of m and s with increased jointing intensity was also
found by reanalyzing the results of laboratory tests on models of jointed rock
(13,19,35) and the case history data presented by Brady (10). Although insufficient
data are presented to enable complete analyses to be carried out, John (34),
Manev and Avramova-Tacheva (39) and Muller (44) all present information for
natural rock masses that indicate similar trends.

It is apparent that, although trends are clearly indicated, the test data available
are insufficient to permit the determination of a set of parameters that could
be used to quantify the full range of rock mass strength behavior. Indeed,
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it is most unlikely that, because of the complexity and expense of obtaining
it, such data will ever become available. Accordingly, some other aid must
be sought in the development of a means of predicting rock mass strengths.
One possible approach is to use the well-known rock mass quality classification
schemes developed by Barton, Lien and Lunde (4) of the Norwegian Geotechnical
Institute (NGI) and Bieniawski (6), lately of the South African Council for
Scientific and Industrial Research (CSIR). Fundamental objections can be raised
to the use of these classification schemes in engineering design in that they
do not address the mechanics of engineering problems. However they have
the advantage of providing reasonably consistent quantification of rock mass
quality based on data that can be collected or estimated in the site investigation
phase of a construction project.

Fig. 11 shows plots of the parameter s and the ratio m/m,, in which m,
is the value of the parameter m for intact rock material, against the NGI and
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FIG. 11.—Plots of m/m, and s for Panguna Andesite against Rock Mass Classifications.

CSIR classification ratings estimated for the various categories of Panguna
andesite listed in Table 2. Bieniawski (7) proposed the following relationship
between the NGI quality index, Q, and the CSIR rock mass rating, RMR:

RMR=9InQ+44. . ........... ... ... ... ... . ... (15)

This relationship was used in positioning the scales in Fig. 11.

Despite the paucity and approximate nature of the data, straight lines were
drawn on Fig. 11 to give approximate relationships between s and m/ m, and
the classification ratings. Using these relationships and the limited experimental
data available as guides, approximate relationships between rock type, rock
quality and normalized strength were developed (Table 3). In any given case
the uniaxial compressive strength of approx 2.0 in. (51 mm) diameter samples
of fresh intact rock material will be required to apply to the calculated normalized
strength as a scaling factor. The rock mass strengths so obtained are intended
to include an allowance for the scale effect in rock material strength.

It must be strongly emphasized that the relationships set out in Table 3 are
based on very sparse data and are therefore very approximate; they should
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be used only as rough guides in preliminary design calculations. Where rock
or rock mass failure is likely to be an important consideration in the design
of a structure, every attempt should be made to determine the required strength
parameters by laboratory and in situ testing and by observations of the full-scale
performance of the rock mass around trial excavations (10). The strength
relationships given in Table 3 should not be used in cases in which slip is
considered likely to take place on one or two dominant planes of weakness.

PRACTICAL APPLICATIONS

The empirical strength criterion has been used successfully in a number of
projects involving slopes and underground excavations in rock. Programs for
digital computers and programmable calculators have been readily modified to
incorporate the nonlinear strength criterion. Generally, the approach has been
used for preliminary design calculations in cases in which rock mass strength
parameters have had to be estimated from Table 3 using site investigation
data to assess rock mass quality. An exception to this general rule was a slope
stability analysis for the Bougainville open pit mine in which strength parameters
obtained from triaxial test results (Table 2) could be used. The application of
the criterion in slope stability and underground excavation analyses will follow.

The criterion has also been incorporated into the ground-support interaction
analyses used in tunnel support design. Ladanyi’s closed-form solution for a
concrete lining to a circular tunnel in a hydrostatic stress field (37) has been
modified so that short- and long-term peak and residual strengths of the rock
mass are expressed in terms of the new criterion. Ladanyi’s approach to the
problem is distinguished from many others by the fact that it includes a realistic
model of the development of volumetric strains in the failing rock mass
surrounding the tunnel. The resulting solution has been coded for a programmable
calculator. The formulations used by Daemen (17) in developing numerical
solutions to a number of more complex ground-support interaction problems
have also been modified to incorporate the empirical rock mass strength criterion.

Slope Stability.—The nonlinear criterion can be incorporated into standard
slope stability programs such as those that analyze circular or noncircular slips
using Bishop’s or Janbu’s methods. Since this class of slope stability problem
involves shear failure of the rock mass along a continuous slip surface, the
shear strength-normal stress form of the criterion (Eq. 8) is used. In modifying
existing programs, it is most convenient to define instantaneous values of
cohesion, c,, and friction angle, ¢,, from the tangent to the shear strength
(1)—normal stress (o) curve at the appropriate value of normal stress. These
values are given by

c o, B-1

tan B4 B (= PR egREwi L e D pnalores it (16)
o, o,

and c,=7—octand, . . .. ... ... ... ... a7n

in which o, and v can be calculated from Eqs. 9 and 8, respectively, for
the assumed values of 4, B and o,. Rather than being constants for the jointed
rock mass as assumed by Bieniawski (6) and Stimpson and Ross-Brown (52),
¢, and ¢, will vary with stress level and so must be calculated individually
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TABLE 3.—Approximate Strength Criteria

Rock quality
(1

Carbonate
rocks with well devel-
oped crystal cleavage (dolo-
mite, limestone and marble)

2)

Lithified argill-
aceous rocks, (mudstone,
siltstone, shale and slate
norite and quartz-diorite)

3)

Intact rock samples—Ilaboratory
size rock specimens free from
structural defects (CSIR rating
100+; NGI rating 500)

Very good quality rock mass—
tightly interlocking undis-
turbed rock with unweathered
joints spaced at 3 m + (CSIR
rating 85; NGI rating 100)

Good quality rock mass—fresh
to slightly weathered rock,
slightly disturbed with joints
spaced at 1 m-3 m (CSIR rat-
ing 65; NGI rating 10)

Fair quality rock mass—several
sets of moderately weathered
joints spaced at 0.3 m-1 m
(CSIR rating 44; NGI rating
1.0)

Poor quality rock mass—
numerous weathered joints
spaced at 30 mm-500 mm with
some gouge filling / clean
waste rock (CSIR rating 23;
NGI rating 0.1)

Very poor quality rock mass—
numerous heavily weathered
joints spaced less than 50 mm
with gouge filling/ waste rock
with fines (CSIR rating 3; NGI
rating 0.01)

0y, =03, + \/70," +1.0
7, = 0.816 (o, + 0.140)>**

0y, = 03, + V350, +0.1
7, = 0.651 (o, + 0.028)%°™

O\, = O3, + \/0-703,. + 0.004
+, = 0.369 (o, + 0.006)%°

G, = 03, + V0.140,, + 0.0001
7, =0.198(c, + 0.0007)%**

0,, = a5, + V 0.040,, + 0.00001

1, = 0.115(c, + 0.0002)**

o, = 0y, + V 0.0075,, + 0
7, =0.042(c,)""*

O\, =03, + \[100',,. +1.0
7, = 0.918 (o, + 0.099)>*”

o,, =0,, + V50, +0.1
T, = 0.739(, + 0.020)>°%

0,,=0,,+ V1.00,, + 0.004
1, = 0.427(c, + 0.004)>°®

o, =03, + V0.200,, + 0.0001
1, =0.234¢, + 0.0005)"°"

G,, =05, + V0.050,, + 0.00001
1, =0.129(,, +0.0002)°**

c,, =03, + V00106, +0
*, = 0.050@ ,)***

for each slice in slope stability analyses.
As an example, consider a fair quality argillaceous rock mass for which Table
3 gives the normalized shear strength criterion as

7, = 0.234 (o, + 0.0005)°¢"

In this case, 4 = 0.234; B = 0.675; and 0,/ o, = —0.0005. The resulting normalized
shear strength envelope is shown in Fig. 12(a). Note that the unconfined
compressive strength of the rock mass is estimated as 0.01 o,. Fig. 12(b) shows
the variation in instantaneous cohesion and instantaneous angle of friction with
normal stress for o, = 5,000 psi (34.5 MPa).

In the stability analyses carried out to date, parameters given in Table 3
have been used for both total and effective stress analyses. As previously noted,
it is likely that the total and effective stress values of the parameters m, s,
A and B will differ. Because of the lack of adequate field or laboratory data,
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Arenaceous rocks with
strong crystals and poorly
developed crystal cleavage
{sandstone and quartzite)

(4

Fine grained polymin-
erallic igneous crystalline
rocks, (andesite, dolerite,

diabase and rhyolite

(5)

Coarse grained
polyminerallic ig-
neous and metamorphic crys-
talline rocks {amphibolite,
gabbro, gneiss, granite,
norite and quartz-diorite)

(6)

o, =0, +Visa,, +10
T, = 1.044 (o, + 0.067)>*

o, =05, + V1.50,, + 0.1
v, = 0.848 (¢, + 0.013)%7*

o, = 0,, + V 1.50,, + 0.004
+, = 0.501 (o, + 0.003)%*

o, = 6y, + V0.30a,, + 0.0001

+, = 0.280 (¢, + 0.0003)"*

o\n = 05, + V0.80,, + 0.00001

T, =0.162(c, + 0.0001)*™

o, =0, +V00l5c,, +0

Oy, =0, + \/170,,, + 1.0
T, = 1.086(c, + 0.059)*¢*

o, =0,,+ V850, + 0.1
v, = 0.883(c, + 0.012)>™

o, =03, +V17a,, + 0.004
7, = 0.525(c, + 0.002)>¢*

o, = 0,3, + V0.34q,, + 0.0001
T, = 0.295(c,, + 0.0003) '

o, =0,, + V0.09q,, + 0.00001
T, = 0.172(c,, + 0.0001)°>°"®

0\, =0y, + V0.0170,, + 0
T, =0.065@,) >

o, =0, + V2, +1.0
T, = 1.220(0, + 0.040)°7

O, =0,,+ V12.50,,+0.1
v, = 0.998(a, + 0.008)°7*

G, =0y, + \/2.50,,, + 0.004
T, = 0.603(c, + 0.002)*""

o, = 0,;, + V0.500,, + 0.0001
T, =0.346(c, + 0.0002)*"®

G, =0y, + VO0.130,, + 0.00001
T, =0.203(c, + 0.0001)***

G, =0y, +V0.0250,, +0
T, =0.078( )

T, =0.061(,)"**

it has not been possible to determine appropriate effective stress parameters.
Until this can be done, the values given in Table 3 should be used with o,
always being measured for field moisture conditions.

Over-Stressed Zones Around Underground Excavations.—The criterion has been
used in conjunction with elastic stress analyses to determine the likely extent
of overstressed zones around underground excavations. This approach has been
particularly useful in the early stages of the design of underground power stations,
e.g., when little information about the properties and behavior of the rock mass
is available, but design decisions have to be made about excavation shapes
and dimensions.

For this purpose, the principal stress form of the criterion has been incorporated
into a computer program that uses an indirect formulation of the boundary
element method to calculate the plane strain elastic stresses and displacements
around underground excavations of any shape (20). The program allows solution
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of problems involving deep excavations for which the stress fields may be
considered constant with depth, and shallow excavations in which the stress
fields are influenced by gravity. Having determined the principal stresses at
a series of boundary and internal points, the program calculates the available
strength at each point in terms of a major principal stress at failure from Eq.
2 or compressive failure and Eq. 4 or tensile failure, using the computed
values of o, and the values of o, m and s chosen as input data. The rock
mass strengths that can be developed at each point are then compared with
the computed values of o, (compression) or o, (tension) to give a series of
strength/stress ratios from which contours can be drawn and potentially over-
stressed zones identified.

This approach uses a plane strain elastic stress analysis and does not allow
for progressive failure or the post-peak stress-strain behavior of the rock mass.
Accordingly, it cannot be expected to provide accurate solutions to all practical
problems. Nevertheless, it has been found useful as a quick and inexpensive
means of obtaining some indication of the likely behavior of a proposed
excavation, particularly in the preliminary stages of design when a series of
trial analyses may be required.
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FIG. 12.—(a)Normalized Shear Strength Envelope for Fair Quality Argillaceous Rock
Mass; (b) Variation of c, and ¢, with Normal Stress (1 psi = 6.9 kPa)
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As an example of the use of this simple approach, consider a powerhouse
cavern to be excavated at a depth of 1210 ft (370 m) in a good quality gneiss.
Site investigation data show that the rock material has an unconfined compressive
strength of o, = 21,750 psi (150 MPa), the unit weight of rock mass is y =
170 pef (0.027 MN/m?), and the ratio of horizontal to vertical in situ stress
at cavern depth is k = 0.5. For this rock mass, strength parameters of m =
2.5 and s = 0.004 are selected from Table 3.

Fig. 13 shows the strength/stress ratio contours calculated for three trial
cavern shapes for these conditions. Fig. 13(a) shows a design popular in the
1950’s and 1960’s in which the cavern roof is supported by a full concrete
arch. The arch reaction and the crane beams are supported by notched haunches
cut into the cavern walls. The zone of overstressed rock indicated for this

o
)

(a) (b) (c)

FIG. 13.—Influence of Cavern Shape on Strength/Stress Contours

case is unacceptably large. Long rockbolts could be used to stabilize the walls
or, alternatively, the cavern shape could be changed to improve the induced
stress distribution. By using rockbolts rather than a concrete arch to support
the roof, and by supporting the crane beams on columns, the notch in -the
wall can be eliminated. As shown in Fig. 13(d), this results in a significant
reduction in the volume of overstressed rock adjacent to the cavern wall. Further
improvement can be achieved by slightly curving the walls as shown in Fig.
13(c). In this case, the relatively narrow strip of overstressed rock could probably
be supported by short rockbolts or shotcrete, or both. If the cavern walls were
curved as in Fig. 13(c), it would be necessary that the crane beams be anchored
to the cavern walls. This approach offers many constructional advantages and
is being increasingly used in cavern design.
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Summary anND CoNCLUSIONS

A nonlinear empirical peak strength criterion for rocks and rock masses has
been developed. The criterion uses the uniaxial compressive strength of the
intact rock material as a scaling parameter, and introduces two dimensionless
strength parameters, m and s. The parameter m appears to vary with rock
type, the angle of interparticle or interblock friction, and the degree of particle
interlocking within the rock mass. The parameter s appears to depend on the
interparticle tensile strength and the degree of particle interlocking.

For isotropic intact rock material, s = 1.0 and m is a constant depending
on rock type. For anisotropic rock, both m and s vary with the orientations
of the planes of weakness to the principal stress directions. For highly jointed
or fragmented rock, both m and s decrease with an increase in the intensity
of jointing or degree of fragmentation and with a reduction in the interlocking
of particles or blocks. For granular aggregates, s = 0.

Based on analysis of the considerable amount of triaxial test data available
for intact rock material, the small amount of test data available for jointed
rock masses, the results of laboratory tests on models of jointed rock, and
some case history data, approximate relationships between rock type, rock mass
quality, and the strength parameters, m and s, have been developed. These
relationships are intended for use in estimating the overall strengths of rock
masses in which the discontinuity spacing is small on the scale of the problem
and in which complex modes of rock mass failure might be expected to occur.
They should not be used for problems in which failure is likely to occur by
slip on one or two discontinuities as, for example, in wedge failures of slopes.

The criterion and the values of approximate strength parameters determined
from rock type and rock mass quality indices have been applied in preliminary
design calculations for slopes and underground excavations in jointed rock.
The approach used in these applications permits rapid assessments of rock mass
strength and the likely stability of structures to be made in the early stages
of project development before extensive field test programs or trial excavation
studies have been undertaken. The strength relationships presented for various
rock types and rock quality classes are based on sparse test data and should
be used as rough guides only. Where rock or rock mass failure is likely to
be an important design consideration, every attempt should be made to determine
the required strength parameters by laboratory or in situ testing and by observa-
tions of the full-scale performance of the rock mass around trial excavations.
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Estimating Mohr—Coulomb Friction and Cohesion
Values from the Hoek—Brown Failure Criterion

E. HOEK*

INTRODUCTION

Hoek and Brown [1-3] published a rock mass failure
criterion and suggested that the values of the material
constants m and s could be estimated from Bieniawski’s
rock mass rating (RMR) [4]. Since this is one of the few
techniques available for estimating the rock mass
strength from geological data, the criterion has been
widely used in rock mechanics analyses.

Most of the analyses which are currently used for the
evaluation of the stability of underground excavations or
for slope stability calculations are formulated in terms of
the Mohr-Coulomb failure criterion. Consequently, a
question which frequently arises is how to determine
equivalent values for the Mohr-Coulomb friction angle
¢, and the cohesive strength ¢; from the tangent to the
envelope to the principal stress circles defined by the
Hoek-Brown criterion.

This Technical Note sets out the equations required to
calculate these values for three conditions:

1. For a specified value of the effective normal stress
o.. a condition which generally applies in slope
stability analysis.

2. For a specified minor principal effective stress (¢3)
as would be appropriate in an analysis of stresses
around underground openings.

3. For a condition in which the uniaxial compressive
strength of the rock mass is the same for both
Hoek-Brown and Mohr-Coulomb criteria, i.e.
O cmasship = Temussme - 1 01€8€ conditions can be used
when neither the average effective normal stress o,
nor the minor principal effective stress g3 are
known.

Before giving the solutions for these three conditions,
the basic Hoek-Brown criterion and the relation be-
tween the constants m and s and Bieniawski’s RMR
value will be reviewed.

tDepartment of Civil Engineering. University of Toronto, Ontario,
Canada M5S 1A4.

ESTIMATING MATERIAL CONSTANTS
FROM ROCK MASS RATING

The Hoek-Brown failure criterion is defined by the
following equation [1,2,5}:

’ )
6,=03+./mo.63+s6;,

M
where:

o =the major principal effective stress at failure,
o3 = the minor principal effective stress or confining
pressure,
m, s = material constants,
6, = the uniaxial compressive strength of the intact
rock.

Note that the uniaxial compressive strength of the
intact rock refers to the strength which would be deter-
mined on a laboratory sized specimen (say a 50 mm
dia x 100 mm long core) which is free from discon-
tinuities such as joints or bedding planes. This value
is a measure of the contribution of the rock material to
the overall strength of the rock mass. The uniaxial
compressive strength of the rock mass is given by
substituting o3 =0 into equation (1):

O cmasshb — \/;o'c‘ (2)

Similarly, substituting ¢ =0 into equation (1) and
solving the resulting quadratic equation gives the uniax-
ial tensile strength of the rock or rock mass as:

Oomss =325(m ~ Jm+ 4s).

In order to provide a basis for linking their criterion
to measurements or observations which can be carried
out in the field, Hoek and Brown [3] suggested a set of
relations between the rock mass rating (RMR) from
Bieniawski's [4] rock mass classification and the con-
stants m and s. Following Priest and Brown {6], the
relations were presented in the form of the following
equations:

€)

disturbed rock masses:

RMR - 100
14 ’

m
— = eX
m P

i

@
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RMR - 100
s = exp — . (5)

undisturbed or interlocking rock masses:

m RMR - 100
e exp <—T—). (6
s =exp (B‘M.B_g:_l_oﬂ) )

where m; is the value of m for the intact rock, determined
from the results of triaxial tests [5]. When no laboratory
test data are available, the value of m, can be estimated
from Table 1.

For users who would prefer to use the Tunnelling
Quality Index Q from the NGI rock mass classifi-
cation by Barton er al. [7] the RMR value can be
calculated from the following relation proposed by
Bieniawski [8]:

RMR =9log, Q0 + 44 ®

FIND ¢/, ¢! Ocmsac AND 6, FOR A SPECIFIED
VALUE OF THE NORMAL STRESS o’

From Hoek and Brown [3], the calculation sequence
is as follows:

he=14 I6(ma,,’+ 50.) ©)
Im-a,
0= : (90 + arctan ! ) (10)
3 S —1)
1
[ = arctan ————————— 1)
¢ 4h cos?8 — 1 (
T =(cot¢{—cos¢{)%. (12)
ci=1t—g,tan ;. (13)

The uniaxial compressive strength ¢ p..me Of rock mass
with these ¢/ and ¢ values is given by:

2¢/ cos ¢
(1 —sin ¢;)
The uniaxial tensile strength of the rock mass
is obtained from the Hoek-Brown criterion and is

calculated from equation (3). This value can be used as
a Mohr-Coulomb *‘tension cut-off .

G emussme = (14)

cmassmc

TECHNICAL NOTE

FIND ¢/, ¢!\ Gouunc AND 0,.. FOR
A GIVEN VALLE OF o/

Assuming that the value of o] is specified, the corre-
sponding value of o for failure is calculated from
equation (1). The remaining calculation follows:

(01 —0})

gt

R TP T S e (15)

t=(0,—-a) [1+ 1% (16)
2o} —03)

¢/ =90 arcsin( 2 ) (17)

' (o1 —0a)))

The cohesive strength ¢/ is calculated from equation
(13) while the uniaxial compressive and tensile strengths
of the rock mass are calculated from equations (14)
and (3).

FIND ¢/ AND ¢/ FOR A CONDITION
IN WHICH THE UNIAXIAL COMPRESSIVE
STRENGTH OF THE ROCK MASS IS THE
SAME FOR BOTH THE MOHR-COULOMB
AND HOEK-BROWN FAILURE CRITERION

The uniaxial compressive strength of the rock mass is
the same for both criteria, i.e. 6 pumc = Ccmassho» aNd 1S
given by equation (2). The rest of the calculation is as
follows:

2s0

oL=—"" (18
4/s+m )
t=0, 14+ M, (19)

2/s

2
¢{=90-—arcsin( - > (20)

Jse,

The cohesive strength ¢/ is calculated from equation (13).

EXAMPLE CALCULATIONS

The following examples are given to ilustrate the
application of the solutions presented earlier and to
provide users with a set of values against which to check
their own calculations.

Assume a sandstone rock mass in which the uniaxial
compressive strength of the intact rock material is

Table 1. Approximate values of m, for different rock types

Carbonate rocks with well-developed crystal cleavage

(dolomite. limestone and marble): m =17
Lithifield argillaceous rocks

[mudstone, shale and slate (normal to cleavage)): m =10
Arenaceous rocks with strong crystals and poorly-developed crystal cleavage

(sandstone and quartzite): m =15
Fine grained polyminerallic igneous crystalline rocks

(andesite, dolerite, diabase and rhyotite): m =17

Coarse grained polyminerallic igneous and metamorphic rocks
(amphibolite, gabbro, gneiss. granite, norite and granodiorite): m =25
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g. =60 MPa. From Table |, the value of the material
constant m; = 15, A classification of the rock mass using
the Tunnelling Quality Index by Barton et al. [7] gives
a value of Q = 0.8. Equation (8) gives an equivalent rock
mass rating of RMR =42.

A slope has been excavated into this sandstone rock
mass and additional excavations are to be created in the
rock mass close to the slope. Under these circumstances
it can be assumed that the stress levels in the rock mass
have been reduced by excavation of the slope and that
some movement along discontinuities in the rock mass
will have occurred. Consequently, equations (4) and (5)
for a disturbed rock mass will be used to calculate the
constants m and s.

From equation (4), m = 0.238 and, from equation (5),
s = 0.000063. Substitution of these values into equations
(2) and (3) give the uniaxial compressive and uniaxial
tensile strengths of the rock mass as oy, = 0.476 MPa
and 6., = —0.0159 MPa.

Solution for a specified normal effective stress o,

Assume an effective normal stress o¢,=0.5 MPa.
Substitution of this value into equations (9-13) gives the
following values:

h =1.1927,

0 =46.7174,
o =41.896",

7 = 0.6610 MPa,
¢ =0.2124 MPa.

The uniaxial compressive strength of the rock mass
corresponding to the linear failure envelope defined by
¢, =41.896" and ¢/ =0.2124 MPa is given by equation
(14) as 0o uume =0.9519 MPa. The uniaxial tensile
strength of the rock mass is given by equation (3) as
Oimass = —0.0159 MPa.

Solution for a specified minor principal effective stress o

Assume a minor principal effective stress 63 =
0.25MPa. The corresponding value of the major
principal effective stress at failure is given by equation (1)
as g,;=2.1985 MPa.

Substitution of these values into equations (15-17)
give o,=0.5940, t =0.7429 MPa, ¢;=40.31" and
c; =0.239 MPa.

The uniaxial compressive strength of the rock mass
corresponding to this linear failure envelope is given by
equation (14) as G.puume = 1.0322 MPa. The uniaxial
tensile strength of the rock mass is given by equation (3)
as Oypass = —0.0159 MPa.

Solution for a the condition in which the uniaxial com-
pressive strength of the rock mass is the same for the
Hoek~Brown and Mohr—Coulomb criteria

The uniaxial compressive and uniaxial tensile strengths
of the rock mass are 0 puemc = Ocmasshy = 0.476 MPa and
Oimass = — 0.0159 MPa, from equations (2) and (3).

Substitution of the uniaxial compressive strength of
the intact rock, o.=60MPa, and the values of
m=0.238 and s =0.000063 into equations (18-20)
give o, =0.028 MPa, 7 =0.112MPa and ¢ =61.94°.
The corresponding value of ¢/ =0.059 MPa, from
equation (14).

Accepted for publication 13 November 1989.
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A modified Hoek-Brown failure criterion for jointed rock masses

Synopsis

In order to eliminate some of the deficiencies which have been identified in ten years of
practical experience with the application of the original Hoek-Brown failure criterion, a
simplified rock mass classification and a modified rock mass failure criterion have been
developed and are presented in this paper.

Introduction

The original Hoek- Brown failure criterion (Hoek and Brown, 1980) was developed in an
attempt to provide a means of estimating the strength of jointed rock masses. The
assumptions and limitations involved in the original criterion, derived empirically from
the results of laboratory triaxial tests on intact rock samples, were discussed in a 1983
paper by Hoek (1983). Some aspects of the practical applications of the criterion were
updated in a 1988 paper by Hoek and Brown (1988) but the criterion itself has remained
essentially unchanged since it was first published in 1980.

On the basis of more than ten years of experience in using the Hoek-Brown criterion, a
few deficiencies in the original system have become apparent. A modified criterion and
an associated rock mass classification, both of which are presented for the first time in
this paper, have been developed in an attempt to remedy these deficiencies. The most
significant changes are:

a. A re-formulation of the criterion for jointed rock masses to eliminate the
tensile strength predicted by the original criterion.

b. The introduction of a simplified qualitative rock mass classification for the
estimation of the parameters in the modified criterion.

c. The presentation of a procedure for calculating the parameters defining the
Mohr failure envelope or the modified criterion, and for determining the
instantaneous friction angle and cohesive strength for a given normal stress value.

Applicability of failure criteria

For the analysis of laboratory test results on intact specimens or for rock engineering
problems in which a feature such as a shear zone crosses the tunnel, the Hoek-Brown
criterion is only applicable to the intact blocks of rock. This behaviour of the
discontinuities should be considered in terms of a shear strength criterion such as the
Mohr-Coulomb criterion used in soil mechanics or the criterion proposed by Barton
(1971). The stability of the sparsely jointed system can be analyzed by utilizing solutions
such as those proposed by Bray (1966) or Amadei (1988).

In cases where the rock mass can be considered to be ‘heavily jointed” and where the
behaviour is not dominated by one or two individual discontinuities, the modified Hoek-
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Brown criterion presented later in this paper can be used. A typical application would be
a 5 metre span tunnel in a rock mass with three or four similar discontinuity sets with an
average spacing of approximately 100 mm. the overall stability of this tunnel would be
controlled by the freedom of the rock pieces to translate and rotate and the rock mass
would behave has an isotropic medium In some cases, a “‘weak’ rock mass such as this
may contain a single dominant fault or shear zone. Here the modified Hoek-Brown
criterion would be used to define the failure characteristics of the rock mass but the
behaviour of the dominant discontinuity would be considered in terms of a shear strength
criterion.

In deriving the classification scheme presented later in this paper, it has been assumed
that the rock mass is undisturbed and that only its inherent properties are considered.
External factors such as in situ or induced stresses, groundwater pressures and blasting
damage are assumed to be included in the engineering analysis in which the failure
criterion is used.

Failure criterion for intact rock

For intact rock the original Hoek-Brown failure criterion may be written in the following
form:

. 1/2
o, =0,+ Gc(mi AL} +1j (1)

O

Where
o, is the major principal effective stress at failure

o, isthe minor principal effective stress at failure
. Isthe uniaxial compressive strength of the rock
m. is a constant for intact rock .

o

The derivation of the Mohr failure envelope corresponding to equation (1) is presented in
the appendix.

The uniaxial compressive strength (o) of intact rock is an important parameter in the

Hoek-Brown failure criterion and should be determined by laboratory testing whenever
possible.  Where no laboratory test results are available, the value of the uniaxial
compressive strength can be estimated from Table 1. When this is done, it is
recommended that parametric studies be carried out to determine the sensitivity of the
analysis to a range of uniaxial compressive strength values before a final selection is
made.
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Table 1. Estimates of uniaxial compressive strength o, for intact rock

Uniaxial Point
Term Comp. Load Field estimate of strength Examples*
Strength  Index
o. MPa I, MPa :
Extremely >250 >10  Rock material only chipped under  Basalt, chert, diabase, gneiss, granite,

Strong repeated hammer blows quartzite
Very 100-250 4-10 Requires many blows of a geological Amphibolite, andesite, basalt, dolomite,

Strong hammer to break intact rock gabbro, gneiss, granite, granodiorite,
specimens limestone, marble, rhyolite, tuff

Strong 50 - 100 2-4 Hand held specimens broken by Limestone, marble, phyllite, sandstone,
single blow of geological hammer schist, slate

Medium 25 - 50 1-2 Firm blow with geological pick Claystone, coal, concrete, schist, shale,

Strong indents rock to 5 mm, knife just siltstone

scrapes surface

Weak 5-25 e Knife cuts material but too hard Chalk, rocksalt, potash
to shape into triaxial specimens

Very 1-5 ** Material crumbles under firm Highly weathered or altered rock
Weak blows of geological pick, can be
shaped with knife
Extremely 025-1 b Indented by thumbnail Clay gouge
Weak

* All rock types exhibit a broad range of uniaxial compressive strengths which reflect hetrogeneity in composition
and anisotropy in structure. Strong rocks are characterized by well interlocked crystal fabric and few voids.

** Rocks with a uniaxial compressive strength below 25 MPa are likely to yield highly ambiguous resuits under
point load testing.

The constant m, has been found to depend upon the mineralogy, composition and grain
size of the intact rock. Table 2 gives values of m, for rocks described in a standard
geological classification based on three major groupings of rock families. Values of m,
included in this table included in this table were obtained by a re-assessment of triaxial
test data presented in Hoek and Brown (1980) together with more recently published
triaxial data, using the Simplex Reflection technique described by Shah and Hoek (1992).
This analysis was carried out by Doruk (1991), using a program called ROCKDATA
developed by Shah (1992). This program has now been replaced by RocLab which can be
downloaded (free) from www.rocscience.com.

Rock names given to test specimens have been taken directly from the literature; no
attempt has been made to revise these names. The laboratory results indicate that high
values of m, are attributed to igneous and metamorphic rocks with well interlocked
crystal structure, silicate mineralogy and coarse grain size. Lowest values are derived
from tests on fine grained sedimentary rocks, and those with carbonate mineralogy.


http://www.rocscience.com.
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Table 2. Values of constant m, for intact rock, by rock group

Grain Sedimentary Metamorphic Igneous
size Carbonate Detrital Chemical | Carbonate Silicate Felsic Mafic  Mafic
Coarse | Dolomite Conglomerate Marble Gneiss Granite  Gabbro Norite
10.1 (20) 9.3 29.2 32.7 258 21.7
Medium Chalk Sandstone Chert Amphibolite Dolerite
7.2 18.8 19.3 31.2 15.2
Fine Limestone Siltstone Gypstone Quartzite Rhyolite Andesite Basalt
8.4 9.6 155 23.7 (20) 18.9 (17
Very fine Claystone Anhydrite Slate
3.4 13.2 114

Values shown were derived from statistical analysis of triaxial test data for each rock type. Values in parenthesis
have been estimated.

Failure criterion for jointed rock masses

In applying the original Hoek-Brown failure criterion to jointed rock masses, the
predicted strengths are found to be acceptable where the rock mass is subjected to
conditions in which the minor principal effective stress (o,) has a significant
compressive value. For low values of o, the criterion predicts too high an axial strength
and also a finite tensile strength.

Most rock mechanics engineers consider that the type of jointed rock mass to which the
Hoek-Brown failure criterion applies should have zero tensile strength. For the past 30
years, finite element numerical models for use in rock mechanics have included a ‘no
tension’ option which allows tensile stresses developed in the model to be transferred
onto adjacent elements.

In view of this deficiency in the original Hoek-Brown criterion when applied to jointed
rock masses, it was decided that a modified criterion should be developed. This criterion
should conform to the strength predictions given by the original criterion, for
compressive stress conditions, and should predict a tensile strength of zero for the rock
mass. A modified criterion, which satisfies these conditions, was developed by Shah
(1992) and can be expressed in the following form:

o, =0, +o{mb &j )

O¢

where m, and aare constants for broken rock.
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The derivation of the Mohr envelope corresponding to the modified criterion is discussed
in the appendix.

For jointed rock masses, the strength characteristics are controlled by the block shape and
size and the surface condition of the intersecting discontinuities and should be selected to
represent the average condition of the rock mass. Specific features such as faults, dykes
or shear zones, should be considered separately.

Block shape and size give a measure of the overall geometry of the rock mass, as well as
an indication of the proportion of the volume of rock which is occupied by
discontinuities. The amount of geological deformation also has an influence; more
highly deformed rock masses usually have a smaller block size.

The surface condition of the joints and other discontinuities also modified the rock mass
strength. At best, an unweathered, massive rock with discontinuous, irregular, rough
joints would be almost as strong as the intact rock material. At worst, a highly
weathered, moderately folded, blocky and seamy rock mass with continuous,
slickensided surfaces with soft infilling would be far weaker than the intact rock material
pieces in the rock mass.

These consideration have been taken into account in constructing a classification system,
presented in Table 3, which can be used to estimate values of the constants m, and a.
Approximate block sizes and discontinuity spacings in jointed rock masses are give in
Table 4. These values are based upon recommendations published by the Engineering
Group of the Geological Society (1997) and the International Society for Rock mechanics
(1978).

The input descriptions of overall geological structure and surface conditions are used to
select values of m,/m; and ain Table 3. Substitution of the value of m,from Table 2
into my, /m; gives the value of m,.

Worked example

Detailed engineering geological mapping of an area yields the following rock mass
description: moderately weathered, bedded and jointed, pale grey, fine grained, medium
strong SANDSTONE, with two sets of widely spaced joints orthogonal to bedding.
Discontinuity surfaces are persistent, irregular and smooth with surface iron staining and
minor calcite infilling.

In a pre-feasibility study it is unlikely that a comprehensive laboratory testing programme
would be carried out so use would be made of Tables 1 and 2 to estimate values uniaxial
compressive strength o, of 40 MPa, and intact m, if 18.8. The rock mass has
interlocked, medium sized blocks and would have an overall structural condition
described as very blocky. The surface condition of the bedding planes and joints would
be fair. Table 3 would give values of m,/m; of 0.1and aof 0.5.
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Table 3. Estimation ofm, /m; and abased on rock structure and surface condition.

1\ G
"'x =0:’, + o, (m;?—)

MODIFIED HOEK-BROWN FAILURE CRITERION

oy = major principal effective stress at failure
a3 = minor principal effective stress at failure

Unweathered, discontinuous, very tight aperture,

Slightly weathered, continuous, tight aperture,
rough surface, iron staining to no infilling

Moderately weathered, continuous, extremely

Highly weathered, continuous, very narrow,
polished/slickensided surfaces, hard infilling

polished/slickensided surfaces, soft infilling

H H
- z q
: 2 g
. = € g g
o. = uniaxial compressive strength of intact ] ) 2 s
pieces in the rock mass g ) § ;
my and a are constants which depend on the = £ = 5
. OSlag 3 g x 2
composition, structure and surface \u-j Q¢n g %
conditions of the rock mass O 8 L4 “ gt
£l>3¢2 o 83 |E > >
<1E22|8 2359 GE
STRUCTURE i Bt =
BLOCKY - well interlocked, undisturbed my/m; 0.7 0.5 03 0.1
rock mass; large to very block size a 0.3 0.35 0.4 0.45
VERY BLOCKY - interiocked, partially my/m; 03 0.2 01 0.04
disturbed rock mass; medium block sizes a 04 0.45 0.5 0.5
BLOCKY /SEAMY - folded and faulted, my/m; 0.08 0.04 0.01 0.004
many intersecting joints; small blocks a 0.5 0.5 0.55 0.6
CRUSHED - poorly interlocked, highly m/m; 0.03 0.015 0.003 0.001
broken rock mass; very small blocks a 0.5 0.55 0.6 0.65

Table 4. Approximate block sizes and discontinuity spacings for jointed rock masses

Equivalent

Term Block discontinuity
size spacings

Very large (>2m)? Extremelywide
Large (600mm-2m)* Very wide
Medium (200-600mm)* Wide
Small (60-200mm)* Moderately wide
Very small (<60mm)* <Moderately wide
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Preliminary design analyses in this rock mass would be carried out using these strength
parameters.

Uniaxial material strength o, 40 MPa
Broken material constant m, 1.88
Broken material constant a 0.5

Figure 1 gives a plot of axial strength o, versus minor principal stress o, and also the
Mohr failure envelope for these parameters. These curves were generated using the
program ROCKDATA.
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4
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minor principal stress o MPa-

Figure 1. Plot of principal stresses at failure and the Mohr envelope for the example
considered
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Conclusion

A modified failure criterion for jointed rock masses and a simplified classification
scheme, for estimating the parameters for this criterion, have been presented. These tools
are intended to provide engineers and geologists with a means of estimating the strength
of jointed rock masses during preliminary feasibility studies. It is strongly recommended
that more detailed studies, including laboratory or in situ tests, should be carried out for
detailed engineering design and that parametric studies should be carried out to check the
influence of the rock mass strength before final decisions are made
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APPENDIX - MOHR ENVELOPES
The Mohr envelope corresponding to the original

Hoek-Brown failure criterion is defined by the following
relationship, (ref. 2):

_ . my / ;
T= ac-g—(cot &, — cos ¢7) (3)
where
7 is the shear stress at failure

¢/ is the instantaneous friction angle for a given value
of the effective normal stress o'

The value of the instantaneous friction angle ¢ is
given by:

, 1 1 o
¢; = arctan (4h cos’ (30 + - arcsi ————) -1
3T )
(4)

where

16(mo’' + o.)

h=1
T 3m;20¢

(8)
The instantaneous cohesive strength ¢, is given by:
d = i o' tan ¢ (6)

For the modified Hoek-Brown criterion it is not pos-
sible to derive a closed form solution for the Mohr enve-
lope as for the original criterion. Consequently a numer-
ical technique is used to determine the constants a and
B in the following empirical equation :

r=o.a (j:'-;)‘ ]

A general analytical solution for Mohr envelope pub-
lished by Balmer (ref. 12) is used in the following cal-
culation of the constants a and 3 :

The normal and shear stresses for a given value of
o}/, are calculated as follows:

o =oy+ S -_8:: (8)
14—
oy
, .y |89
r=(d - 03) —a-;,i 9)

where, for the modified Hoek-Brown criterion defined
by equation (2),

-1
9oy _ afo N
50 = 1+amy (Ot (10)
Equation (7) can be re-written in the form
logl = lngcx-«-ﬂlogi (11)
o, a.

Let z = log o'/o, and y = log 7/o,, then

| Pry - Z2Eu

B = L 12
Lz} - Si‘)z 1
loga = Z¥1 _ g =X (13)

Where z; and y; are the ith values of z and y and
n is the total number of each of the quantities.

The instantaneous friction angle ¢, for a specified
value of the normal stress o’ /o, is given by:

8-t
¢; = arctanaff (g—’-)

Y

(14)

The corresponding cohesive strength is given by equa-
tion (6).

A convenient method for determining o and § from
equations (12) and (13) is to set up this calculation in
a spreadsheet as shown in Figure 2. In order to cap-
ture the pronounced curvature at low normal stresses it
has been found that the values of o}/, which are sub-
stituted into equation (10) should follow a geometric
progression defined by :

(18)

where k varies from 9 to 1 in increments of -1.

This gives a maximum value of 03/0, = 0.5 which has
been found to cover the range of stresses encountered in
most practical applications of the Hoek-Brown failure
criterion.

Input deta:

Unlaxt strength 8¢ 4 2

Conatant mb 1.88 e

Conetant s 0.500 %

Maimun 83 20 g P

; P ]

Outpast data

Calcatated aiphs 0.547

Calcuisted beta 0.693 - 90 L . L] L 0

normal strees 8'/sc
s¥ec st/fsc  dstidsd  a'lsc Tise X Yy xy X2
00020 00825 165126 0.0054 0.0% 41 22068 18520 41976 SN2
00030 00898 119600 00105 00229 L9782 16400 32481 3NN
00078 0.1290 87563 0.0202 00368 16939 -1.4347 24302 2880
00158 0.1870 64845 00385 0.0583 14143 -1.2042 1.7458 20001
00313 02738 48781 0.0725 0.091% L1.9298  -1.0406 11880  1.2990
00625 04053 37423 01348 O 1398 DB704 08344 0748 07578
01250 06098 29391 02481 0.2110 06054 06758 04001 03685
02500 09356 23711 045 01N 038 05042 0.¥7R 0NN
0.5000 1.4695 1.9688 0.8263 04582 00828 03089 00281 0.0068
Sume  -10.3948 95758 14.1595 18.4881

Figure 2. Example of spreadsheet calculation of a and
p for the modified Hoek-Brown criterion.
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Reliability of Hoek-Brown Estimates of Rock Mass
Properties and their Impact on Design

EVERT HOEK

INTRODUCTION

Hoek and Brown [1] presented a procedure for esti-
mating the strength and deformation characteristics of
isotropic jointed rock masses. When applying this pro-
cedure to rock engineering design problems, most
users consider only the “average” or mean properties.
In fact, all of these properties exhibit a distribution
about the mean, even under the most ideal conditions,
and these distributions can have a significant impact
upon the design calculations.

This technical note examines the reliability of a
slope stability calculation and a tunnel support design
calculation. In each case, the strength and deformation
characteristics of the rock mass are estimated by
means of the Hoek-Brown procedure, assuming that
the three input parameters are defined by normal dis-
tributions.

INPUT PARAMETERS

In the Hoek-Brown criterion, the Geological
Strength Index (GSI) is the most important input par-
ameter in terms of the relation between the strength
and deformation properties determined in the labora-
tory and those assigned to the field scale rock mass. In
earlier versions of the criterion, Bieniawski’s RMR [2]
was used for this scaling process.

Figure 1 can be used for estimating the value of GSI
from field observations of blockiness and discontinuity
surface conditions. Included in this figure is a cross-
hatched circle representing the 90% confidence limits
of a GSI value of 25 + 5 (equivalent to a standard de-
viation of ca 2.5). This represents the range of values
which an experienced geologist would assign to a rock
mass described as blocky/disturbed or disintegrated and
poor. Typically, rocks such as flysch, schist and some
phyllites may fall within this range of rock mass
descriptions.

In the author’s experience, some geologists go to
extraordinary lengths to try to determine an “exact”
value of GSI (or RMR). Geology does not lend itself
to such precision and it is simply not realistic to assign
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a single value. A range of values, such as that illus-
trated in Fig. 1 is more appropriate. In fact, in some
complex geological environments, the range indicated
by the cross-hatched circle may be too optimistic.

The two laboratory properties required for the ap-
plication of the Hoek-Brown criterion are the uniaxial
compressive strength of the intact rock (o) and the
intact rock material constant m;. Ideally these two par-
ameters should be determined by triaxial tests on care-
fully prepared specimens as described by Hoek and
Brown [1].

It is assumed that all three input parameters can be
represented by normal distributions as illustrated in
Fig. 2. The standard deviations assigned to these three
distributions are based upon the author’s experience of
geotechnical programs for major civil and mining pro-
jects where adequate funds are available for high qual-
ity investigations. For preliminary field investigations
or “low budget” projects, it is prudent to assume lar-
ger standard deviations for the input parameters.

OUTPUT PARAMETERS

The values of the friction angle ¢, the cohesive
strength ¢, the uniaxial compressive strength of the
rock mass o, and the deformation modulus E of the
rock mass were calculated by the procedure described
by Hoek and Brown [1]. The Excel add-on program
@RISK (Palisade Corporation, Newfield, NY, U.S.A.)
was used for a Monte Carlo analysis in which 1000
calculations were carried out for randomly selected
values of the input parameters. The results of these
calculations were analysed using the program
BESTFIT (Palisade Corporation) and it was found
that all four output parameters could be adequately
described by the normal distributions illustrated in
Fig. 2.

In several trials it was found that the output par-
ameters ¢, ¢ and o,, were always well represented by
normal distributions. On the other hand, for GSI
values of >40, the deformation modulus E was better
represented by a lognormal distribution.
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GEOLOGICAL STRENGTH INDEX

From the letter codes describing the structure
and surface conditions of the rock mass (from

1
©
§| < <2 §
a| 3| I8
Table 4), pick the appropriate box in this chart. $ ? 2 § 5 $
Estimate the average value of the Geological £ E ® €s] €
Strength Index (GSI) from the contours. 2 ® S a2| 3
Do not attempt to be too precise. Quoting a 2 5 2| 3 .g T
range of GSI from 38 to 42 is more realistic & = ] ] ]
than stating that GSI = 38. | £ 3 €| £B| €8
5 o @ 2 g = $=
el €| €| >| 25| 2%
= 3 o 5 E>‘ o f o
S | 2| 8| 88| 5%
8 8 § § § ﬁ § 14 'o'%
wl| 85 2 E| 38 § 38
2198 | ac!| £ 125|223
£l 22186 .8 |x58|> $ 3
2|55 | 32| 52 |925|E2s
a|>3 | ol v |2G8ISHS
STRUCTURE DECREASING SURFACE QUALITY =
/ y
. 80
BLOCKY - very well interlocked
undisturbed rock mass consisting / /
of cubical blocks formed by three 70
orthogonal discontinuity sets

/

VERY BLOCKY - interlocked,
partiaily disturbed rock mase with
multifaceted anguiar blocks formed
by four or more discontinuity sets

/

BLOCKY/DISTURBED- folded
and/or faulted with angular blocks
formed by many intersecting
discontinuity sets

~—]

r,:'.,-z DISINTEGRATED - poorly inter-
PsZiAy|  locked, heavily broken rock mass
71 By with a mixture or angular and
A rounded rock pieces

2

/
A

{7 N

<k DECREASING INTERLOCKING OF ROCK PIECES

/

/ /

Fig. 1. Estimate of GSI based on geological descriptions.

SLOPE STABILITY CALCULATION

In order to assess the impact of the variation in out-
put parameters, illustrated in Fig. 2, a calculation of
the factor of safety for a homogeneous slope was car-
ried out using Bishop’s circular failure analysis in the
program SLIDE (Rock Engineering Group, University
of Toronto, Toronto, Ontario, Canada M4E 3B5).
The geometry of the slope and the phreatic surface,
the rock mass properties and the critical failure surface
for the “average” properties are shown in Fig. 3.

The distribution of the factor of safety was deter-
mined by Rosenbleuth’s Point Estimate method [3, 4]
in which the two values are chosen at one standard de-
viation on either side of the mean for each variable.
The factor of safety is calculated for every possible
combination of point estimates, producing 2™ sol-
utions, where m is the number of variables considered.
The mean and standard deviation of the factor of
safety are then calculated from these 2™ solutions.

This calculation of the mean and standard deviation
is given in Table 1. Based upon the fact that the two
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Fig. 2. Assumed normal distributions for input parameters and calculated distributions for output parameters.

Table 1. Calculations for Rosenbleuth’s point estimate method using +1 SD

Case Friction angle (°) Cohesion Safety factor (BF-SF;)?
¢, c_ 21.19 0.162 1.215 0.00922
@+, 24.16 0.298 1.407 0.00922
¢_,c4 21.19 0.298 1.217 0.00884
b+, 24.16 0.162 1.406 0.00912
Sums 5.245 0.0364

Mean safety factor=S8F = 13" SF; = 1.31.
Standard deviation=S52 = -1, 3" (§F — SF,)* = 0.11.
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130.3,324.4

0,100
100,100

Rock mass properties:

Friction angle ¢ = 220 degrees
Cohesive strength ¢ = 0.23 MPa
Unit weight ¥ =23 kN/m3

Critical failure circle
Factor of Safety = 1.32

400,160

400,127

240,120 \ Phreatic surface

00

400,0

Fig. 3. Slope and phreatic surface geometry, rock mass properties and critical failure surface for a homogeneous slope.

variables included in this analysis are defined by nor-
mal distributions and considering the form of the
equations used to calculate the factor of safety, it is
reasonable to assume that the factor of safety will be
adequately represented by a normal distribution. This
distribution is illustrated in Fig. 4.

The mean factor of safety for this slope is 1.3 which
is a value frequently used in the design of slopes for
open pit mines. It is interesting that the probability of
failure, given by the portion of the distribution curve
for SF < 1, is very small. This suggests that, for a
high quality geotechnical investigation such as that
assumed in this study, a safety factor of 1.3 is ade-
quate to ensure stability under the assumed conditions.

TUNNEL STABILITY CALCULATIONS

Consider a circular tunnel of radius r, in a stress
field in which the horizontal and vertical stresses are
both p,. If the stresses are high enough, a ‘“plastic”
zone of damaged rock of radius r, surrounds the tun-
nel. A uniform support pressure p; is provided around

Factor of Safety
Mean = 1.31
3 Stdev = 0.11
Z
3 2
e
a
1
O i
@ O - N M ¥ 1 © N~
O = = = v e - e -
Factor of Safety

Fig. 4. Normal distribution for factor of safety of slope defined in
Fig. 3.

the perimeter of the tunnel. This situation is illustrated
in Fig. 5.

Assuming that the rock mass fails with zero plastic
volume change, the critical stress level p., at which fail-
ure initiates is given by [5]:

_ 2po — Gem
Der = W )
where
1 +sin ¢
k= 1 —sin ¢ &

Where the support pressure p; is less than the critical
pressure p,, the radius r, of the plastic zone and the
inward deformation of the tunnel wall u;, are given by:

2(po(k -+ Gcm)

1/(k~1)
o _
o [(1 + k) (k- Dpi + acm)] )

P

Fig. 5. Development of a plastic zone around a circular tunnel in a
hydrostatic stress field.
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support pressure = 0.8 MPa
lognornal distribution
mean = 1 .31, stdev = 0.11
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support pressure = 0.3 MPa
lognormal distribution
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Fig. 6. Lognormal distributions representing the range of plastic
zone radii for different support pressures.
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In order to study the influence of the variation in
the input parameters, a Monte Carlo analysis was per-
formed using the program @RISK in an Excel spread-
sheet which had been programmed to perform the
analysis defined above. It was assumed that a 5m di-
ameter tunnel (r,=2.5 m) was subjected to uniform in
situ stress of p,=2.5 MPa. The rock mass properties
were defined by the normal distributions for ¢, ¢, 6¢m
and E defined in Fig. 2.

This analysis was carried out for a tunnel with no
support. A second analysis was performed for a tunnel
with a support pressure of p;=0.3 MPa which is ap-
proximately that which can be achieved with a closed
ring of 50 mm thick shotcrete with a uniaxial compres-
sive strength of 14 MPa (after 1day of curing). This
would represent the early support which would be
achieved by the immediate application of shotcrete
behind the advancing face. A third analysis was per-
formed for a support pressure p;=0.8 MPa. This is ap-
proximately the support which can be achieved in this
size of tunnel by a 75 mm thick shotcrete lining with a
uniaxial compressive strength of 35 MPa (cured for
28 days). The results of these analyses are summarized
graphically in Figs 6 and 7.

Figures 6 and 7 show that the size of the plastic
zone and the tunnel deformation can be represented
by lognormal distributions. As would be expected, the
mean values for the size of the plastic zone and the
magnitude of the sidewall displacements are reduced
significantly by the installation of support.

What is surprising is the dramatic reduction in the
standard deviations with increasing support pressure.
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mean = 0.0016, sidev = 0.0005
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distribution
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250

0.00

0.01
Tunnel deformation / tunnel radius

[l Il (] i 3

0.02 0.03 0.04

o] 25 50 75
Tunnel deformation - mm

100

Fig. 7. Lognormal distributions representing the range of tunnel de-
formations for different support pressures.

This is because of the strong dependence of the size of
the plastic zone upon the difference between the critical
pressure p.. and the support pressure p;. A detailed dis-
cussion on this dependence is beyond the scope of this
technical note and is the subject of ongoing research
by the author.

From the results of the analysis described above it is
evident that the installation of a relatively simple sup-
port system is very effective in controlling the beha-
viour of this tunnel. Without support there is an ca
50% probability of severe instability and possible col-
lapse of the tunnel. A plastic zone diameter of 15m
and a tunnel closure of 50 mm in a 5 m diameter tun-
nel would certainly cause visible signs of distress. The
fact that a relatively thin shotcrete lining can control
the size of the plastic zone and the closure of the tun-
nel provides confirmation of the effectiveness of sup-
port.

A word of warning is required at this point. The
example described above is for a 5m diameter tunnel
at a depth of ca 100 m below the surface. For larger
tunnels at greater depths, the plastic zone and the dis-
placements can be significantly larger. The demands on
the support system may be such that it may be very
difficult to support a large tunnel in poor ground at
considerable depth below surface.

CONCLUSIONS

The uncertainty associated with estimating the prop-
erties of in situ rock masses has a significant impact or
the design of slopes and excavations in rock. The
examples which have been explored in this technical
note show that, even when using the “best” estimates
currently available, the range of calculated factors of
safety or tunnel behaviour are uncomfortably large.
These ranges become alarmingly large when poor site
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investigation techniques and inadequate laboratory
procedures are used.

Given the inherent difficulty of assigning reliable nu-
merical values to rock mass characteristics, it is un-
likely that “accurate” methods for estimating rock
mass properties will be developed in the foreseeable
future. Consequently, the user of the Hoek—Brown
procedure or of any other equivalent procedure for
estimating rock mass properties should not assume
that the calculations produce unique reliable numbers.
The simple techniques described in this note can be
used to explore the possible range of values and the
impact of these variations on engineering design.
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ABSTRACT: The Hoek-Brown failure criterion for rock masses is widely accepted and has been applied in
a large number of projects around the world. While, in general, it has been found to be satisfactory, there are
some uncertainties and inaccuracies that have made the criterion inconvenient to apply and to incorporate
into numerical models and limit equilibrium programs. In particular, the difficulty of finding an acceptable
equivalent friction angle and cohesive strength for a given rock mass has been a problem since the
publication of the criterion in 1980. This paper resolves all these issues and sets out a recommended
sequence of calculations for applying the criterion. An associated Windows program called “RocLab” has
been developed to provide a convenient means of solving and plotting the equations presented in this paper.

1. INTRODUCTION

Hoek and Brown [1, 2] introduced their failure
criterion in an attempt to provide input data for the
analyses required for the design of underground
excavations in hard rock. The criterion was derived
from the results of research into the brittle failure of
intact rock by Hoek [3] and on model studies of
jointed rock mass behaviour by Brown [4]. The
criterion started from the properties of intact rock
and then introduced factors to reduce these
properties on the basis of the characteristics of
joints in a rock mass. The authors sought to link the
empirical criterion to geological observations by
means of one of the available rock mass
classification schemes and, for this purpose, they
chose the Rock Mass Rating proposed by
Bieniawski [5].

Because of the lack of suitable alternatives, the
criterion was soon adopted by the rock mechanics
community and its use quickly spread beyond the
original limits used in deriving the strength
reduction relationships. Consequently, it became
necessary to re-examine these relationships and to
introduce new elements from time to time to
account for the wide range of practical problems to
which the criterion was being applied. Typical of
these enhancements were the introduction of the
idea of “undisturbed” and “disturbed” rock masses
Hoek and Brown [6], and the introduction of a
modified criterion to force the rock mass tensile

strength to zero for very poor quality rock masses
(Hoek, Wood and Shah, [7]).

One of the early difficulties arose because many
geotechnical problems, particularly slope stability
issues, are more conveniently dealt with in terms of
shear and normal stresses rather than the principal
stress relationships of the original Hoek-Brown
criterion, defined by the equation:

, 0.5
, . o
0| =03+0,| m—=+s (1)
O-ci

where o and o3 are the major and minor effective

principal stresses at failure
o,; 1s the uniaxial compressive strength of the intact

rock material and
m and s are material constants, where s = 1 for
intact rock.

An exact relationship between equation 1 and the
normal and shear stresses at failure was derived by
J. W. Bray (reported by Hoek [8]) and later by Ucar
[9] and Londe' [10].

Hoek [12] discussed the derivation of equivalent
friction angles and cohesive strengths for various
practical situations. These derivations were based
upon tangents to the Mohr envelope derived by

' Londe’s equations were later found to contain errors
although the concepts introduced by Londe were extremely
important in the application of the Hoek-Brown criterion to
tunnelling problems (Carranza-Torres and Fairhurst, [11])



Bray. Hoek [13] suggested that the cohesive
strength determined by fitting a tangent to the
curvilinear Mohr envelope is an upper bound value
and may give optimistic results in stability
calculations. Consequently, an average value,
determined by fitting a linear Mohr-Coulomb
relationship by least squares methods, may be more
appropriate. In this paper Hoek also introduced the
concept of the Generalized Hoek-Brown criterion in
which the shape of the principal stress plot or the
Mohr envelope could be adjusted by means of a
variable coefficient a in place of the square root
term in equation 1.

Hoek and Brown [14] attempted to consolidate all
the previous enhancements into a comprehensive
presentation of the failure criterion and they gave a
number of worked examples to illustrate its
practical application.

In addition to the changes in the equations, it was
also recognised that the Rock Mass Rating of
Bieniawski was no longer adequate as a vehicle for
relating the failure criterion to geological
observations in the field, particularly for very weak
rock masses. This resulted in the introduction of the
Geological Strength Index (GSI) by Hoek, Wood
and Shah [7], Hoek [13] and Hoek, Kaiser and
Bawden [15]. This index was subsequently
extended for weak rock masses in a series of papers
by Hoek, Marinos and Benissi [16], Hoek and
Marinos [17, 18] and Marinos and Hoek [19].

The Geological Strength Index will not be discussed
in the following text, which will concentrate on the
sequence of calculations now proposed for the
application of the Generalized Hoek Brown
criterion to jointed rock masses.

2. GENERALIZED HOEK-BROWN CRITERION

This is expressed as
' a
! ! o
O] =03 +0,; mh—3 +5 (2)
Oci

where my, is a reduced value of the material constant
m; and is given by

GSI-100
" =M P\ S 14, ©)

s and a are constants for the rock mass given by the
following relationships:

5= exp(—Gs 1__31)00) “4)

L1 _Ggsins _ —0i3

g (s g-aon) ©
D 1is a factor which depens upon the degree of
disturbance to which the rock mass has been
subjected by blast damage and stress relaxation. It
varies from O for undisturbed in situ rock masses to
1 for very disturbed rock masses. Guidelines for the
selection of D are discussed in a later section.

a=

The uniaxial compressive strength is obtained by
setting o3 =0 in equation 2, giving:

o, =0..5" (6)

and, the tensile strength is:
SO

o = -—< (7

mp

Equation 7 is obtained by setting o, =03 =0, in
equation 2. This represents a condition of biaxial
tension. Hoek [8] showed that, for brittle materials,
the uniaxial tensile strength is equal to the biaxial
tensile strength.

Note that the “switch” at GSI = 25 for the
coefficients s and a (Hoek and Brown, [14]) has
been eliminated in equations 4 and 5 which give
smooth continuous transitions for the entire range of
GSI values. The numerical values of a and s, given
by these equations, are very close to those given by
the previous equations and it is not necessary for
readers to revisit and make corrections to old
calculations.

Normal and shear stresses are related to principal
stresses by the equations published by Balmer? [20].

. oyto, o -0 dO'/da -1
— 3 _ 1 3. 1 3

T 2 do [do +1 ©
el o )9O /40, ©)
Yo [do +1
where
dO'; /dO'; =l+amb(mb0'l3 /O'Ci +s)d_1 (10)

3. MODULUS OF DEFORMATION

The rock mass modulus of deformation is given by:

? The original equations derived by Balmer contained errors
that have been corrected in equations 8 and 9.
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Note that the original equation proposed by Hoek
and Brown [14] has been modified, by the inclusion
of the factor D, to allow for the effects of blast
damage and stress relaxation.

4. MOHR-COULOMB CRITERION

Since most geotechnical software is still written in
terms of the Mohr-Coulomb failure criterion, it is
necessary to determine equivalent angles of friction
and cohesive strengths for each rock mass and stress
range. This is done by fitting an average linear
relationship to the curve generated by solving
equation 2 for a range of minor principal stress

values defined by o, <o3<o, , as illustrated in
Figure 1. The fitting process involves balancing the

areas above and below the Mohr-Coulomb plot.
This results in the following equations for the angle

of friction ¢ and cohesive strength ¢ :

' ya-l
| 6amy, (s +my0 ) (12)

¢' =sin .
2(1+a)(2+a)+6amy, (s + myo )™

o, [(1+2a)s +(-a)ymyo ](s +myo, )

C =
(l+a)(2+a)\/l+(6amb (s+myo ) )/((1+a)(2+a))
(13)

where 031 = O3max /Gci

Note that the value of a;m, the upper limit of

confining stress over which the relationship
between the Hoek-Brown and the Mohr-Coulomb
criteria is considered, has to be determined for each
individual case. Guidelines for selecting these
values for slopes as well as shallow and deep
tunnels are presented later.

The Mohr-Coulomb shear strength 7, for a given
normal stress o, is found by substitution of these

values of ¢ and ¢ in to the equation:

rT=c +otang (14)

The equivalent plot, in terms of the major and minor
principal stresses, is defined by:

o = 2c cos¢' +1+s1n¢' 0'; (15)
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Figure 1: Relationships between major and minor
principal stresses for Hoek-Brown and equivalent
Mohr-Coulomb criteria.

5. ROCK MASS STRENGTH

The uniaxial compressive strength of the rock mass
o, is given by equation 6. Failure initiates at the

c

boundary of an excavation when o, is exceeded by

the stress induced on that boundary. The failure
propagates from this initiation point into a biaxial
stress field and it eventually stabilizes when the
local strength, defined by equation 2, is higher than

the induced stresses o; and o;. Most numerical

models can follow this process of fracture
propagation and this level of detailed analysis is
very important when considering the stability of
excavations in rock and when designing support
systems.

However, there are times when it is useful to
consider the overall behaviour of a rock mass rather
than the detailed failure propagation process
described above. For example, when considering
the strength of a pillar, it is useful to have an
estimate of the overall strength of the pillar rather
than a detailed knowledge of the extent of fracture
propagation in the pillar. This leads to the concept
of a global “rock mass strength” and Hoek and
Brown [14] proposed that this could be estimated
from the Mohr-Coulomb relationship:



c =M (16)

™ —sing
with ¢ and ¢ determined for the stress range

0, <0, <0./4 giving
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6. DETERMINATION OF 0'3pax

The issue of determining the appropriate value of
O3max fOT Use in equations 12 and 13 depends upon

the specific application. will be
investigated:

Two cases

1. Tunnels — where the value of o3,,,, is that
which gives equivalent characteristic curves
for the two failure criteria for deep tunnels
or equivalent subsidence profiles for shallow
tunnels.

2. Slopes — here the calculated factor of safety
and the shape and location of the failure
surface have to be equivalent.

For the case of deep tunnels, closed form solutions
for both the Generalized Hoek-Brown and the
Mohr-Coulomb criteria have been used to generate

hundreds of solutions and to find the value of &3,,,,
that gives equivalent characteristic curves.

For shallow tunnels, where the depth below surface
is less than 3 tunnel diameters, comparative
numerical studies of the extent of failure and the
magnitude of surface subsidence gave an identical
relationship to that obtained for deep tunnels,
provided that caving to surface is avoided.

The results of the studies for deep tunnels are
plotted in Figure 2 and the fitted equation for both
cases is:

0-'31113)( O-(I,‘m o

O-cm

where o, is the rock mass strength, defined by
equation 17, yis the unit weight of the rock mass
and H is the depth of the tunnel below surface. In
cases where the horizontal stress is higher than the
vertical stress, the horizontal stress value should be
used in place of jH .
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Figure 2: Relationship for the calculation of G"3max
for equivalent Mohr-Coulomb and Hoek-Brown
parameters for tunnels.

Equation 18 applies to all underground excavations,
which are surrounded by a zone of failure that does
not extend to surface. For studies of problems such
as block caving in mines it is recommended that no
attempt should be made to relate the Hoek-Brown
and Mohr-Coulomb parameters and that the
determination of material properties and subsequent
analysis should be based on only one of these
criteria.

Similar studies for slopes, using Bishop’s circular
failure analysis for a wide range of slope geometries
and rock mass properties, gave:

' . -0.91
Pomax _ 0.72[%] (19)

O-Cm

where H is the height of the slope.

7. ESTIMATION OF DISTURBANCE FACTOR D

Experience in the design of slopes in very large
open pit mines has shown that the Hoek-Brown
criterion for undisturbed in situ rock masses (D = 0)
results in rock mass properties that are too
optimistic [21, 22]. The effects of heavy blast
damage as well as stress relief due to removal of the
overburden result in disturbance of the rock mass. It
is considered that the “disturbed” rock mass



properties [6], D = 1 in equations 3 and 4, are more
appropriate for these rock masses.

Lorig and Varona [23] showed that factors such as
the lateral confinement produced by different radii
of curvature of slopes (in plan) as compared with
their height also have an influence on the degree of
disturbance.

Sonmez and Ulusay [24] back-analysed five slope
failures in open pit coal mines in Turkey and
attempted to assign disturbance factors to each rock
mass based upon their assessment of the rock mass
properties predicted by the Hoek-Brown criterion.
Unfortunately, one of the slope failures appears to
be structurally controlled while another consists of a
transported waste pile. The authors consider that the
Hoek-Brown criterion is not applicable to these two
cases.

Cheng and Liu [25] report the results of very careful
back analysis of deformation measurements, from
extensometers placed before the commencement of
excavation, in the Mingtan power cavern in Taiwan.
It was found that a zone of blast damage extended
for a distance of approximately 2 m around all large
excavations. The back-calculated strength and
deformation properties of the damaged rock mass
give an equivalent disturbance factor D = 0.7.

From these references it is clear that a large number
of factors can influence the degree of disturbance in
the rock mass surrounding an excavation and that it
may never be possible to quantify these factors
precisely. However, based on their experience and
on an analysis of all the details contained in these
papers, the authors have attempted to draw up a set
of guidelines for estimating the factor D and these
are summarised in Table 1.

The influence of this disturbance factor can be
large. This is illustrated by a typical example in
which o, =50 MPa, m; = 10 and GSI = 45. For an
undisturbed in situ rock mass surrounding a tunnel
at a depth of 100 m, with a disturbance factor D = 0,

the equivalent friction angle is ¢ =47.16° while the
cohesive strength is ¢ = 0.58 MPa. A rock mass
with the same basic parameters but in highly
disturbed slope of 100 m height, with a disturbance
factor of D = 1, has an equivalent friction angle of
¢ =27.61° and a cohesive strength of ¢ = 0.35
MPa.

Note that these are guidelines only and the reader
would be well advised to apply the values given
with caution. However, they can be used to provide
a realistic starting point for any design and, if the
observed or measured performance of the
excavation turns out to be better than predicted, the
disturbance factors can be adjusted downwards.

8. CONCLUSION

A number of uncertainties and practical problems in
using the Hoek-Brown failure criterion have been
addressed in this paper. Wherever possible, an
attempt has been made to provide a rigorous and
unambiguous method for calculating or estimating
the input parameters required for the analysis. These
methods have all been implemented in a Windows
program called “RocLab” that can be downloaded
(free) from www.rocscience.com. This program
includes tables and charts for estimating the
uniaxial compressive strength of the intact rock
elements (o, ), the material constant m; and the

Geological Strength Index (GSI).
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Table 1: Guidelines for estimating disturbance factor D

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 D=0
to the confined rock mass surrounding a tunnel.
Mechanical or hand excavation in poor quality rock
masses (no blasting) results in minimal disturbance to D=0
the surrounding rock mass.
Where squeezing problems result in significant floor D=05
heave, disturbance can be severe unless a temporary L
. . . No invert
invert, as shown in the photograph, is placed.
Very poor quality blasting in a hard rock tunnel results
in severe local damage, extending 2 or 3 m, in the D=0.8
surrounding rock mass.
Small scale blasting in civil engineering slopes results D=0.7
in modest rock mass damage, particularly if controlled | Good blasting
blasting is used as shown on the left hand side of the
photograph. However, stress relief results in some D=10
disturbance. Poor blasting
Very large open pit mine slopes suffer significant D=10
disturbance due to heavy production blasting and also | Production
due to stress relief from overburden removal. blasting
In some softer rocks excavation can be carried out by D=0.7
ripping and dozing and the degree of damage to the | Mechanical
slopes is less. excavation
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A brief history of the development of the Hoek-Brown failure criterion
Evert Hoek" and Paul Marinos?
Abstract

The Hoek-Brown failure criterion was developed in the late 1970s to provide input for
the design of underground excavations. Bieniawski’s RMR was originally used to link the
criterion to engineering geology input from the field but a more specific classification
system called the Geological Strength Index (GSI) was introduced in 1995. Both the
Hoek Brown criterion and the GSI classification have evolved and continue to evolve to
meet new applications and to deal with unusual conditions encountered by users.

Introduction

The original Hoek-Brown failure criterion was developed during the preparation of the
book Underground Excavations in Rock by E. Hoek and E.T. Brown, published in 1980.
The criterion was required in order to provide input information for the design of
underground excavations. Since no suitable methods for estimating rock mass strength
appeared to be available at that time, the efforts were focussed on developing a
dimensionless equation that could be scaled in relation to geological information. The
original Hoek-Brown equation was neither new nor unique — an identical equation had
been used for describing the failure of concrete as early as 1936.

The significant contribution that Hoek and Brown made was to link the equation to
geological observations. It was recognised very early in the development of the criterion
that it would have no practical value unless the parameters could be estimated from
simple geological observations in the field. The idea of developing a ‘classification’ for
this specific purpose was discussed but, since Bieniawski’s RMR had been published in
1974 and had gained popularity with the rock mechanics community, it was decided to
use this as the basic vehicle for geological input.

By 1995 it had become increasingly obvious that Bieniawski’s RMR is difficult to apply to very
poor quality rock masses and it was felt that a system based more heavily on fundamental
geological observations and less on ‘numbers’ was needed. This resulted in the development of
the Geological Strength Index, GSI, which continues to evolve as the principal vehicle for
geological data input for the Hoek-Brown criterion.

Historical development

1980 Hoek E. and Brown E.T. 1980. Underground Excavations in Rock. London:
Institution of Mining and Metallurgy

Hoek, E. and Brown, E.T. 1980. Empirical strength criterion for rock masses. J.
Geotech. Engng Div., ASCE 106(GT9), 1013-1035.

! Consulting Engineer, VVancouver, Canada, hoeks.corner@rocscience.com.
2 National Technical University of Athens, marinos@central.ntua.gr.
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The original criterion was conceived for use under the confined conditions surrounding
underground excavations. The data upon which some of the original relationships had
been based came from tests on rock mass samples from the Bougainville open pit copper
mine in Papua New Guinea. The rock mass here is very strong andesite (uniaxial
compressive strength about 270 MPa) with numerous clean, rough, unfilled joints. One of
the most important sets of data was from a series of triaxial tests carried out by Professor
John Jaeger at the Australian National University in Canberra. These tests were on 150
mm diameter samples of heavily jointed andesite recovered by triple-tube diamond
drilling from one of the exploration adits at Bougainville.

The original criterion, with its bias towards hard rock, was based upon the assumption
that rock mass failure is controlled by translation and rotation of individual rock pieces,
separated by numerous joint surfaces. Failure of the intact rock was assumed to play no
significant role in the overall failure process and it was assumed that the joint pattern was
‘chaotic’ so that there are no preferred failure directions and the rock mass can be treated
as isotropic.

1983 Hoek, E. 1983. Strength of jointed rock masses, 23rd. Rankine Lecture.
Géotechnique 33(3), 187-223.

One of the issues that had been troublesome throughout the development of the criterion
has been the relationship between Hoek-Brown criterion, with the non-linear parameters
m and s, and the Mohr-Coulomb criterion, with the parameters c and ¢. At that time,
practically all software for soil and rock mechanics was written in terms of the Mohr-
Coulomb criterion and it was necessary to define the relationship between m and s and ¢
and ¢ in order to allow the criterion to be used for to provide input for this software.

An exact theoretical solution to this problem (for the original Hoek-Brown criterion) was
developed by Dr John W. Bray at the Imperial College of Science and Technology and
this solution was first published in the 1983 Rankine lecture. This publication also
expanded on some of the concepts published by Hoek and Brown in 1980 and it
represents the most comprehensive discussion on the original Hoek Brown criterion.

1988 Hoek E and Brown E.T. 1988. The Hoek-Brown failure criterion - a 1988 update.
Proc. 15th Canadian Rock Mech. Symp. (ed. J.H. Curran), pp. 31-38. Toronto:
Civil Engineering Dept., University of Toronto

By 1988 the criterion was being widely used for a variety of rock engineering problems,
including slope stability analyses. As pointed out earlier, the criterion was originally
developed for the confined conditions surrounding underground excavations and it was
recognised that it gave optimistic results for shallow failures in slopes. Consequently, in
1998, the idea of undisturbed and disturbed masses was introduced to provide a method
for downgrading the properties for near surface rock masses.

This paper also defined a method of using Bieniawski’s 1974 RMR classification for
estimating the input parameters. In order to avoid double counting the effects of
groundwater (an effective stress parameter in numerical analysis) and joint orientation
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(specific input for structural analysis), it was suggested that the rating for groundwater
should always be set at 10 (completely dry) and the rating for joint orientation should
always be set to zero (very favourable). Note that these ratings need to be adjusted in later
versions of Bieniawski’s RMR, for example, use 15 for ground water in the 1989 version.

1990 Hoek, E. 1990. Estimating Mohr-Coulomb friction and cohesion values from the
Hoek-Brown failure criterion. Intnl. J. Rock Mech. & Mining Sci. &
Geomechanics Abstracts. 12(3), 227-229.

This technical note addressed the on-going debate on the relationship between the Hoek-
Brown and the Mohr-Coulomb criterion. Three different practical situations were
described and it was demonstrated how Bray’s solution could be applied in each case.

1992 Hoek, E., Wood, D. and Shah, S. 1992. A modified Hoek-Brown criterion for
jointed rock masses. Proc. rock characterization, symp. Int. Soc. Rock Mech.:
Eurock ‘92, (J. Hudson ed.). 209-213.

The use of the Hoek Brown criterion had now become widespread and, because of the
lack of suitable alternatives, it was now being used on very poor quality rock masses.
These rock masses differ significantly from the tightly interlocked hard rock mass model
used in the development of the original criterion. In particular it was felt that the finite
tensile strength predicted by the original Hoek Brown criterion was too optimistic and
that it needed to be revised. Based upon work carried out by Dr Sandip Shah for his Ph.D
thesis at the University of Toronto, a modified criterion was proposed. This criterion
contains a new parameter a that provides the means for changing the curvature of the
failure envelope, particularly in the very low normal stress range. Basically, the modified
Hoek Brown criterion forces the failure envelope to produce zero tensile strength.

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

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

It soon became evident that the modified criterion was too conservative when used for
better quality rock masses and a ‘generalised’ failure criterion was proposed in these two
publications. This generalised criterion incorporated both the original and the modified
criteria with a “switch’ at an RMR value of approximately 25. Hence, for excellent to fair
quality rock masses, the original Hoek Brown criterion is used while, for poor and
extremely poor rock masses, the modified criterion (published in 1992) with zero tensile
strength is used.

These publications (which are practically identical) also introduced the concept of the
Geological Strength Index (GSI) as a replacement for Bieniawski’s RMR. It had become
increasingly obvious that Bieniawski’s RMR is difficult to apply to very poor quality
rock masses and also that the relationship between RMR and m and s is no longer linear
in these very low ranges. It was also felt that a system based more heavily on
fundamental geological observations and less on ‘numbers’ was needed.
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The idea of undisturbed and disturbed rock masses was dropped and it was left to the
user to decide which GSI value best described the various rock types exposed on a site.
The original disturbed parameters were derived by simply reducing the strength by one
row in the classification table. It was felt that this was too arbitrary and it was decided
that it would be preferable to allow the user to decide what sort of disturbance is involved
and to allow users to make their own judgement on how much to reduce the GSI value to
account for the strength loss.

1997 Hoek, E. and Brown, E.T. 1997. Practical estimates or rock mass strength. Intnl.
J. Rock Mech. & Mining Sci. & Geomechanics Abstracts. 34(8), 1165-1186.

This was the most comprehensive paper published to date and it incorporated all of the
refinements described above. In addition, a new method for estimating the equivalent
Mohr Coulomb cohesion and friction angle was introduced. In this method the Hoek
Brown criterion is used to generate a series of values relating axial strength to confining
pressure (or shear strength to normal stress) and these are treated as the results of a
hypothetical large scale in situ triaxial or shear test. A linear regression method is used to
find the average slope and intercept and these are then transformed into a cohesive
strength c and a friction angle ¢.

The most important aspect of this curve fitting process is to decide upon the stress range
over which the hypothetical in situ “tests’ should be carried out. This was determined
experimentally by carrying out a large number of comparative theoretical studies in
which the results of both surface and underground excavation stability analyses, using
both the Hoek Brown and Mohr Coulomb parameters, were compared.

1998 Hoek, E., Marinos, P. and Benissi, M. 1998. Applicability of the Geological
Strength Index (GSI) classification for very weak and sheared rock masses. The
case of the Athens Schist Formation. Bull. Engg. Geol. Env. 57(2), 151-160.

This paper extends the range of the Geological Strength Index (GSI) down to 5 to include
extremely poor quality schistose rock masses such as the ‘schist’ encountered in the
excavations for the Athens Metro and the graphitic phyllites encountered in some of the
tunnels in Venezuela. This extension to GSI is based largely on the work of Paul Marinos
and Maria Benissi on the Athens Metro. Note that there were now 2 GSI charts. The first
of these, for better quality rock masses published in 1994 and the new chart for very poor
quality rock masses published in this paper.

2000 Hoek, E. and Marinos, P. 2000. Predicting Tunnel Squeezing. Tunnels and
Tunnelling International. Part 1, 32/11, 45-51 — November 2000, Part 2, 32/12,
33-36 — December, 2000.

This paper introduced an important application of the Hoek-Brown criterion in the
prediction of conditions for tunnel squeezing, utilising a critical strain concept proposed
by Sakurai in 1983.

2000 Marinos, P. & Hoek, E. 2000. From The Geological to the Rock Mass Model:
Driving the Egnatia Highway through difficult geological conditions, Northern
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Greece, Proc. 10th International Conference of Italian National Council of
Geologists, Rome, 325-334

This paper puts more geology into the Hoek-Brown failure criterion than that which has
been available previously. In particular, the properties of very weak rocks are addressed
in detail for the first time. There is no change in the mathematical interpretation of the
criterion in these papers.

2000 Hoek, E. and Karzulovic, A. 2000. Rock-Mass properties for surface mines. In
Slope Stability in Surface Mining (Edited by W. A. Hustralid, M.K. McCarter and
D.J.A. van Zyl), Littleton, CO: Society for Mining, Metallurgical and Exploration
(SME), pages 59-70.

This paper repeats most of the material contained in Hoek and Brown, 1997, but adds a
discussion on blast damage.

2000 Marinos, P and Hoek, E. 2000. GSI: a geologically friendly tool for rock mass
strength estimation. Proc. International Conference on Geotechnical &
Geological Engineering, GeoEng2000, Technomic publ., 1422-1442, Melbourne.

2001 Marinos. P and Hoek, E. 2001. Estimating the geotechnical properties of
heterogeneous rock masses such as flysch. Bulletin of the Engineering Geology &
the Environment (IAEG), 60, 85-92

These papers do not add anything significant to the fundamental concepts of the Hoek-
Brown criterion but they demonstrate how to choose appropriate ranges of GSI for
different rock mass types. In particular, the 2001 paper on flysch discussed difficult weak
and tectonically disturbed materials on the basis of the authors’ experience in dealing
with these rocks in major projects in northern Greece.

2002 Hoek, E., Carranza-Torres, C. and Corkum, B. 2002. Hoek-Brown criterion —
2002 edition. Proc. NARMS-TAC Conference, Toronto, 2002, 1, 267-273.

This paper represents a major re-examination of the entire Hoek-Brown criterion and
includes new derivations of the relationships between m, s, a and GSI. A new parameter
D is introduced to deal with blast damage. The relationships between the Mohr Coulomb
and the Hoek Brown criteria are examined for slopes and for underground excavations
and a set of equations linking the two are presented. The final relationships were derived
by comparing hundreds of tunnel and slope stability analyses in which both the Hoek-
Brown and the Mohr Coulomb criteria were used and the best match was found by
iteration. A Windows based program called RocLab was developed to include all of
these new derivations and this program can be downloaded (free) from
www.rocscience.com. A copy of the paper is included with the download.

2004 Chandler R. J., De Freitas M. H. and P. G. Marinos. 2004. Geotechnical
Characterisation of Soils and Rocks: a Geological Perspective. Keynote paper in:
Advances in geotechnical engineering, The Skempton Conference, 1, 67-102,
Thomas Telford, ICE, London


http://www.rocscience.com.
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A brief contribution on the Geological Strength Index within a more general paper on
engineering geology of soils and rock.

2005 V. Marinos, P. Marinos and E. Hoek 2005. The geological Strength index:
applications and limitations, Bull. Eng. Geol. Environ., 64, 55-65

A discussion on the range of application and the limitations of GSI. General guidelines
for the use of GSI are given.

2005 E. Hoek, P. Marinos and V. Marinos. 2005. Characterization and engineering
properties of tectonically undisturbed but lithologically varied sedimentary rock
masses, International Journal of Rock Mechanics and Mining Sciences, 42/2, 277-
285

A significant paper in which a new GSI chart for molassic rock masses is introduced.
Molasse consists of a series of tectonically undisturbed sediments of sandstones,
conglomerates, siltstones and marls, produced by the erosion of mountain ranges after the
final phase of an orogeny. They behave as continuous rock masses when they are
confined at depth and, even if lithologically heterogeneous, the bedding planes do not
appear as clearly defined discontinuity surfaces. The paper discusses the difference
between these rock masses and the flysch type rocks which have been severely disturbed
by orogenic processes.

2006 Marinos, P., Hoek, E., Marinos, V. 2006. Variability of the engineering properties
of rock masses quantified by the geological strength index: the case of ophiolites
with special emphasis on tunnelling. Bull. Eng. Geol. Env., 65(2), 129-142.

The paper presents the geological model in which the ophiolitic complexes develop, their
various petrographic types and their tectonic deformation, mainly due to overthrusts. The
structure of the various rock masses include all types from massive strong to sheared
weak, while the conditions of discontinuities are in most cases fair to poor or very poor
due to the fact that they are affected by serpentinisation and shearing. Serpentinisation
also reduces the initial intact rock strength. Associated pillow lavas, and tectonic
mélanges are also characterised. A GSI chart for ophiolitic rock masses is presented.

2006 Hoek, E and Diederichs, M.S. 2006. Empirical estimation of rock mass modulus.
International Journal of Rock Mechanics and Mining Sciences, 43, 203—-215.

While not directly related to the Hoek-Brown failure criterion, the deformation modulus
of a rock mass is an important input parameter in any analysis of rock mass behaviour that
includes deformations. Field tests to determine this parameter directly are time consuming,
expensive and the reliability of the results of these tests is sometimes questionable.
Consequently, several authors have proposed empirical relationships for estimating the
value of rock mass deformation modulus on the basis of classification schemes. These
relationships are reviewed and their limitations are discussed. Based on data from a large
number of in situ measurements from China and Taiwan, a new relationship between the
deformation modulus and GSI is proposed. The properties of the intact rock as well as the
effects of disturbance due to blast damage and/or stress relaxation are also included in this
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new relationship. The program RocLab has been updated (January 2007) to incorporate the
method proposed by Hoek and Diederichs for estimating the rock mass deformation
modulus.

Conclusions and recommendations

The historical development of the Hoek Brown failure criterion and the associated
Geological Strength Index (GSI) has been presented. Evolution of both will continue in
order to accommodate processes such as brittle spalling and anisotropy and to include a
wider range of rock types. Great care is taken to retain the fundamental components of
the system and to avoid changing “ratings” so that users need not go back to question or
redo previous applications.

A fundamental assumption of the Hoek-Brown criterion is that the rock mass to which it
is being applied is homogeneous and isotropic. It should not be applied to the analysis of
structurally controlled failures in cases such as hard rock masses where the discontinuity
spacing is similar to the size of the tunnel or slope being analysed and where the failure
processes are clearly anisotropic.

The criterion also assumes that there is contact between intact rock pieces within the rock
masses and it is these contacts that give rise to the highly non-linear characteristics of the
criterion at low confining stresses. Where no such contact exists, for example when the
components of the rock mass are predominantly soil or clay as in the case of fault gouges,
the use of the Mohr-Coulomb criterion, with cohesion and friction parameters determined
from laboratory tests, is more appropriate.

One of the greatest sources of error in applying the Hoek-Brown criterion is a
misunderstanding of the contribution of the intact rock strength o, the role of which is
almost equivalent to GSI in the evaluation of the rock mass properties. It is very common
to see geologists confusing the intact strength with the rock mass strength and this results
in significant under-estimates of the final rock mass strength. The authors encourage
users to pay particular attention to the intact strength of the rock pieces that make up the
rock mass. Measurement of the intact strength, using direct compression tests or point
load tests where appropriate, should be considered.

Many engineers have requested that the GSI classification should be made more
numerical so that in input parameters can be “measured” from core or rock exposures
rather than estimated from geological observations. The authors and their colleagues have
taken note of these request and work on providing quantitative methods for estimating
GSI is ongoing, without however neglecting the basic geologic logic expressed by the
GSI chart.

Many geotechnical software packages can now accommodate the Hoek-Brown criterion
directly and, where this is the case, the exclusive use of the criterion is recommended. All
of the necessary parameters can be calculated by means of the free program RocLab
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(www.rocscience.com) and this avoids the approximations and uncertainty associated
with trying to determine equivalent Mohr Coulomb parameters.
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Publication Coverage Equations

Hoek & Brown Original criterion for jointed hard rock masses tightly

1980 interbedded with no fines. Mohr envelope was ! ! : /
obtained by statistical curve fitting to a number of 01 =03 + ¢y M03/0¢j +S

(Gln,’t) pairs calculated by the method published by

Balmer

0'1, 0'3 are major and minor effective principal
stresses at failure, respectively

O ; is the uniaxial compressive strength of the intact

rock

Oy is the tensile strength of the rock mass

m and s are material constants (s=1 for intact rock)

Gln ,tare effective normal and shear stresses,

respectively.

_Ogi

o =75 5
T= AGci((Gh —Gt)/cci)B

Gp =03 +((G'1 —0'3)/(1+60'1/6cs'3))

1= (0, —03)y/0c, /00y

60'1/66'3 =mo; /2(6'1 )

Hoek
1983

Original criterion for jointed hard rock masses tightly
interlocked with no fines with a discussion on
anisotropic failure and an exact solution for the Mohr
envelope by Dr J.W. Bray.

Gl = G3+Gci1lmc3/cci +S

T= (Cotq’},' —COS(/};)maci /8

o = arctan(l/\/4h cos? 6 — 1)
0= (90 + arctan(]/«/ﬁ))/s

h=1+(16(mo, +50)/(3m2c )

Hoek & Brown
1988

As for Hoek 1983 but with the addition of
relationships between constants m and s and a
modified form of RMR in which the Groundwater
rating was assigned a fixed value of 10 and the
Adjustment for Joint Orientation was set at 0. Also a
distinction between disturbed and undisturbed rock
masses was introduced together with means of
estimating deformation modulus E (after Serafim and
Pereira). Note that the ground water rating assigned a
final value of 15 in the RMR 1989 version.

Disturbed rock masses:

m, /m; = exp((RMR —100)/14)

s = exp((RMR —100)/6)

Undisturbed or interlocking rock masses
m, /m; = exp((RMR —100)/28)

s = exp((RMR —100)/9)

E— 10((RMR—10)/40)

m,,m; are petrographic constants for
broken and intact rock, respectively.

Hoek, Wood & Modified criterion to account for the fact the heavily ' ' ' a
! . . 01 =03+0i\M,03/0
Shah jointed rock masses have zero tensile strength. 1 3 °"( b ‘3/ C') S
1992 Balmer’s technique for calculating shear and normal o, =03+ ((Gl —63)/(1+ 561/503))
stress pairs was utilised. Material parameter a is ) ) - -
introduced. T =(0, —03)y 501/503
. . af a-1)
0”61/0"03 =1+ amb(ag/aci)(
Hoek Introduction of the Generalised Hoek-Brown 91=93% 0 (mO'S/O'ci + S)a
1994 criterion, incorporating both the original criterion for  for GSI >25

Hoek, Kaiser &
Bawden 1995

excellent to fair quality rock masses and the modified
criterion for poor to very poor quality rock masses

m, /m; = exp((GSI —100)/28)
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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.

s = exp((GSI —100)/9)
a=05

for GSI <25
s=0
a=0.65- GSI/200

Hoek, Carranza-
Torres and
Corkum, 2002

A new set of relationships
between GSI, m, s and a is
introduced to give a smoother
transition between very poor
quality rock masses (GSI < 25)
and  stronger  rocks. A
disturbance factor D to account
for stress relaxation and blast
damage is also introduced.
Equations for the calculation of
Mohr Coulomb parameters ¢ and
¢ are introduced for specific
ranges of the confining stress

1
a==+
2 6

' ' ' a
01 =03 +Gci(mb Gg/GCi +S)
m, =m; exp (GSI -100/28-14D)
s =exp(GSI-100/9-3D)

1( _ _
—(e GSI/5 g 20/3)

£ (GPa)=[1-2 [Tl .10(S1-10)/40)
m 2 V100

G 3max fOr tunnels and slopes.

All of these equations are

' ya-l
6amp (s +myo, ) }

¢' =sint : T
2(1+a)(2+a) +6amy (s +myo, )*7

incorporated into the Windows
program RocLab that can be
downloaded from the Internet
site www.rocscience.com. A
copy of the full paper is included
with the download.

O [(1+ 2a)s+(1- a)mba'3n ](s + mba'sn yat
c =

s a)(2+a)|1+ (Bamy (s + myo'y )20+ @)@ +a)

where, for tunnels

' ~0.94
Tamax _ 0.47{%] - H is the depth below surface

Ocm

for slopes

Ocm

‘ 091
T3max 0.72{%] - H iis the slope height

v is the unit weight of the rock mass

Hoek and
Diederichs, 2006

Based on an analysis of a data set from
China and Taiwan, a new relationship
between the rock mass deformation
modulus E,, and GSI is proposed. This is
based on a sigmoid function and two
forms of the relationship are presented.
The simplified equation depends on GSI
and D only and it should be used with
caution, only when no information in the
intact rock properties are available. The
more comprehensive equation includes the
intact rock modulus. When laboratory data
for the modulus are not available a means
of estimating this modulus from the intact
rock strength o is given, based on a
modulus reduction factor MR.

Sigmoid function: y=c +W

Simplified Hoek and Diederichs equation:

Erm (MPa):lOOOOO( 1-D/2 ]

1+ e((75+25D-GS)/11)

Hoek and Diederichs equation:

1-D/2
1+ o((B0+15D-GSI)/11)

Erm = E{o.oz +

Estimated intact rock modulus:

E; = MR- oy
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Geological Strength Index Chart

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

5 >
¢ | 8 | 8
| &1 5| s
o) g o »
© 0 £ oS
5 B E =
%) 9 (72} w (2]
to 37 is more realistic than stating that 8 § © §§ §
GSI = 35. Note that the table does not e & i tE =
apply to structurally controlled failures. 7 ® © n P 2
Where weak planar structural planes are 2 § B g f E
present in an unfavourable orientation @ = 2 2% e
with respect to the excavation face, these v s ? ® = ®
will dominate the rock mass behaviour. & g g g ¢a g
The shear strength of surfaces in rocks £ € © > >0 >
that are prone to deterioration as a result Qg c g 2 5% 55
of changes in moisture content will be % 3 > ) < < £
reduced is water is present. When O | §% £ kSt TE|IETE
working with rocks in the fair to very poor W | &5 = S SOoO|QoT o
. ) . &) =) n - soldoen
categories, a shift to the right may be | © 3 ac < 52|52
made for wet conditions. Water pressure i | Z 5 9 = xo |[O¥Z|xid%E
is dealt with by effective stress analysis. 8 u>J g o) & < (% 2581558
STRUCTURE DECREASING SURFACE QUALITY —>
INTACT OR MASSIVE - intact L
rock specimens or massive in 90 N/A N/A

situ rock with few widely spaced
discontinuities

ENRN
NRN

N

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

~
o

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
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locked, heavily broken rock mass
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rounded rock pieces
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The Hoek—Brown criterion was introduced in 1980 to provide input for the design of underground ex-
cavations in rock. The criterion now incorporates both intact rock and discontinuities, such as joints,
characterized by the geological strength index (GSI), into a system designed to estimate the mechanical
behaviour of typical rock masses encountered in tunnels, slopes and foundations. The strength and
deformation properties of intact rock, derived from laboratory tests, are reduced based on the properties
of discontinuities in the rock mass. The nonlinear Hoek—Brown criterion for rock masses is widely
accepted and has been applied in many projects around the world. While, in general, it has been found to
provide satisfactory estimates, there are several questions on the limits of its applicability and on the
inaccuracies related to the quality of the input data. This paper introduces relatively few fundamental
changes, but it does discuss many of the issues of utilization and presents case histories to demonstrate
practical applications of the criterion and the GSI system.

© 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The Hoek—Brown criterion was derived from the results of
research into the brittle failure of intact rock by Hoek (1965) and on
model studies of jointed rock mass behaviour by Brown (1970).

The brittle fracture theory published by Griffith (1924), modified
by McClintock and Walsh (1962) to account for friction on sliding
surfaces, formed the basis for the nonlinear failure criterion for
intact rock published by Hoek and Brown (1980a, b). This 2018
edition of the criterion incorporates all the modifications that have
been implemented in the past 38 years, based on experiences
gained in applying this criterion to practical problems.

The geological strength index (GSI) is a system of rock mass
characterization that was developed, by Hoek (1994) and Hoek
et al. (1995), to link the failure criterion to engineering geology
observations in the field. The most complete description of the
current use of the GSI and the Hoek—Brown criterion is given in a
chapter entitled “Rock mass properties” in an eBook by Hoek, called
Practical Rock Engineering, which can be downloaded from http://
Www.rocscience.com.

* Corresponding author.
E-mail addresses: ehoek@mailas.com (E. Hoek), et _brown@bigpond.com
(E.T. Brown).
Peer review under responsibility of Institute of Rock and Soil Mechanics, Chi-
nese Academy of Sciences.

https://doi.org/10.1016/j.jrmge.2018.08.001

The Hoek—Brown failure criterion and the associated GSI have
gained wide acceptance as tools for estimating the strength and
deformation characteristics of heavily jointed rock masses. Because
of the lack of suitable alternatives, the criterion was adopted by the
rock mechanics community and its use quickly spread beyond the
original assumptions based on interlocking joint-defined blocks in
hard rocks. Consequently, it became necessary to re-examine these
assumptions and to introduce new elements from time to time to
account for the wide range of practical problems to which the
criterion was being applied.

One of the early difficulties arose because many geotechnical
problems, particularly slope stability issues, are more conveniently
dealt with in terms of shear and normal stresses rather than the
principal stresses used in the definition of the original Hoek—
Brown criterion. At that time, geotechnical software did not allow
the incorporation of the constitutive relationships, including flow
rules that describe the behaviour of the rock after reaching the peak
strength predicted by the Hoek—Brown criterion. Hence, it was
necessary to find equivalent Mohr—Coulomb parameters for use
with existing software. In 2018, most geotechnical software for
stress and slope stability analysis allows the Hoek—Brown criterion
to be used directly. Consequently, in this context, only the Hoek—
Brown criterion is discussed in detail.

For readers who require equivalent Mohr—Coulomb friction
angles and cohesive strengths, a detailed discussion on how these
can be obtained is given in Hoek et al. (2002). It is recommended

1674-7755 © 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
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that these friction angles and cohesive strengths, derived from the
Hoek—Brown criterion, should not be used without a tension cut-
off.

The GSI was extended to cover folded and tectonically sheared
rock masses in a series of papers by Hoek et al. (1998, 2005), Hoek
and Marinos (2000), Marinos and Hoek (2000, 2001), Marinos
(2017), Marinos et al. (2005), and Marinos and Carter (2018). The
GSl is discussed in detail in Sections 6 and 11.

For clarity, the equations provided and discussed here are
expressed in total stress terms. However, as discussed by Hoek and
Brown (1997), the solution to some rock engineering problems
requires an effective stress approach. In this case, effective stress
equivalents of the equations given here may be used.

2. The origin of the Hoek—Brown criterion

There is abundant evidence to show that the failure in brittle
materials such as rock, concrete, ceramic and glass originates from
micro-cracks or flaws in the intact material. In rock, these flaws are
typically grain boundaries or inter-granular cracks and tensile
cracks that propagate from their tips when frictional sliding occurs
along the flaw.

Griffith (1921) proposed that tensile failure in brittle materials
such as glass initiates at the tips of defects which he represented by
flat elliptical cracks. His original work dealt with fracture in ma-
terial subjected to tensile stress, but later he extended this concept
to include biaxial compression loading (Griffith, 1924), thereby
obtaining a nonlinear compressive failure envelope for brittle
materials.

Murrell (1958) proposed the application of the Griffith theory to
rock. This suggestion was immediately implemented by researchers
such as McClintock and Walsh (1962), Brace (1964), Hoek (1964),
Cook (1965) and many others. The early findings of this research
were summarized by Jaeger and Cook (1969). More recent research
has been summarized by Andriev (1995).

Based on this research on the nonlinear Griffith failure criterion,
Hoek and Brown (1980a, b) proposed the following empirical
equation to fit the results of a wide range of triaxial tests on intact
rock samples:

ag
01 = 03 + 0 mi?3_+1 (1)
c

where ¢; and o3 are the major and minor principal stresses,
respectively; o is the unconfined compressive strength; and m; is a
material constant for the intact rock.

Zuo et al. (2008, 2015) showed that a very similar equation could
be derived from an analysis of failure propagation from a penny-
shaped crack in a triaxial stress field. Their equation can be written:

O g
01 = 03+ 0¢ (% ﬁ) £+1 (2)
C1

where u = tan ¢ (¢ is the crack surface friction angle); « is a coef-
ficient used for mixed mode fracture which can be derived from
various approximations, such as k = /3/2 for a maximum stress
criterion, with x = 1 for a maximum energy release criterion; and
|o¢| is the absolute value of the uniaxial tensile strength.
Substitution of m; = pog/(k|ot]) in Eq. (2) results in the Hoek—
Brown Eq. (1) for intact rock. Hence, the constant m; has a physical
meaning. As will be shown later in this paper, the relationship
between m; and o¢/|ot| is important in the application of the
Hoek—Brown criterion to rock and rock mass failure.

3. Generalized Hoek—Brown criterion

The generalized Hoek—Brown criterion for the estimation of
rock mass strength, introduced by Hoek (1994) and Hoek et al.
(1995), is expressed as

a3 a
01 = 03+ 0 me-q—s 3)
Cl1

where my, s, and a are the rock mass material constants, given by

my = m; exp[(GSI — 100)/(28 — 14D)] (4)
s = exp[(GSI — 100)/(9 — 3D)] (5)
a=1/2+1/6(e 15— e7203) (6)

where, for intact rock, the material constants are denoted by m;,
s =1and a = 0.5; D is a factor which depends upon the degree of
disturbance to which the rock mass has been subjected to blast
damage and stress relaxation. Guidelines for the selection of D are
discussed in Section 8.

Eqgs. (4)—(6) were developed to deal with rock masses, such as
that illustrated in Fig. 1, comprised of interlocking angular blocks in
which the failure process is dominated by block sliding and rotation
without a great deal of intact rock failure, under low to moderate
confining stresses.

In dealing with the application of Egs. (4)—(6) to rock masses
which fall outside the range of conditions as described above,
several authors have proposed modifications to the values of the
constants or even the form of these equations. This is a completely

Fig. 1. Interlocking blocks of very strong Panguna andesite and granodiorite in the
Bougainville open pit mine in Papua New Guinea for which the original Hoek—Brown
criterion for rock mass strength estimation was developed (Hoek and Brown, 1980a, b).

Please cite this article in press as: Hoek E, Brown ET, The Hoek—Brown failure criterion and GSI — 2018 edition, Journal of Rock Mechanics and
Geotechnical Engineering (2018), https://doi.org/10.1016/j.jrmge.2018.08.001
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understandable and acceptable approach. However, readers
intending to apply these modifications should ensure that they
have done sufficient reading and research to enable them to define
the range of applicability of these modifications and whether they
apply to the problem under consideration. In other words, do not
apply equations, other than Egs. (4)—(6), simply because they
appear to be new or interesting.

Originally, the GSI term in these equations was estimated
directly from Bieniawski's rock mass rating (RMR) classification
(Brown and Hoek, 1988). The GSI was introduced by Hoek (1994) as
a direct replacement for RMR.

4. Strength of intact rock

In Eq. (3), the unconfined compressive strength, o, is the
dominant parameter which sets the scale of the rock mass
strength failure curve on a g, vs g3 plot. The constants my, s, and a
define the shape of the curvilinear failure plot. At this point, it is
important to explain the difference between the unconfined
compressive strength, o, and the uniaxial compressive strength
(UCS) of intact rock. The UCS is generally determined by testing
several specimens without applying a confining stress. Fig. 2
shows the distribution curves obtained from high quality labo-
ratory UCS tests on a range of rock types encountered on a typical
construction project.

In developing the Hoek—Brown criterion, it was recognized
that including a collection of UCS test results in a series of
triaxial test data would result in a significant bias in the curve
fitting process required to determine the constants of the
equation. Consequently, it was decided to use only the average
value for a UCS data set to represent the value of the principal
stress at zero confining stress. The triaxial data set, including
this average value, was then used in a regression analysis to
determine the unconfined compressive strength, ¢, and the
constant, m;.

The Hoek—Brown criterion was developed to deal with shear
failure in rock. Fig. 3 plotting the results of triaxial compression
tests on Indiana limestone by Schwartz (1964) shows that the
range of applicability of the criterion is determined by the
transition from shear to ductile failure at approximately o1 =
4.003. Mogi (1966) investigated the transition from shear to
ductile failure in a wide range of rock types and found that the
average transition is defined by ¢; = 3.403. This is a useful guide
for the maximum confining pressure for triaxial testing of intact
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Fig. 2. Normal distributions and UCS values determined from tests on cores from
seven rock types recovered during the site investigation and design phase for the
Ingula Pumped Storage Project in South Africa (Keyter et al., 2008).

rock specimens. In some laboratories, triaxial tests are carried
out by applying a constant confining stress and increasing the
axial load until the onset of shear failure is detected in the
stress—strain plot. The confining stress is then increased, and the
axial load is again increased until the onset of the next failure is
detected. This stage testing process is repeated several times to
arrive at a complete failure plot from a single specimen. Since
the specimen has been damaged in the first loading cycle and all
subsequent test stages involve the damaged rock, this method
does not produce an acceptable peak strength plot for intact
rock. Therefore, it is recommended that this type of triaxial test
should not be used for determining the Hoek—Brown parame-
ters g, and m;.

Tensile failure (3 < 0) is not dealt with by the Hoek—Brown
criterion. However, tensile failure is an important factor in some
rock engineering problems. In the context of this discussion, the
most effective solution to this problem is the Griffith theory
which, as proposed by Fairhurst (1964), can be generalized in
terms of the ratio of compressive to tensile strength, o;/|o¢|, as
follows:

(1) fw(w —2)a3 + 07 < 0, failure occurs when o3 = ot
(2) f w(w —2)ag3 + a1 > 0, failure occurs when

(205 — Ady) + \/(Aat —203) — 4(02 + Adio3 + 2ABo?)

g =

2
(7
where
2
w-—1 g
A:2(w—1)2732<7) 1L,w= /-S4
|ot|
180 4 Transition from brittle to ductile #
failure fordataat ;= 4.0 03 //
160 /
/
== 140 4 Limit of applicability of /
[ p .
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0
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Fig. 3. Limit of applicability of the Hoek—Brown criterion and for the maximum
confining pressure for triaxial tests on Indiana limestone.
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The combination of two failure criteria on one plot can result in
significant complications in programming for numerical analyses.
Therefore, it is preferable to simplify the resulting combination as
far as possible. Hoek and Martin (2014) proposed that, for practical
rock engineering purposes, a Hoek—Brown failure envelope with a
tensile cut-off, based on the generalized Griffith failure criterion
theory proposed by Fairhurst (1964), can provide an effective so-
lution. This is illustrated in the plot presented in Fig. 4.

The tests conducted by Ramsey and Chester (2004) and Bobich
(2005) are among the very few reliable triaxial data sets which
include direct tensile tests. Some suggestions on testing procedures
required to provide reliable data are given in the Appendix. As an
interim measure, the following approximate relationship between
the compressive to tensile strength ratio, o /|o¢|, and the Hoek—
Brown parameter m; is proposed:

oci/lot] = 0.81m; +7 (8)

Eq. (8) is based on triaxial test data and curve fitting estimates,
as listed in Table 1 and plotted in Fig. 5.

An example of plotting the Hoek—Brown failure curve with a
tension cut-off is presented in Fig. 6. The data for this plot were
obtained from triaxial tests on specimens of Granite Aplite, a uni-
formly fine grained intrusive igneous rock from South Africa. These
tests were carried out by Dr. W. Brace at Massachusetts Institute of
Technology in the USA and Dr. E. Hoek at the Council for Scientific
and Industrial Research in South Africa. The average unconfined
compressive strength of 588 MPa was used, with the triaxial test
results, to fit the peak strength curve. The tension cut-off was
calculated using Eq. (8).
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Fig. 4. Dimensionless plot of triaxial test data for Carrara marble showing the use of
the generalized Griffith theory for tensile failure and the Hoek—Brown criterion for
shear failure. (Von Karman, 1911, Ros et al., 1928, Rosengren and Jaeger, 1968,
Franklin and Hoek, 1970, Kovari and Tisa, 1974, Gerogiannopoulos and Brown,
1978, Ramamurthy, 1993, Kalamaris and Bieniawski, 1995, Sheorey, 1997, Aydan
and Dalgic, 1998).

Table 1

Analysis of data containing tensile values.
g (MPa) mj acif|ot Data set
224 324 32 Granite (Lau and Gorski, 1992)
600.4 18.8 22.2 Granite Aplite (Hoek, 1965)
95.5 9.65 14.9 Berea sandstone (Bobich, 2005)
125.5 10.6 144 Webtuck dolomite (Brace, 1964)
516.5 8.45 13.9 Blair dolomite (Brace, 1964)
128.5 8.25 16.6 Marble (Ramsey and Chester, 2004)
228 141 18.6 Quartzite (Hoek, 1965)
1 5 10 Estimated by matching Hoek—
1 7.2 12 Brown and Fairhurst generalized
1 10 14 Griffith curves as illustrated in Fig. 4.
1 15 20
1 20 24
1 30 32

35

ocil/loll =0.81 mj+7

. R2=0.97

25

20

Ratio ogi/| gy

A Measured from laboratory tests

O Estimated from curve fitting

4 9 14 19 24 29 4 29
Constant m;

Fig. 5. Relationship between ai/|o¢| and m;.

It will be noted that, for intact rock, only two variables are
needed to define the Hoek—Brown failure envelope with a tension
cut-off. These are the unconfined compressive strength of the intact
rock, o, and the material parameter, m;. For hard intact rock, the
parameter s is always equal to 1 and the constant a = 0.5.

Note that the Brazilian test, in which the tensile failure is
induced as a centre of a diametrically loaded disc specimen, is not
an acceptable direct tensile test for inclusion in the analysis as
described above. Due to the complex stress distribution and the
influence of the stress concentrations at the loading points, the
calculation of the tensile strength requires significant correction
(Perras and Diederichs, 2014). At best, the Brazilian test can be
regarded as an index test which must be calibrated against direct
tensile tests for each rock type.

5. Limits of applicability of the Hoek—Brown criterion

Fig. 3 shows that the Hoek—Brown criterion is only applicable
for confining stresses within the range defined by o3 = 0 and the
transition from shear to ductile failure.

A case in which the Hoek—Brown criterion does not apply may
arise when massive rock is in a state of relatively high confinement.
Kaiser et al. (2010) discuss this case in the context of highly stressed
pillars in hard, brittle rock at depth. In this case, it was found that the
amount of rock mass strength degradation given by Eqgs. (4) and (5)
for mp and s was reduced by replacing the constants 28, in Eq (4), and
9, in Eq (5) with higher values that Kaiser et al. (2010) related to the
GSI and confining pressure. Importantly, in this case, higher
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Fig. 6. Hoek—Brown failure plot for triaxial tests on Granite Aplite carried out by Hoek
(1965) and Brace (1964).

confinement produced rock mass strengths that were greater than
those given by the conventional application of Egs. (3)—(6).

A more general case in which Egs. (3)—(6) may not apply is in
massive to moderately jointed hard rock having high values of GSI.
For example, for GSI > 65, Bewick et al. (2019) show how carefully
distinguishing the failure modes of heterogeneous hard rock
specimens in laboratory uniaxial and triaxial compression strength
tests can allow the conventional Hoek—Brown criterion and GSI
approach to be used for strength estimation. The parameters
should be adjusted to provide good fits to test data for massive to
moderately jointed rock.

6. The geological strength index (GSI)

Hoek (1994) and Hoek et al. (1995) introduced the GSI as a tool
for collecting field information for incorporation in Egs. (4)—(6).
This is used to estimate the constants mj, s and a in the Hoek—
Brown criterion defined by Eq. (3). The GSI classification was set
up to address the two principal factors considered to have impor-
tant influences on the mechanical properties of a rock mass, i.e. the
structure (or blockiness) and the condition of the joints. The latest
major revision of the GSI and its use in Egs. (4)—(6) was made by
Hoek et al. (2002). The basic version of the GSI chart, for use with
jointed rocks, is reproduced in Fig. 7, from Hoek and Marinos
(2000).

The Hoek—Brown failure criterion was originally developed
based on the assumption that intact rock is free from defects other
than microcracks and flaws. The GSI system was developed to deal
with rock masses comprised of interlocking angular blocks in which
the failure process is dominated by block sliding and rotation
without a great deal of intact rock failure.

Figs. 8—12 show the typical applications of the GSI chart to
exposed faces in a range of rock formations. The original purpose of
the GSI chart was to provide a guide for the initial estimation of
rock mass properties. It was always assumed that the user would
improve the initial estimates with more detailed site investigations,
numerical analyses, and back analyses of the tunnel or slope per-
formance to validate or modify these estimates.

In dealing with the tectonically disturbed rock masses, as
illustrated in Figs. 10 and 11, the original GSI chart is adequate for
estimates during the site investigation stage. However, during the
later design stages, it becomes more difficult to apply this chart
effectively unless observations and measurements of the rock mass
behaviours in response to excavation are available to provide a
basis for calibration.

To simplify this problem, Marinos and Hoek (2001) pub-
lished a GSI chart for heterogeneous and tectonically deformed
sedimentary rocks. An extended version of this chart was
published by Marinos (2017) and Marinos and Carter (2018).
Additional charts for ophiolites (Marinos et al., 2005) and
tectonically undisturbed molassic rocks (Hoek et al., 2005)
were also developed to cover tunnelling projects in northern
Greece.

7. Estimating rock mass deformation modulus

In addition to the estimate of the strength of intact rock and rock
masses, the analysis of the behaviour of a slope, foundation or
tunnel also requires an estimate of the deformation modulus of the
rock mass in which these structures are excavated. This is a sig-
nificant challenge and numerous authors have presented various
suggestions on how these estimates can be made.

Hoek and Diederichs (2006), using a database of rock mass
deformation modulus measurements from projects in China
(including Taiwan), proposed the following equation for estimating
rock mass modulus (Fig. 13):

Erm = Ei{0.0Z + 1-D/2 } 9)

1+ exp[(60 + 15D — GSI)/11]

where E; is the intact rock deformation modulus (MPa).

Hoek and Diederichs (2006) recommended that, when the
laboratory measured values for E; are not available, the rock mass
reduction values (MR) proposed by Deere (1968) can be used for
estimating the intact rock modulus. When no information on the
intact rock deformation modulus is available, the following alter-
native equation for estimating the rock mass modulus E;m(MPa)
was proposed by Hoek and Diederichs (2006):

1-D/2

_ 5
Erm =10 1+ exp[(75 + 25D — GSI)/11]

(10)

Fig. 14 gives a comparison between the deformation modulus
estimated from Eq. (10) and a number of field measurements and
predictions by Bieniawski (1978), Serafim and Pereira (1983),
Stephens and Banks (1989), Read et al. (1999), and Barton (2002).
The general agreement between these results suggests that all
these predictions, including those of Hoek and Diederichs (2006),
can be used with confidence for estimating field values.
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Fig. 7. Basic GSI chart (Hoek and Marinos, 2000).

Cai et al. (2004) carried out a detailed review of the application
of the GSI system for the estimation of rock mass strength and
deformation properties in two underground powerhouse projects
in Japan. In their conclusion they state:

“The GSI system was applied to characterize the jointed rock
masses at Kannagawa and Kazunogawa underground power-
houses in Japan. Based on the estimated GSI values and intact rock
strength properties, equivalent Mohr—Coulomb strength parame-
ters and elastic modulus of the jointed rock mass were calculated
and compared to in situ test results. The Point Estimate Method
was applied to approximate variance of the mechanical properties
of the jointed rock masses. It is found that both the means and
variances of ¢, ¢ and E predicted from the quantified GSI approach
are generally in good agreement with field data. Hence, the
quantitative approach added to the GSI system provides a means

for consistent rock mass characterization and thus improves the
utility of the GSI system.”

8. Disturbance factor D

When tunnels, slopes or foundations are excavated in rock
masses, removal of the rock results in stress relief which allows the
surrounding rock mass to relax and dilate. The aim of any good
design is to control this dilation, and the consequent displace-
ments, in order to minimize rock failure. This can be achieved by a
careful selection of excavation shape, method of excavation and, if
necessary, the installation of reinforcement and support. In many
cases, drainage of the rock mass is also an important factor in
maintaining the stability of the excavation.
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Fig. 8. Spalling in the sidewalls of a mine tunnel in intact hard rock subjected to
anisotropic horizontal stresses. GSI is not applicable in the analysis of these stress-
induced spalls but it can be used for other applications.

Fig. 9. Orthogonal jointing in granitic rock on a dam site. GSI is not applicable on this
scale since the stability of the exposed face is controlled by the geometry of inter-
secting joints. It can be applied to larger scale excavations.
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Fig. 10. Interlocking angular Andesite blocks defined by several joint sets, exposed in
an open pit mine bench. GSI is fully applicable in this situation and on this scale.

Table 2 sets out several examples in which the method of
excavation and the control of blasting are of great importance. In
the case of tunnels, this is particularly important since the limited
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Fig. 11. Complex folding in a bedded sedimentary deposit. GSI is applicable with care
since averaging of the intact properties is required to calculate rock mass properties.
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Fig. 12. Tectonically deformed sediments with almost complete loss of structural
patterns. Care is required in using GSI in this type of rock mass. Use the GSI charts by
Marinos et al. (2005) and Marinos (2017).
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Fig. 13. Plot of normalized in situ rock mass deformation modulus from China
(including Taiwan) against Hoek and Diederichs (see Eq. (9)). Each data point repre-
sents the average of multiple tests at the same site in the same rock mass.

amount of space available in a tunnel means that any failure can
have a serious impact on the excavation schedule and cost and even
on the performance of the final tunnel. Careful excavation by a well-
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Fig. 14. Comparison between field measurements and deformation modulus values
predicted by several authors.

chosen tunnel boring machine (TBM) or road-header can reduce
many of these problems. However, in a drill-and-blast tunnel, the
blasting design and execution is of critical importance.

A common error is to assume that the disturbance factor D
should be applied to the entire rock mass in which the excavation is
conducted. This will result in an extremely conservative and
inappropriate design.

The first illustration in Table 2 shows a tunnel in which the blast-
hole pattern, explosive charges, and detonation sequence have all
been carefully designed and executed. Of importance is the careful
control of the drillhole alignment for the ultimate smooth blast
used to create the tunnel walls. In this case, the disturbance factor
D = 0 can be used with confidence since there is minimal damage to
the surrounding rock mass.

A more complex situation is illustrated in the second
photograph in Table 2, showing a tunnel excavated by the top
heading and bench method. Unless the displacements induced
by the excavation of the lower bench are controlled by the
placement of an invert strut, excessive displacements in the
lower part of the tunnel can result in significant rock mass
failure. In this case, a disturbance factor of D = 0.5 is considered
appropriate for the rock mass in which the lower half of the
tunnel is excavated. Note that this damage factor should only be
applied to a zone of about 2 m width around the bottom half of
this 12 m span tunnel.

An example of a very poorly designed and executed tunnel blast
is shown in the third illustration in Table 2. Poor drillhole alignment
control and lack of attention to the blast design and detonation
sequence have resulted in damage to the rock walls. A disturbance
factor of D = 1.0, with a linear decrease to zero, has been assigned to
the first 3 m of the rock mass surrounding this 8 m span tunnel.

The fourth illustration in Table 2 shows a 15 m high slope in a
dam spillway in which pre-split blasting has been used to create the
face on the left. Relaxation of the face can still occur and a blast
disturbance factor of D = 0.5 has been assigned to 1-2 m of rock
behind this face. The rock mass on the right has been mass blasted
with little control of the drillhole spacing and alignment of the
charges and detonation sequence. The most severe disturbance

factor of D = 1.0 has been assigned to 2—3 m of the rock mass
behind this slope.

The final illustration in Table 2 shows a very large open pit with
slopes approaching 1000 m in total height. Several different
disturbance factors must be considered in this example. It is
important to differentiate between slopes created during active
mining and the final design slopes which are required to remain
stable for many years. During active mining, the blasting is required
to produce large volumes of uniformly fragmented ore to meet the
requirements of ore processing for mineral extraction. On the other
hand, the final slopes are required to remain stable to ensure access
to the ore and safe and efficient disposal of the waste.

Individual 18 m high benches will generally have suffered sig-
nificant damage because of their proximity to the production blasts
required for removal and fragmentation of the ore. A disturbance
factor of D = 1.0 is assigned to the rock immediately behind these
benches. This disturbance factor can be graded downward, to a final
value of D = 0, as the distance behind the face increases to about
30% of the slope height.

The inter-ramp and final slopes will also have suffered stress
relaxation damage which can exceed the effects of blasting in large
excavations. Rose et al. (2018) state that: “Selection of an appropriate
range of depth or stress defining the disturbance transition requires
consideration of whether slope stability conditions are dominated by
geologic structure, rock mass conditions, groundwater, in situ stresses,
slope geometry, poor blasting, or a combination of these factors.” They
have developed a disturbance rating for open pit mine slopes which
can provide guidelines for the selection of the depth of the fully
disturbed conditions behind the slope and the decrease in the
damage factor D over a range of slope heights.

While much smaller blasts are used for slopes for roadcuts, dam
spillways and foundation excavations, the application of the dam-
age factor should be like that applied in open pit mining. However,
the overall factor of safety of the design may be higher than that for
open pit mine slopes to accommodate the longer life expectancy.

9. The overall design process

Having set out all the input data required for a full analysis using
the Hoek—Brown failure criterion and GSI system, it is useful to
consider the full sequence of data acquisition, interpretation, uti-
lization, and back analysis. Fig. 15 is a flow chart in which the
sequence of data acquisition from laboratory tests and field ob-
servations are combined to calculate the principal stress relation-
ship for a rock mass. This is followed using analytical or numerical
models to produce an excavation design which is then imple-
mented, and its performance monitored by convergence
measurements.

A final step is the back analysis of the monitoring results and the
feed-back of the results of this analysis into the early stages of the
flow chart. This step is critical since it is the only means whereby
the design method and the input parameters used in the calcula-
tions can be validated. Back analysis should be an ongoing process
throughout and even after the construction process so that ad-
justments and corrections can be made at all stages. This provides
not only confidence in the design but also information which can be
used to improve on the determination of input parameters and the
design methodology.

10. Determination of intact rock strength properties

The starting point for the procedure outlined in the flow chart in
Fig. 15 is the determination of the intact rock properties. This in-
volves laboratory uniaxial and triaxial tests on carefully collected
and prepared rock core samples. Generally, care is taken to ensure
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Guidelines for estimating disturbance factor D due to stress relaxation and blasting damage.
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The disturbance factor D should never be applied to the entire rock mass surrounding an excavation

Appearance of rock mass

Description of rock mass

Suggested value of D

Excellent quality-controlled blasting or excavation by a
road-header or tunnel boring machine results in minimal
disturbance to the confined rock mass surrounding a tunnel.
The blasting design for this tunnel is discussed in http://
www.rocscience.com/assets/resources/learning/hoek/
Practical-Rock-Engineering-Chapter-16-Blasting-Damage-
in-Rock.pdf

Mechanical or manual excavation in poor quality rock
masses gives minimal disturbance to the surrounding rock
mass.

Where squeezing problems result in significant floor heave,
disturbance can be severe unless a temporary invert, as
shown in the photograph, is placed.

Poor control of drilling alignment, charge design and
detonation sequencing results in very poor blasting in a
hard rock tunnel with severe damage, extending 2 or 3 m, in
the surrounding rock mass.

Small-scale blasting in civil engineering slopes results in
modest rock mass damage when controlled blasting is used,
as shown on the left-hand side of the photograph.
Uncontrolled production blasting can result in significant
damage to the rock face.

In some weak rock masses, excavation can be carried out by
ripping and dozing. Damage to the slopes is due primarily to
stress relief.

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

D=0

D = 0.5 with no invert

D = 1.0 at surface with a linear decrease to D = 0 at + 2 m
into the surrounding rock mass

D = 0.5 for controlled presplit or smooth wall blasting with
D = 1.0 for production blasting

D = 0.7 for mechanical excavation effects of stress reduction
damage

D = 1.0 for production blasting

A transitional D relationship incorporating the effects of
stress relaxation can be derived from the disturbance
rating*

Note: *A disturbance rating for open pit slopes has been published by Rose et al. (2018).
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Fig. 15. Flow chart for the application of the Hoek—Brown criterion and GSI system to
an excavation design.

that the core is recovered from homogeneous rock in which failure
will occur through intact rock material. These samples are tested
using current standard and suggested methods outlined in the
ISRM suggested methods (Ulusay and Hudson, 2007).

When the Hoek—Brown criterion was introduced, it was rec-
ommended that triaxial test results should be analysed by linear
regression of the following version of Eq. (1) (Hoek, 1983):

(01— 03)* = myoGo3 + 0% (11)

This approach was used for several years until it was realized
that the method was inadequate for the analysis of data other than
closely spaced points with very little scatter about a general trend
line. A variety of methods are available for fitting curves through
non-uniform distribution of triaxial test data. One of these, known
as the modified Cuckoo search (Walton et al., 2011), is included in
the Rocscience program RocData which can be used for the inter-
pretation of laboratory test data.

Bozorgzadeh et al. (2018) and Contreras et al. (2018) used
Bayesian statistics to quantify the uncertainty of intact rock
strength. This approach provides an alternative to conventional
probabilistic or frequentist methods such as those described above.
To deal with the problem of outliers in sets of test data for rock,
Contreras et al. (2018) use Student’s t distribution in place of the
commonly assumed normal distribution as a starting point in the
analysis. The difference between these two distributions, for a hy-
pothetical but not unrealistic data set, is illustrated in Fig. 16 in
which the impact of a single outlier is evident.

0.20 - Student’s t distribution, mean =0.12,
scale =147, normality =1.14

0.15
=
& 0.10- Normal distribution, mean = 2.5,

standard deviation =5.73
0.05
0.00 —_I_Q_Q_f_!_!
-5 0 5 10 15
Y

Fig.16. Comparison between a normal distribution and Student’s ¢ distribution for the
analysis of a small data set with an outlier (after Kruschke, 2015).

Fig. 17 is a plot of the results obtained from a Bayesian analysis of a
triaxial data set, giving an unconfined compressive strength of o; =
114.5 MPa and m; = 11.5. For comparison, the result given by the
RocScience RocData modified Cuckoo nonlinear regression analysis
with absolute residuals is ¢ = 116.2 MPa and m; = 10.6, which has
also been plotted in Fig. 17. In this case, the differences between the
Bayesian analysis and the nonlinear regression analysis are not large.
As Bozorgzadeh et al. (2018) demonstrated, the advantages of their
novel Bayesian regression analysis technique become more apparent
for sparser and more widely scattered data sets.

In estimating the o of intact rock, an important issue is the size
of the rock block under consideration, as compared to the strength
determined from laboratory tests on 50 mm core samples. Fig. 18,
published by Hoek and Brown (1980a), includes the results of
laboratory tests on a wide range of rock types and specimen sizes.
The trend shown in this plot is typical of that suggested by the
reasoning that the greater the volume of rock, the greater the
probability that a larger number of defects are available for the
formation of through-going failures. This trend should be kept in
mind when estimating the o of in situ rock blocks.

In the preceding discussion, it has been assumed that the intact
rock specimens are homogeneous and isotropic and that the values
of the unconfined compressive strength ¢ and the constant m; are
representative of the intact rock in the blocks of the rock mass. In
fact, this assumption is not always valid since in many rock masses,
defects such as veins, micro-fractures and weathered or altered
components can reduce the intact rock strength. Ideally, tests
should be carried out on specimens large enough to include
representative sections containing these defects, but collection and
preparation of such specimens can be challenging.

In discussing rock mass classifications, such as GSI, Day et al.
(2012) described the blocks, defined by intersecting joints, as
interblock structures. They defined the veins, stockwork and
other defects as intrablock structures and pointed out that these
should also be considered in the rock mass characterization
since they have a significant influence on intact rock strength.
They suggested that the defects in both the interblock and
intrablock structures can be incorporated into the GSI
classification.

Day et al. (2012)'s suggestion is illustrated in Fig. 19 in which the
influence of size is considered in determining the use of GSI. The
starting point for this chart is a typical intact rock core, but there is
no reason why this starting point should not be the intrablock
structure within the core as suggested by Day et al. (2012). They
emphasized that the reduction of the intact rock strength by this
method must be carried out with care to avoid over-penalization of
the rock mass strength.
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Fig. 17. Analysis of triaxial tests on Coburg limestone using a Bayesian analysis
incorporating Student’s t distribution, compared with an analysis using the RocData
modified Cuckoo method.

Bewick et al. (2015, 2019) and Kaiser et al. (2015) have examined
the issue of veins and microfractures in intact rock core or blocks.
Their emphasis is on the effects of these veins and micro-fractures
on rock mass classification and rock block strength. As noted in
Section 5, these authors have proposed that, for sparsely jointed
hard rock with a GSI rating of greater than 65, Egs. (4)—(6) may
require modification to reduce the strength of rock masses under
high in situ stress conditions.

Weathering, alteration and deterioration of the core in storage
are factors that need to be considered during collection and prep-
aration of rock specimens. An example of the deterioration of
mudstones and siltstones due to changes in moisture content
during storage is illustrated in Fig. 20. In such cases, care needs to
be taken to seal the core during transportation and storage or, in
extreme cases, to carry out the strength tests on site as soon as
possible after core recovery. In the example illustrated, immediate
sealing of excavated surfaces with shotcrete was necessary to
preserve the rock mass strength.

The triaxial cell, illustrated in Fig. A1 in the Appendix, was
originally designed to permit triaxial testing of rock specimens,
such as those illustrated in Fig. 20, on drilling sites.

11. Practical application of the GSI characterization

The starting point for any site investigation program is a good
geological model of the site. Ideally, this model should be
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constructed by local geologists who have familiarity with the
regional geology and experience in working with the rock types
encountered on the site. Without such a model, the application of
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Fig. 20. Core of sandstone, siltstone and mudstone immediately after recovery (left)
and after several months of storage in a core shed (right).

GSI can become a confusing array of numbers being manipulated by
engineers anxious to obtain input for analytical or numerical
models.

The GSI characterization scheme was devised for engineering
geologists and geologists who can utilize all the information
contained in the chart presented in Fig. 7 to arrive at a range of
probable GSI numbers for each rock unit. As for the case of
triaxial test data obtained from laboratory testing, discussed in
Section 10, the range of GSI values should also be treated as a
distribution. Langford and Diederichs (2015) and Contreras and
Brown (2018) advocated that the same statistical processes
should be applied to both the intact rock properties and the GSI
estimates to provide the ranges of the final rock mass properties
chosen for design.

Many projects have been completed successfully using a
deterministic approach in which the mean values for intact rock
properties and GSI are chosen and applied to the design process
outlined in Fig. 15. This approach is acceptable when it is asso-
ciated with a well-planned rigorous back analysis program and
where the contract can accommodate the changes which are
necessary to utilize the information from this back analysis.
Examples of this type of approach are presented in the next
sections.

The GSI system assumes that, because the rock mass is made
up of a sufficiently large number of joint sets and randomly ori-
ented discontinuities, it can be treated as a homogeneous and
isotropic mass of interlocking blocks. Failure of this rock mass is
the result of sliding along discontinuities or rotation of blocks,
with relatively little failure of the intact rock blocks. The ideal rock
mass for which GSI was originally developed is a heavily jointed
rock mass with high intact rock strength, such as that illustrated
in Fig. 1.

Fig. 19 shows that the ratio of the size of the blocks to the
size of the structure in which they exist is an important factor
to be considered when deciding whether GSI should be used.
For example, in the face of a 10 m span tunnel, an average joint
spacing of 0.5 m would result in about 400 blocks being
exposed in a square mine tunnel or about 315 blocks in a cir-
cular tunnel. This would be considered a reasonable scale for
the application of GSI. The same GSI rating would be applied to
smaller blocks with similar geometry. It is the shape of the
blocks and the characteristics of the discontinuities which
separate them, rather than their size, that controls their

interlocking behaviour. In this example, joint spacings of 2 m or
more would result in fewer than 25 blocks which, as shown in
Fig. 9, would result in the failure of individual blocks rather
than the overall failure of a jointed rock mass. GSI should not be
used in this case.

In a 100 m high rock slope, a blocky rock mass with an average
joint spacing of 3 m would expose about 1000 blocks in a 100 m
length of the slope. This would qualify for a condition in which GSI
could be applied. On the other hand, 15 m high benches in the same
rock mass would not qualify since only about 25 blocks would occur
in a 15 m length of the slope.

In cases where GSI is not applicable, the failures will be
controlled by the three-dimensional geometry of the intersecting
features in the rock mass. Stability analyses in these cases should be
carried out using tools that are available for calculating the factors
of safety of sliding blocks or wedges.

Many of the applications and limitations of the GSI were dis-
cussed by Marinos and Hoek (2000) and Marinos et al. (2005).
Users who are not already familiar with the GSI system are
advised to read these papers before embarking on applications in
the field. The following three case histories have been chosen to
illustrate the practical application of the Hoek—Brown criterion
and the GSI system in a variety of geological environments and
project settings.

12. The Driskos tunnel on the Egnatia Highway

The 670 km long Egnatia Highway across northern Greece has
77 twin tunnels of almost 100 km in total length. These 12 m span
tunnels pass through complex geological conditions in a
converging rim between the European and African plates. Many
unfavourable geotechnical environments occur along the highway
route leading to difficult tunnelling conditions. One of the tunnels
on this route is the Driskos tunnel, which will be discussed in this
example.

Between 1998 and 2006, Dr. Evert Hoek and Professor Paul
Marinos formed a Panel of Experts to advise Egnatia Odos S.A.
the company set up to manage the construction of the project,
on geotechnical issues related to tunnel design and construc-
tion. In 2000, they reviewed the design of the 4.6 km long
Driskos tunnel. A longitudinal profile along the tunnel,
depicting the geological formations, is presented in the upper
half of Fig. 21.

Based on their knowledge of the regional geology of the area
and the site investigations that had been carried out, they esti-
mated the GSI values along the tunnel route and calculated the
percentage strain which could be anticipated. These percentage
strains are plotted along the tunnel in the lower graph in Fig. 21.

The largest strains were anticipated in a section of very poor-
quality flysch at the deepest central section of the tunnel. A
typical outcrop of this flysch, a tectonically deformed sequence of
sandstones, siltstones and mudstones, is illustrated in Fig. 12.

Hoek and Marinos (2000) developed a method for estimating
the strain, defined as the ratio of tunnel closure to tunnel
diameter x 100, for a tunnel subjected to in situ stresses sufficiently
high to cause squeezing.

To carry out the calculations of strain, an estimate of the rock
mass strength is required, and this can be made using the
approximation given for line 6 in Fig. 22. A comparison between
this estimate and estimates made by other authors and in situ test
results shows acceptable agreement for values of GSI up to 65.

In the case of the Driskos tunnel, the in situ stress pg is assumed
to equal the product of the depth of the tunnel and the unit weight
of the rock mass. The calculated percentage strains, for the lowest
and highest GSI estimates, are plotted along the tunnel alignment
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in Fig. 21, which shows that strains of the order of 10% were
anticipated for the lowest GSI values, for a section of the Driskos
tunnel between approximate chainages of 8300—9000. During the
tunnel construction, significant strains occurred in the tunnel in
this zone and the installed steel sets, rockbolts and shotcrete
proved to be inadequate to prevent the deformation from
encroaching on the space required to accommodate the final lining.
Additional tensioned cables had to be installed to provide the
support required to stabilize the tunnel.

The relationship, proposed by Hoek et al. (2002), is used to
calculate the strain for different ratios of rock mass strength to in
situ stress as shown in Fig. 23. A comprehensive retrospective
analysis of the Driskos tunnel design and construction issues is
given by Vlachopoulos et al. (2012).

13. The Ingula underground powerhouse project

The Ingula Pumped Storage Project in South Africa comprises
two reservoirs interconnected by a tunnel system, with reversible
pump/turbine units with a total rated generation capacity of
1332 MW located in an underground powerhouse complex. This
complex consists of a 26 m span machine hall, a transformer hall
with a 19 m span, 11 m diameter busbar tunnels, 5 m diameter high
pressure penstocks, a 9 m diameter main access tunnel and a series
of smaller adits and shafts. It is located at a depth of almost 400 m
below ground level. The 184 m long machine hall has a double
curvature profile roof with a relatively low span to height ratio of
2.5 and is up to 50 m deep in the turbine pits. A photograph of the
partially completed underground powerhouse cavern is repro-
duced in Fig. 24.

The Ingula power caverns were constructed under a promi-
nent mountain ridge off the Drakensberg escarpment between
the Free State and KwaZulu Natal provinces, South Africa, in the
Volksrust Formation of the Ecca Group, Karoo Supergroup which
comprises horizontally bedded siltstones, mudstones, and
carbonaceous mudstones. The intact rock UCS properties
derived from field and laboratory testing are presented as
normal distributions in Fig. 2.

In situ stresses were measured in hydro-fracture tests in bore-
holes and in a small number of overcoring tests. The major hori-
zontal stress is greater, and the minor horizontal stress is slightly
lower, than the estimated vertical overburden stress. Hydro-
fracture tests at cavern level gave a horizontal/vertical stress ratio
of 0.5—0.9, while overcoring tests indicated a ratio of approximately
1.0 in the powerhouse area.

In the design of the Ingula underground powerhouse complex,
the conventional deterministic method of combining the Hoek—
Brown o, and m; parameters was used, with GSI values
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Fig. 24. The 26 m span, 50 m high Ingula underground powerhouse cavern after
excavation of bench 3. Photograph provided by G. Keyter and reproduced with
permission of ESKOM South Africa.

determined in the field to estimate rock mass strengths for
different rock units. The final successful design and construction
of the excavations were well documented by Keyter et al. (2008)
and Kellaway et al. (2010), which provided an excellent record
of this case history.

Initial geological and geotechnical investigations for the Ingula
Pumped Storage Project commenced with borehole drilling in 1999.
The main phases of the surface geotechnical investigation, the
drilling of additional boreholes, and an exploration tunnel were
completed in 2005.

The preliminary design of the Ingula underground powerhouse
complex was based on the experience gained during the design and
construction of the Drakensberg Pumped Storage Project, a sister
scheme commissioned in 1981 (Bowcock et al., 1976). At the time of
the design of this project, worldwide experience in the construction
of underground powerhouse complexes was very limited. After a
careful review of three published case histories, the trapezoidal roof
arch in the Poatina Project in Tasmania, commissioned in 1964
(Endersbee and Hofto, 1963), was adopted for the Drakensberg
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Fig. 25. The east slope of the Chuquicamata mine in 2013.

project. Since the Drakensberg powerhouse cavern was the first
major underground civil engineering cavern to be constructed in
South Africa, full-scale tests of the cavern arch and the concrete lined
pressure tunnel were carried out to confirm the support design as-
sumptions. These tests were very successful and provided the in-
formation required to complete the design which was successfully
implemented in the construction of the underground complex.

Determinations of the deformation moduli of the in situ
rock masses in the Drakensberg project were carried out by
means of plate bearing tests and by back analysis of the de-
formations measured in the full-scale tests described above. A
surprising result was that the in situ deformation moduli
were close to the values determined from laboratory tests on
intact samples. This suggested that under the confined stress
conditions around the excavations, the rock masses were
behaving as very tightly interlocked blocky structures which,
in today’s terms, would have to be assigned a very high
GSI value. Note that the tendency of the mudstones and
siltstones, as illustrated in Fig. 20, to disintegrate upon
prolonged exposure to air was remedied by the immediate
application of shotcrete to all excavated faces. This sealed the
rock masses from exposure and preserved the intact proper-
ties very effectively.

In designing the underground caverns for the Ingula Pumped
Storage Project, the rock mass behaviour in the Drakensberg project
was considered, and the interbedded mudstones and siltstones were
treated as intact rock with weak horizontal bedding planes. Since
this was an unusual design assumption, the designers were reluctant
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to assign a GSI value of 100 to the siltstone and mudstone units.
Therefore, it was decided to use GSI = 70 in the design process.

Two-dimensional finite element models, set up during the
detailed design of the cavern excavation and support, were revised
towards the end of the main power cavern excavation to account for
the actual geology encountered, excavation sequence, support
installation, and convergence information collected during con-
struction. The results of these analyses confirmed that, in fact, the
in situ mudstones and siltstones should have been assigned a GSI
value of 100. A detailed description of the comparison between the
original design assumptions and the values obtained from the post-
construction back analysis is presented in a comprehensive paper
by Kellaway et al. (2010).

This example illustrates the fact that, in many cases, en-
gineers tend to underestimate the capacity of rock masses
when tightly confined by the stress field surrounding under-
ground excavations. Kaiser et al. (2015) examined this issue in
detail for highly stressed brittle rocks. They conclude that:

“Common use of currently available rock mass characterization
systems tends to underestimate the strength of highly stressed
brittle and often defected rock. It is demonstrated that this is pri-
marily related to flawed interpretation of rock mass characteristics
derived from boreholes and laboratory tests without proper
consideration of, for example, GSI applicability, laboratory test re-
sults failure mode sorting, and failure modes of rock in under-
ground settings.”

Similar comments can be made for weaker rocks, such as the
mudstones and siltstones discussed in the example of the Ingula
Pumped Storage Project. In particular, the tendency for these rocks
to slake when removed from the in situ environments, can lead to
significant underestimation of the rock mass properties.

In the case of the Ingula Pumped Storage Project, the back
analysis of a carefully investigated and well-designed project
provides a valuable example of the additional information that
can be gained on completion of the project. Sakurai (2017)
emphasized: “Field measurement data are only numbers unless
they are properly interpreted. Therefore, the most important aspect
of field measurements is the quantitative interpretation of mea-
surement results”.

14. Chuquicamata mine slope stability analysis and conveyor
transfer chamber design

The Chuquicamata mine in northern Chile has one of the largest
open pits in the world, measuring approximately 4 km long, 3 km

wide, and 1 km deep. Removing ore and waste from the mine on
conveyors or by truck, using the haul roads such as that illustrated
in Fig. 25, is a complex and expensive process. Hence, planning
started more than 10 years ago for a transition from open pit to
block caving underground as the mining method (Olavarria et al.,
2006). The transition is currently scheduled to occur in 2019 (see
Flores and Catalan, 2019).

For many years, the ore has been transported to the surface by
means of a conveyor installed in a tunnel behind the East Wall
slope. The conveyor has been extended downwards as the depth of
the pit increased and, due to limits in conveyor belt lengths, a
transfer station was installed in the conveyor tunnel in 2005.

Progressive deepening of the open pit has resulted in ongoing
displacements in the East Wall and in the rock mass surrounding
the conveyor transfer chamber. This resulted in the need for
detailed monitoring of the cavern deformations and periodic
adjustment of reinforcement cable tensions and, in some cases,
installation of replacement cables. It is important that this chamber
remains stable until it is decommissioned when the open pit
mining is completed.

In 2012, a review of the conveyor transfer chamber was set up by
the mine management. This review was monitored by Dr. E. Hoek, a
member of the mine’s Technical Advisory Board. The detailed
analysis was carried out by P. Varona of Itasca and Dr. F. Duran of the
Chuquicamata Geotechnical Department.

An important component of this analysis was the establishment
of the rock mass model to be used in numerical models of the slope
and chamber. This was based on the results of a geotechnical
characterization program initiated by Dr. E. Hoek and Dr. ]. Read,
members of the first Technical Advisory Board established in 1992.
This program involved laboratory testing of intact samples and
joints in the seven major rock types surrounding the open pit, as
well as 185 km of borehole core logging and 195 km of bench
mapping. The results of this geotechnical characterization pro-
gram, agreed upon by the mine’s geotechnical department and
approved by the Technical Advisory Board, are summarized in
Table 3.

The second important component of the analysis was the exis-
tence of a very sophisticated slope displacement monitoring pro-
gram based on more than 1000 prisms located in sensitive areas of
the pit, measured automatically at frequent intervals by electro-
optical measuring devices. Information is telemetered to a central
monitoring station for interpretation. The locations of the most
important prisms around the entrance of the access tunnel to the
conveyor transfer station are shown in Fig. 26.

In addition, several radar displacement monitoring units, such
as that illustrated in Fig. 27, are available on the mine. One of these
was deployed to monitor the displacements of the slope in which

Table 3

Rock mass and discontinuity properties.
Rock mass properties UCS (MPa) v (t/m3) Distribution of GSI mj

Minimum Mean Maximum
Fortuna granodiorite (GDF) 110 2.59 29 46 63 20
Moderate shear zones (ZCM) 50 2.47 30 40 56 22
Intense shear zones (ZCI) 7.5 2.31 13 25 51 22
Brecciated shear/faults (BEF) 25 2.51 15 25 35 20
Sericite with high quartz (Q > s) 60 2.67 46 60 70 25
Sericite with similar quartz (Q = s) 40 2.63 37 47 55 14
Sericite with low quartz (Q < s) 20 2.59 27 34 49 15.5
Discontinuity properties Friction angle (°) Cohesion (kPa)
Minimum Mean Maximum Minimum Mean Maximum

Structure 16 18 20 10 20 30
West fault 22 25 28 30 40 50
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the transfer chamber is located. A radar image of displacements in
the east face of the mine is reproduced in Fig. 28.

Analysis of the slope displacements, measured by both the
electro-optical system and the radar unit, demonstrated that the
displacements in a zone in the rock mass surrounding the transfer
chamber were significantly larger than those in the remainder of
the East Wall. This suggested that a wedge, bounded by major
structural features shown by blue lines in Fig. 26, had formed in
the rock mass and was moving more than the surrounding rock
mass in both the face of the east slope and that surrounding the
transfer chamber. This model incorporated the joint-defined rock
blocks with rock mass strength and deformation properties
defined by the Hoek—Brown criterion and GSI parameters given in
Table 3. The major structural features were assigned strength
properties defined by the discontinuity property values listed in
Table 3. The cable reinforcement installed from the transfer
chamber, as shown in Fig. 29, was included in the model illus-
trated in Fig. 30.

During the 2012 review, a 3D discrete element model, using the
Itasca 3DEC program, was created to study the displacements and

Add 19 4 BPT
s -
-

S B g, -

Fig. 26. View of the east face of the Chuquicamata mine showing the location of the
conveyor transfer chamber, major structural features and the location of critical optical
distance measurement targets (yellow spots circled in red).

Fig. 27. Radar equipment for monitoring slope displacements.

Fig. 28. Radar image showing displacements in the east face. The transition from
yellow to red colors indicate increasing displacements in the rock mass.

rock mass behaviours in both the face of the east slope and that
surrounding the transfer chamber. This model incorporated the
joint-defined rock blocks with rock mass strength and deformation
properties defined by the Hoek—Brown criterion and GSI parameters
giveninTable 3. The major structural features were assigned strength
properties defined by the discontinuity property values listed in
Table 3. The cable reinforcement installed from the transfer chamber,
as shown in Fig. 29, was included in the model illustrated in Fig. 30.

The outcome of this analysis, shown in Fig. 31, was that the
deformation results, for both the slope face and the transfer
chamber, were in acceptable agreement with the monitored values.
This provided the Geotechnical Department with a sound basis on
which to plan cable reinforcement tension adjustments and cable
replacement installations to ensure that the chamber remained
stable for the remainder of the open pit operation.

15. Conclusions

In the almost 40 years since its introduction, the Hoek—Brown
criterion for intact rock and rock masses has gained wide-spread
international use for a wide range of engineering applications.
The criterion for intact rock was based on brittle fracture concepts

Fig. 29. Cable reinforcement installed from the conveyor transfer chamber. The cavern
has a span of 20 m, a height of 25 m and a length of 60 m. Support consists of 15 and
20 m long stressed cables.
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Fig. 30. 3DEC model of the East Wall including the transfer chamber.

Fig. 31. Displacement contours in the East Wall, generated in a progressively mined
3DEC model. The transition of colours, from blue to red, represent increasing dis-
placements in the rock mass.

and so it should only be used in the brittle behaviour range. Since
its introduction, several revisions and updates have been made to
the criterion, but its basic form has remained unchanged. A major
revision made in the early 1990s accompanied the development of
the GSI to quantify engineering geological observations of the
structure and condition of rock masses.

The present update emphasizes the intended application of the
criterion to the brittle fracture of intact rock; expands on the pre-
viously existing methods of evaluating test results for the me-
chanical properties of intact rock by applying the Bayesian
approach to assess uncertainty; discusses the use of the GSI to
describe the structure and condition of a wide range of types of rock
masses; expands on the previously published guidelines for the
selection of the important disturbance factor, D; sets out a recom-
mended sequence of calculations for use in applying the criterion;
and illustrates its application to practical rock engineering through
three different examples.

Despite the revisions that have been made to the criterion and
the experience gained in its use over almost 40 years, care must be
exercised in seeking to apply the criterion to some rock masses,
particularly those at the higher and lower ranges of GSIL It is
essential that the geology of the site be well understood, and that
the mechanics of the engineering problems involved be evaluated
critically. When this has been done, the methods discussed in this
paper may be used to evaluate the parameters in the criterion for
the intact rock and the rock mass.
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Appendix. Triaxial and tensile testing.

Tensile testing can be introduced into a triaxial test program by
means of a modification used by Ramsey and Chester (2004).
Instead of inserting a cylindrical specimen into a triaxial cell, they
substituted a dogbone specimen as illustrated in Fig. Al. The
reduced section of the specimen was wrapped in Plasticine
modelling clay. When subjected to triaxial confinement, this
modelling clay yields plastically and transmits a uniform pressure
onto the curved section of the dogbone specimen. Since the ends of
the specimen are larger in diameter than the central test section, a
tensile stress is induced in the test section.

If dy is the diameter of the core and d, the diameter of the
reduced test section, the tensile stress ¢3 induced along the axis of
the specimen, for a confining pressure of P, is
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73 = P(dz - d%)/d% (A1)

By adjusting the ratio of the diameters D and d, the confining
pressure P and the axial load applied to the specimen, a range of o3
and o4 stresses can be generated in the tensile zone, as shown in
Fig. A2. The preparation of a dogbone specimen on a lathe is
illustrated in Fig. A3.

There is strong justification for using the dogbone specimen,
illustrated in Fig. A2, for triaxial testing. This is because the smooth
transition of the stresses from the enlarged specimen ends to the
central test section reduced the potential for axial splitting,
particularly at low confinement, which is common when testing
cylindrical specimens loaded by steel plates.

Hardened and ground
steel platten

_ Latex rubber sleeve

| Low strength Plasticine
modelling clay

4 =~ 0il inlet

T Dogbone shaped intact
rock specimen

Triaxial cell rubber
sealing sleeve

Fig. Al. Triaxial cell with a dogbone specimen for triaxial tensile testing.
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Fig. A2. Plot of triaxial tension data points obtained by Ramsey and Chester (2004).
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Fig. A3. Preparation of a dogbone specimen using a tool-post grinder attached to a
profile follower on a lathe.
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