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Abstract

Reliably estimating the mechanical properties of discontinuous rock masses remains one of the greatest
challenges faced in the discipline of rock mechanics. This paper discusses the development, uses and
limitations of the Hoek—Brown empirical rock and rock mass strength criterion, some of the extensions made
to the criterion by others, and associated methods of estimating rock mass deformabilities. Extreme care
must be taken in extending the use of these approaches beyond reasonable limits. Modern methods of
predicting the engineering responses of rocks and rock masses using advanced numerically-intensive
methods provide a sound and promising basis for developing improved understandings of the engineering
responses of rock masses and for making improved predictions of rock mass properties and performance.

1 Introduction
The Statutes of the International Society for Rock Mechanics (ISRM) state the following:

“... the field of rock mechanics is taken to include all studies relative to the physical and
mechanical behaviour of rocks and rock masses and the application of this knowledge for the
better understanding of geological processes and in the fields of engineering.”

It follows, then, that the estimation of the mechanical properties of rock masses (for present purposes, their
strengths and deformabilities) is at the core of our discipline, and that reliable estimates of these properties
are required for almost any form of analysis used for the design of slopes, foundations and underground
excavations in rock. Indeed, it is generally acknowledged that it was our inability to adequately determine
these properties and the engineering responses of rock masses that provided at least part of the impetus for
the founding of the ISRM in 1962. The Society’s founding President, Leopold Miiller, always emphasised
the discontinuous nature of rock masses and said that the then existing methods of continuum mechanics and
soil mechanics were inadequate for analysing rock engineering problems (Miiller, 1964).

This general topic has always been the author’s major interest since he commenced his Ph.D. studies under
the supervision of Professor Hugh Trollope in 1964. As has been discussed elsewhere (Brown, 2004; 2007),
Trollope was one of the first to insist on the need to treat both rocks and rock masses as discontinua and to
develop a systematic theory of discontinua (Trollope, 1968). Until practically-useful numerical methods of
evaluating the mechanical properties and responses of rocks and rock masses were developed relatively
recently (see Section 6), it was a common practice to seek to estimate rock mass strengths and
deformabilities using empirical correlations with rock mass classifications and rock material properties.

The author’s name is associated with one of the most widely-used of these empirical approaches, the Hoek—
Brown criterion (Hoek and Brown, 1980a; 1980b; 1988; 1997; Hoek et al., 1992; 2002). However, the author
has not been directly associated with the changes that have been made to the criterion by Dr Hoek and his
co-workers in the last decade, or with many of the extensions and refinements that have been made to the
criterion by others. He is concerned that some of these developments may overlook the original purpose of
the criterion, its basis and its fundamentally empirical nature. This paper provides the opportunity for the
author to review the development of the Hoek—Brown criterion and to comment on other methods that have
been used in engineering practice for estimating the mechanical properties of rock masses.

2 The development of the Hoek—Brown criterion

During the preparation of their book, Underground Excavations in Rock, in the late 1970s, Dr Evert Hoek
and the author became acutely aware of the void that existed in our discipline through the lack of a reliable
method for estimating the overall strengths of jointed or discontinuous rock masses. It was clear by that time
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that, if taken over other than narrow ranges of minor principal stresses, the peak compressive strength
envelopes of intact rocks were curved. On the basis of a limited range of in situ tests and laboratory tests on
models of jointed rock masses (John, 1962; 1970; Brown, 1970; Brown and Trollope, 1970; Jaeger, 1970;
Ladanyi and Archambault, 1970) it was also becoming clear that the strength envelopes of jointed rock
masses were similarly curved. The analysis of a range of available triaxial compression test data for intact
rock and for the closely-jointed Panguna andesite tested by Jaeger (1970), and biaxial and triaxial test results
for block-jointed models, led to the development of expressions for the non-linear peak strength envelopes of
rocks and rock masses in terms of the major and minor principal stresses at peak strength (Hoek and Brown,
1980a; 1980b). Another important input into the development of the original expression was the plane stress
application of Jaeger’s single plane of weakness theory (Jaeger, 1960) in estimating the minimum strengths
of rock masses containing several sets of mutually inclined joints having similar Mohr—Coulomb strength
parameters as described by Hoek and Brown (1980a; 1980b) and Brown (2004). It was shown that for three
or four sets of discontinuities which are mutually inclined at equal angles and have the same shear strengths,
the strength, 6,—03, developed at a given value of confining pressure, 63, was essentially constant and
independent of the orientations of the principal stresses.

The original expression of the empirical, non-linear, isotropic peak strength criterion for rock masses was
given in total stress terms as:

61 =03 + O [m (05/0) + 51" (1)

where 6, and o3 are the major and minor principal compressive stresses at peak strength, G,; is the uniaxial
compressive strength of 50 mm diameter samples of the intact rock, and m and s are material parameters. For
intact rock, m and s take their maximum values of m; and 1.0, respectively. In the original publications (Hoek
and Brown, 1980a; 1980b), tables were given of values of m; for a range of rock types and of the equations of
the peak strength envelopes for a more limited range of rock types of six rock mass qualities (including intact
rock) expressed in terms of the CSIR or Bieniawski’s Rock Mass Rating (RMR) (Bieniawski, 1976) and the
NGI or Barton’s Q factor (Barton et al., 1974). Priest and Brown (1983) showed that it was possible to
express the relations between m, s and RMR by simple exponential relationships that were used in
subsequent versions of the criterion. It was soon also realised that it was necessary to distinguish between
disturbed and undisturbed or interlocked rock masses, and two sets of equations of the type proposed by
Priest and Brown (1983) were developed (Hoek and Brown, 1988).

The original peak strength criterion (Equation (1)) included a square root term with a power of 0.5 instead of
the variable value, a, used in the most recent forms of the criterion (Equation (2)). It is interesting to note that
a similar square root term appeared in peak strength envelopes for intact rock and other brittle materials that
had been developed mainly in the 1960s using Griffith crack theory (Cook, 1965; Hoek, 1968; Jaeger and
Cook, 1969). Recently, Zuo et al. (2008) used Griffith crack and fracture mechanics approaches to derive a
non-linear peak strength criterion that is mathematically identical to Equation (1) with s = 1. It is important
to note that in the extensive data set for intact rocks analysed by Hoek and Brown (1980a) in developing the
criterion, values of G; varied from 40 MPa (for a British sandstone) to 580 MPa (for a South African chert
dyke). It is for this reason that the criterion in which a = 0.5 was often said to apply to “hard” rocks.

The subsequent development of the criterion has been outlined by Hoek (2007) in the following terms:

“The method was modified over the years in order to meet the needs of users who were applying it
to problems that were not considered when the original criterion was developed (Hoek, 1983;
Hoek and Brown, 1988). The application of the method to very poor quality rock masses required
further changes (Hoek et al., 1992) and, eventually, the development of a new classification called
the Geological Strength Index (Hoek, 1994, Hoek et al., 1995, 1998, Hoek and Brown, 1997,
Marinos and Hoek, 2001). A major revision was carried out in 2002 in order to smooth out the
curves, necessary for the application of the criterion in numerical models, and to update the
methods for estimating Mohr—Coulomb parameters (Hoek et al., 2002). A related modification for
estimating the deformation modulus was made by Hoek and Diederichs (2006).”

In respect of this last comment, it is important to note that, although the Hoek—Brown criterion was a peak
compressive strength criterion, from the very beginning (Hoek and Brown, 1980a) methods of estimating
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rock mass deformability were also considered (see Section 5). A more detailed summary of the history of the
development of the criterion is given by Hoek and Marinos (2007).

The 2002 or generalised Hoek—Brown criterion (Hoek et al., 2002) is expressed in effective stress terms as:
61 = 63’ +0.i [my (05'/0:) + 5] (2)

where 0,” and 63" are the major and minor principal effective stresses at peak strength, m; is introduced as the
value of the constant m for the rock mass, and the value of the index, a, is given by:

a :%+%<6—GS1/15 _6720/3) 3)

where GSI is the value of the Geological Strength Index introduced from 1994 as discussed previously.
According to Equation (3), as GSI — 0, the maximum possible value of a is about 0.65, a value found by
Pan and Hudson (1988) to apply to the Melbourne mudstone tested by Johnston and Chiu (1984), and by
Medhurst and Brown (1998) for coal from the Moura mine, Queensland. The parameters m; and s are given
by the expressions:

GSI —100
= m, exp| ———— 4
"o = Xp[ 28—14Dj @
and
GSI —100
S=eXp| —— 5
p( 93D J (5)

In Equations (4) and (5), D is a factor which varies with the degree of disturbance due to blast damage and
stress relaxation. It varies from zero for undisturbed in situ rock masses to one for highly disturbed rock
masses. Guidelines for the selection of D are given by Hoek et al. (2002) and Hoek (2007). As will be
discussed in Sections 3.3 and 5, the disturbance factor, D, should be applied only to the damaged zone and
not to the entire rock mass.

The uniaxial compressive strength of the rock mass is obtained by setting 65" to zero in Equation (2), giving:
Ocrm = 08" (6)
By putting 6," = 63" = Gy, in Equation (2), the uniaxial tensile strength of the rock mass is given as:
Cum = -SOi/ My (7)

with compression being positive.
3  Uses, abuses and limitations of the Hoek—Brown criterion

3.1 General ranges of applicability and application of the criterion

The reason for proposing the criterion given by Equations (1) and (2) was to provide a means of estimating
the peak strengths of large-scale rock masses containing several sets of discontinuities. Over the years,
several versions of the diagram shown in Figure 1 have been used to explain the range of applicability of the
criterion. This figure indicates that the criterion should not be used in cases where there are only one or two
sets of discontinuities, and that the form of the criterion for intact rock should be used for small samples or
for massive rock containing no discontinuities. As will be discussed in Section 3.2, laboratory and field
investigations carried out over the last decade or so have shown that a modified version of the criterion for
intact rock should be used in predicting the onset of brittle fracture and the depth of brittle or spalling failure
around underground excavations in massive, brittle rock (Martin et al., 1999; Kaiser et al., 2000; Cai et al.,
2004a; Kaiser, 2006; Diederichs et al., 2007).

It should also be noted that the increasing sample size in the caption to Figure 1, refers to the introduction of
more discontinuities with increasing sample size, not to the effect of increasing sample size on the strength
of the intact rock itself. Hoek and Brown (1980a) analysed uniaxial compression test data then available for a
range of rock types and proposed a power law with a constant index to describe the influence of an increase
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in sample diameter on the uniaxial compressive strength of intact rock samples. It was suggested that the
decreasing compressive strength observed with increasing sample size reflects the effect of the increasing
numbers of micro-defects likely to be contained within larger samples. Recently, Yoshinaka et al. (2008)
found that the form of the relationship proposed by Hoek and Brown (1980a) applies to a wider range of data
than that available to Hoek and Brown (1980a), but with a variable index which depends on rock type.

The criterion was intended for use in making approximate estimates of rock mass strengths for use in
preliminary studies of rock engineering projects for which only limited ranges of site characterisation and
test data were available. As time went by, the criterion became incorporated into more sophisticated methods
of analysis and used for final design to the extent that it is now probably the most widely-used and referred
to rock mass strength criterion in modern rock engineering. It has even been described as “famous” in one
recent paper (Maghous et al., 2008). As has been indicated, the original interest of Hoek and Brown (1980a;
1980b) was with underground excavations. The criterion was quickly applied to large slopes which remain
one of its major applications (Hoek and Brown, 1997; Hoek and Karzulovic, 2000; Li et al., 2008). The
criterion has also been widely used to estimate rock mass strengths for use in the design of dam (Fell et al.,
2005; Marley et al., 2007; Alemdag et al., 2008; Brown and Marley, 2008) and building foundations, and
incorporated into bearing capacity calculation methods (Serrano et al., 2000; Merifield et al., 2006).

In the author’s opinion, there is a limit to the range of GSI values over which the criterion may be applied
with confidence. As will be discussed further in Section 3.2, care must be exercised when dealing with brittle
fracture in strong, massive rocks with high GSI values of 70-75 or more. Similarly, special care must be
exercised at low values of GSI of below about 30, and in tectonically disturbed, and heterogeneous and
lithologically varied rocks such as flysch (Marinos and Hoek, 2001; Marinos et al., 2006; 2007). The
estimation of GSI values in these latter cases is a task for experienced specialists having detailed knowledge
of the rocks concerned. The generalised Hoek—Brown criterion may not apply for weak rocks with, say,
O < 15 MPa, because it has been found that, at these low strengths, the index, a, can be greater than the
maximum value of about 0.65 given by Equation (3) and can approach one, a value that is usually taken to
apply to soil (Mostyn and Douglas, 2000; Douglas and Mostyn, 2004; Carvalho et al., 2007; Carter et al.,
2007; 2008).

Intact rock
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Equation (1) with
1

One joint set — do not
use Hoek—Brown
criterion
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“:“:\‘\ég\‘:\“‘-“.\'“ use Hoek-Brown
X aVaLay “\\\t\s criterion
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.
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Heavily jointed rock
mass — use Equation (2)

Figure 1 Idealised diagram showing the transition from intact to a heavily joined rock mass with
increasing sample size (after Hoek, 2007)
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3.2 Brittle fracture near underground excavations

Figure 2 shows a diagram developed by Hoek et al. (1995), Martin et al. (1999) and Kaiser et al. (2000),
illustrating a generalised relationship between the degree of natural fracturing of a rock mass as measured by
the GSI, the level of the applied stress with respect to the compressive strength of the intact rock, and the
likely modes of failure around a tunnel. Figure 2 postulates that, for the intermediate and high stress cases,
brittle fracture of intact rock occurs around the excavation boundary in all but the highly fractured or low
GSI case. Of the cases illustrated in Figure 2, the empirical Hoek—Brown isotropic strength criterion is best
applied to the highly fractured, high stress case. Experience has shown that if the peak strength criterion is
applied where brittle fracture as opposed to general shearing of the rock mass occurs, the size of the failure
zone around the excavation can be over-estimated. Diederichs et al. (2007) suggest that the application of
Equations (2) to (5) is of limited reliability when used for undisturbed (D = 0) hard rock masses with GSI >
75, and may be of mixed success for GSI = 65 to 75.
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Figure2 Tunnel instability and brittle failure as a function of GSI and the ratio of the maximum
far-field stress, 6;, to the unconfined compressive strength, o ; (after Kaiser et al., 2000)

An instructive and practically-useful interpretation of the Hoek—Brown criterion for brittle failure at low
confining pressures has been developed by Martin (1997) and others (Martin et al., 1999; Kaiser et al., 2000;
Diederichs et al., 2004). Martin (1997) studied the laboratory and field behaviour of Lac du Bonnet granite
from the Underground Research Laboratory (URL) site, Manitoba, Canada. He found that the start of the
fracture or failure process began with the initiation of damage caused by small cracks growing in the
direction of the maximum applied load.
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For unconfined Lac du Bonnet granite, this occurred at an applied stress of 0.3 to 0.4 ¢ where G, is the
uniaxial compressive strength of the intact rock. As the load increased, these stable cracks continued to
accumulate. Eventually, when the sample contained a sufficient density of cracks, they started to interact and
an unstable cracking process involving sliding was initiated. The stress level at which this unstable cracking
process is initiated is referred to as the ‘long-term strength’ of the rock, G.4. Martin (1997) argued that, in
terms of the Coulombic concepts of cohesion and friction, the mobilised strength to this stage is cohesive.
After the stress 6.4 has been reached, cohesion is lost and frictional strength is mobilised. In any event, the
author considers that the Coulombic concept of summed ‘cohesive’ and ‘frictional’ components of peak
strength, is not applicable to the progressive accumulation of fracture damage that has been observed to
occur in well-conducted compression tests on “hard’ rocks (Wawersik and Fairhurst, 1970; Martin, 1997).

Martin (1997) determined the laboratory peak, long-term and crack initiation strengths for the Lac du Bonnet
granite. He was able to fit Hoek—Brown envelopes to these curves, although the laboratory crack initiation
curve was found to be a straight line on G; versus G; axes. Subsequently, in a field experiment carried out at
the URL site, the initiation of cracks around a tunnel excavated in the Lac du Bonnet granite was recorded
using microseismic emissions. These data corresponded well with the laboratory crack initiation data. It was
found that crack initiation at an approximately constant deviatoric stress, (G, — 03), could be well represented
by the Hoek—Brown criterion with m, =0 and s = 0.11 (Martin et al., 1999).
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Figure3 Modes of rock damage and failure and the composite in situ strength envelope for hard
rock (Diederichs et al., 2004; 2007)

Figure 3 shows a representation in normalised principal stress space of the fracture initiation, fracture
extension, damage accumulation and shear failure envelopes, and the corresponding manifestations of rock
mass failure around underground excavations. It will be noted that the composite in situ strength curve for
the rock mass does not follow the peak Hoek—Brown strength curve, but the curve given by the solid black
line. The several domains identified in Figure 3 may be defined by linear stress boundaries expressed by a
generic form of the various ‘failure’ criteria as:

O = AG3 +B O (8)

Using this expression, the threshold for crack initiation and the onset of dispersed microseismic activity
indicative of microscopic rock damage, is defined by A =1 — 1.5, B = 0.4 — 0.5. This approximates the
maximum deviator stress criterion of Martin et al. (1999). It should be noted that the location of the damage
threshold envelope depends on the mineralogy, grain size and bonding of the rock. The term Bo in
Equation (8) is effectively the uniaxial compressive strength of the rock mass, UCS, which can be used to
scale other strength relations. A second threshold, described by A = 2, is identified with the onset of
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systematic fabric damage accumulation, and is represented by a transition from dispersed microseismic
events to localised seismic clusters. The third threshold, given by A = 3—4, represents the conventional peak
strength of the rock mass, corresponding to the interaction of damage zones and the localisation of extension
fractures into shear zones. Finally, a fourth threshold with A = 0, B = 10-20, applies close to excavation
boundaries, under conditions where surface conditions tend to promote spalling.
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Figure 4 Relationships between major and minor principal effective stresses for the Hoek—Brown
and equivalent Mohr—Coulomb criteria (Hoek, 2007)

3.3 Determination of equivalent Mohr—Coulomb shear strength parameters

Because of the methods of analysis used in some applications, particularly slope stability analysis, and the
requirements of the associated software packages, equivalent Mohr—Coulomb shear strength parameters
rather than relationships between the peak principal effective stresses given by Equation (2) are often
required. As illustrated in Figure 4, it is possible to estimate these parameters by fitting a straight line to the
Hoek—Brown envelope over a limited range of o5'. Deriving exact analytical expressions for the equivalent
Mohr—Coulomb parameters at a given effective normal stress has proven to be a challenging task (Hoek and
Brown, 1997; Hoek et al., 2002; Priest, 2005; Hoek, 2007). The software package, RocLab (Rocscience,
2007) allows equivalent Mohr—Coulomb parameters to be calculated for given input data, selected
applications and maximum values of the minor principal stress.

The author would advise users against seeking to apply RocLab too automatically without thinking clearly
about the range of effective normal stress that is likely to apply in the case being considered. If too wide a
range of o3' is used, equivalent effective cohesion values that are too high, and equivalent effective friction
angles that are too low, will result. Errors can also be made by an overly literal interpretation of the
guidelines given by Hoek et al. (2002) and Hoek (2007) for the selection of values of the disturbance factor,
D, resulting in the use of values that are too high, or are applied to the entire rock mass rather than to just the
disturbed zone of, perhaps, a few metres. As noted by Hoek (2007), applying D to the entire rock mass can
produce misleading and unnecessarily pessimistic results. In any event, care must be taken to ensure that the
estimated shear strengths of rock masses are not below those of the weakest constituent discontinuities.
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3.4 Influence of the intermediate principal stress

It will be noted that the original and generalised forms of the Hoek—Brown criterion given by Equations (1)
and (2) are expressed in terms of the major and minor principal stresses and do not include the intermediate
principal stress, o,, except insofar as 6, = o3 in the triaxial compression test. At the time the original criterion
was formulated, a number of investigators had shown that, when it was not equal to o3, increasing the
intermediate principal stress produced small but measurable increases in the peak strengths of intact rocks
tested in true multi-axial compression. However, Hoek and Brown (1980a) argued that while it was a
simplification to ignore the influence of 6, on rock material strength, to do so was justifiable in terms of the
objective of keeping the criterion as simple as possible. They also had doubts about the adequacy of some of
the testing techniques that had yielded apparently significant influences of ,. Recently, this view has been
confirmed by numerical experiments carried out by Cai (2008a).

The use of a plane stress analysis in which the Jaeger single plane of weakness theory was applied in several
parts to estimate the strength of a multiply jointed rock mass was referred to in Section 2. Analyses of this
type would suggest that the value of o, could be expected to have little or no influence. However, in a fully
three-dimensional (3D) solution, Amadei (1988) showed that 6, can have a considerable influence on the
peak strength of a regularly jointed rock mass. When o, acts parallel to the plane of a major discontinuity, it
will have no effect on the shear or normal stresses on that plane. But when o, is inclined to any potential
shear plane in the rock mass, it will influence the stresses on that plane, and so can be expected to influence
the observed strength (Brown, 1984). Large-scale tests on jointed samples carried out by Reik and Zacas
(1978) showed that this was, indeed, the case. Serrano et al. (2007) proposed a form of the generalised
Hoek—Brown criterion that includes 6, as well as two new parameters, o and 1, whose values are established
by fitting curves to test results for intact rock. The author has doubts about the applicability of the results
obtained to discontinuous rock masses which is the case of most practical concern.

As will be discussed in Section 4.2, the use of the Hoek—Brown criterion as a yield criterion in elasto-plastic
analyses has led to the development of a range of criteria that include the intermediate principal stress in
expressions that are usually given in terms of the principal stress invariants and the invariants of the deviator
stress tensor (Pan and Hudson, 1988; Cundall et al., 2003; Priest, 2005; Benz et al., 2008; Clausen and
Damkilde, 2008).

3.5 Compressive strength anisotropy

The Hoek—Brown criterion is intended for use with rocks and rock masses that have essentially isotropic
strengths. It should not be used in cases in which the strength of the rock or the rock mass is likely to be
dominated by one or two sets of discontinuities, or by a major through-going structure such as a fault or
shear zone. However, Hoek and Brown (1980a; 1980b) did show how the parameters m and s in the original
version of the criterion could be adjusted empirically to give good fits to the variation with orientation of the
peak triaxial compression strengths of a range of anisotropic rocks. It is not recommended that the empirical
parameters derived by Hoek and Brown (1980a; 1980b) be applied without carrying out a carefully designed
and conducted testing program. Subsequently, a number of other authors have attempted to develop
anisotropic strength versions of the criterion. One of the most useful of these attempts is considered to be that
by Saroglou and Tsiambaos (2008) who use Londe’s dimensionless formulation of the Hoek—Brown
criterion (Londe, 1988) to be discussed in Section 4.1. Following Hoek and Brown (1980a; 1980b), Saroglou
and Tsiambaos (2008) took the uniaxial compressive strength of the intact anisotropic rock, o, and the
parameter, m;, to be the values obtained from tests carried out with the plane of anisotropy perpendicular to
the axial loading or o, direction. It should be recognised, however, that modifications such as these, and
some others, represent departures from the original purposes and simplicity of the criterion.

4  Adaptations and extensions

Possibly because a lack of other established approaches, a number of authors have developed adaptations,
refinements or extensions to the Hoek—Brown criterion in addition to those with which Hoek and Brown
themselves have been associated. Many of these contributions attempt to produce what the author considers
to be unjustified or unnecessary refinement, precision and complexity into the process of estimating rock and
rock mass properties. Nevertheless, some important contributions to knowledge and the available techniques
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have been made in the process. Some of those relating to brittle fracture initiation and development, the
influence of the intermediate principal stress, and anisotropy have been discussed in Section 3. A small
number of other contributions will be outlined here.

4.1 Londe’s dimensionless formulation

The initial difficulty experienced in determining equivalent Mohr—Coulomb shear strength parameters for the
non-linear Hoek—Brown strength criterion expressed in terms of principal stresses was noted in Section 3.3.
In commenting on a solution proposed by Ucar (1986), Londe (1988) developed an elegant solution to the
problem which has since found significant application (Carranza-Torres and Fairhurst, 1999; Carranza-
Torres, 2004; Saroglou and Tsiambaos, 2008). Londe (1988) began by dividing each term in the effective
stress form of Equation (1) by mo,; and rearranging to produce the dimensionless equation:

N; - N3 =N;*’ )
where:
N, = (61'/mog) + s/im’ (10)
and:
N3 = (o3'/mo) + sim* (11)

A Mohr’s circle constructed using N; and Nj instead of the corresponding values of 6," and o3’, depends on
only one parameter, d = N; — N3, and so is unique for any combination of values of m, s and o. The
inclination of the tangent to the circle at a dimensionless point (N, T) is given by sin ¢’ = (4d + 1), and the
corresponding value of the equivalent cohesion, ¢’, can be determined analytically.

Carranza-Torres and Fairhurst (1999) used Londe’s transformation (Equation (9)) and similarly scaled the
internal support pressure and the far-field stresses in an analysis of the elasto-plastic responses of cylindrical
and spherical underground excavations in hydrostatic stress fields. More recently, Carranza-Torres (2004)
used Londe’s approach to express the generalised form of the Hoek—Brown criterion (Equation (2)) in a
tractable dimensionless form as:

§; =83 +nS8;" (12)
where:
s, =2 4 % (13)
m,o, m,
and:
= mye 09 (14)

Note that for @ = 0.5 as in Equation (1), n = 1, and Equation (13) reduces to the form of Equations (10) and
(11). Carranza-Torres (2004) showed that the peak strengths measured in a range of triaxial compression
tests on several hard rock types, including some of those analysed originally by Hoek and Brown (1980a;
1980b), plotted as straight lines on transformed principal stress axes, S; and S3, for the case, a = 0.5.
Saroglou and Tsiambaos (2008) used a similar approach in analysing anisotropic rock strength data although,
in their case, the resulting S; versus S; curve was not linear.

4.2 High GSI and intact rock strength extensions

The need to modify the generalised Hoek—Brown criterion for the high GSI case to allow for brittle fracture
or spalling in hard rock was discussed in Section 3.2. In this case, the rock mass behaviour is controlled by
the rock matrix, with strength failure involving the creation of new fractures, as opposed to the inter-block
shear failure occurring in the mid-range of GSI for which the Hoek—Brown criterion has been found to apply
reasonably well (Cai et al., 2004b). In a recent series of papers, Carter et al. (2007; 2008) and Diederichs et
al. (2007) have extended the approach outlined in Section 3.2 to provide modified Hoek—Brown envelopes
for the brittle or spalling case, and transition functions for the range between the operation of the generalised
Hoek—Brown criterion and the spalling criterion.

SHIRMS 2008, Perth, Western Australia 1



Estimating the Mechanical Properties of Rock Masses E.T. Brown

The procedure developed by Carter et al. (2007; 2008) and Diederichs et al. (2007) is too complex to discuss
in detail here. They suggest that an onset of systematic cracking or spalling initiation threshold curve can be
defined by the Hoek—Brown criterion using the spalling parameters, asp, msp and ssp, for which expressions
are given. This curve will generally apply for GSI >> 65 and m; >> 15, but both GSI and m; need to be
considered in establishing the ranges of application of the spalling criterion. For example, spalling may
develop in moderately jointed (say, GSI > 65) and high m; (m,; > 20) rocks, or in more sparsely jointed rocks
(say, GSI > 75) having an intermediate value of m; (m; > 15). Because initiating spalling cracks can
propagate only under low confinement, a limit is proposed to establish a transition between spalling
behaviour at low confinement and a shear strength that is closer to the long-term strength limit for the intact
rock at higher confinements as defined in Section 3.2. This residual spalling limit is approximated using
asp = 0.75, ssp = 0 and m,.; = m/3 (Diederichs et al., 2007; Carter et al., 2008). Transitional functions
between the conventional GSI-based Hoek—Brown parameters and the spalling parameters are proposed with
both GSI and m; being used as indicators of spalling potential.

Carter et al. (2007; 2008) and Diederichs et al. (2007) estimate m; as being approximately equal to c./T
where T is a “reliable estimate” of the uniaxial tensile strength of the intact rock. Of course, a series of well-
conducted triaxial compression tests provides the most reliable way of establishing a value of m; for a given
rock. In the past, where it has not proven possible to have these tests carried out, for one reason or another,
the author has used this correlation for making preliminary estimates of the value of m;, with T being
estimated from Brazilian test results, for example. As noted in Section 2, in a recent analysis based on
Griffith crack and linear elastic fracture mechanics principles, Zuo et al. (2008) obtained a peak strength
equation that is mathematically identical to the original form of the Hoek—Brown criterion for intact rock
with m; = (Wx).(o./T), where p is the coefficient of friction on initially closed, sliding Griffith cracks, and «
is a mixed-mode fracture coefficient. For the maximum energy release rate criterion, k = 1, and is close to
unity for other criteria, so that if p~ 1, m; = ¢/T.

4.3 Low GSI and intact rock strength extensions

As was noted in Section 3.1, there are also lower limits of GSI and o; values below which the Hoek—Brown
criterion should be applied with extreme caution or not at all. A number of authors have proposed
modifications of, or replacements for, the Hoek—Brown criterion in the low material strength, low GSI range
(Johnston and Chiu, 1984; Mostyn and Douglas, 2000; Douglas and Mostyn, 2004; Carter et al., 2007; 2008;
Carvalho et al., 2007). There are two major difficulties in seeking to apply the classical (Equation (1)) or
generalised (Equation (2)) forms of the Hoek—Brown criterion to low GSI and/or low intact rock strength
rock masses. Firstly, in these cases, generally as a result of weathering or alteration of the rock material,
discrete discontinuities may not be as well expressed as they are in the mid-GSI range where they are taken
control rock mass behaviour and the Hoek—Brown criterion is found to apply reasonably well. Secondly, as
was noted in Section 3.1, as o decreases, the index, a, in Equation (2), can become greater than the
maximum value of about 0.65 given by Equation (3), and can approach one, a value that is usually taken to
apply to soils.

Mostyn and Douglas (2000) analysed a range of test results and found that values of a of significantly greater
than 0.65 could apply, that the corresponding values of m; did not correspond to those in tables given by
Hoek and Brown (1980a; 1980b; 1997), and that a and m; were not independent parameters. This finding has
some similarities with the observation of Carvalho et al. (2007) and Carter et al. (2007; 2008) that, as the
generalised form of the Hoek—Brown criterion is linearised by letting @ — 1, the values of the parameter m
required to produce equivalence with the Hoek—Brown criterion are in the order of m/3 where m; is
determined using @ = 0.5. However, care must be exercised in reaching conclusions about relationships
between a and m;, and the validity of particular m; values, because the curvature of peak o, versus o;
envelopes can be greatly influenced by the range of 63 over which the envelope is plotted. Lower ranges of
o3 are likely to give more linear envelopes and, therefore, higher values of a and lower values of m;. The
author suspects that some critics of the criterion may not have taken this factor fully into account.

Carvalho et al. (2007) and Carter et al. (2007; 2008) also propose transition values of a, s, and m;, for use in
the range between full linearisation (¢ = 1) and the generalised Hoek—Brown criterion with o, as the
controlling variable up to values of 10—-15 MPa. Figure 5 shows this transition function and that for the high
GSI and o,; range discussed in Section 4.2, plotted on normalised rock mass strength (Gm/G.i) versus GSI

12 SHIRMS 2008, Perth, Western Australia



Keynote Address

axes. Note that in this figure taken from the paper by Carter et al. (2008), UCS,,, = Gcrm, UCS; = 6., and the
spalling transition threshold is set at a typical value of UCS = 0.45 o;. The spalling transition is represented
by solid lines and the weak rock transition by dashed lines.

In the author’s opinion, attempts to apply the Hoek—Brown criterion to low GSI and/or low o; cases extend
the criterion outside the range of applicability of the assumptions and data on which it was based. It is not
unexpected, therefore, that a number of authors have found difficulty in applying the criterion in these cases.
Furthermore, the author doubts the wisdom of seeking to modify or extend the generalised criterion to force-
fit the criterion to cases that lie outside the ranges of GSI and o,; for which it has been found to provide
useful results. In these cases, it may be more productive to use rock and rock mass strength criteria that have
been developed specifically for the range of behaviour that is being described.
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Figure 5 Normalised rock mass strength (UCS,,,,/USC;) as a function of Geological Strength Index
(GSI) showing the conventional Hoek—Brown relationship and “weak” and “strong” rock
mass transition functions (Carter et al., 2008)

4.4 Plasticity formulations

As has been noted, the Hoek—Brown criterion was developed originally as a peak strength criterion for ‘hard’
intact rock and jointed rock masses. However, many of the computer codes used in carrying out stress-
deformation analyses in rock engineering use elastoplastic constitutive models incorporating yield criteria
based on the incremental theory of plasticity. An introduction to the use of yield criteria based on plasticity
theory is given by Brady and Brown (2004). Whereas the Hoek—Brown criterion was formulated in terms of
the major and minor principal stresses at peak strength, o; and o3, plasticity-based yield criteria are usually
expressed in terms of a yield function, f (I;, J,) = 0, where I, is the first invariant of the stress tensor,
I, = 0, + 0, + 03, and J, is the second invariant of the deviator stress tensor, J, = %2 (Sl2 +S,° + S32), in which
S; = o1 — /3 etc. Some yield criteria used for geological materials also involve the third invariant of the
deviator stress tensor, J; = S;S,Ss.

The Hoek—Brown criterion has been used as the basis for a number of yield criteria developed for rocks and
rock masses (Pan and Hudson, 1988; Cundall et al., 2003; Priest, 2005; Yu, 2006; Benz et al., 2008; Clausen
and Damkilde, 2008). In the simplest total stress form, the original and generalised criteria given by
Equations (1) and (2) can be written as the yield function (Yu, 2006):

f: {01 - 03 - O [I’l’lb ((53,/Gci) + S]a}: 0 (15)

As well as a yield function describing the peak yield strength, the specification of a full constitutive model
requires a set of elastic parameters, a plastic potential function, a dilatancy angle, post-peak stress—strain
relations and a definition of residual strength. While most of the required parameters can be measured in
carefully conducted tests on intact rock, particularly the weaker and less brittle rocks (Elliott and Brown,
1985), they cannot be measured directly for jointed rock masses and so have to be estimated. An
approximate method of estimating the residual strengths of rock masses using the Hoek—Brown criterion and
an estimated value of the GSI at the residual condition, GSI', has been proposed by Cai et al. (2007).
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There is particular difficulty in estimating the dilation angle for the expected case of non-associated flow,
and in representing the post-peak behaviour which, in the simplest of terms, may be regarded as being
elastic-brittle in very good quality hard rock masses, strain softening in average quality rock masses, or
elastic-perfectly plastic (with the peak and residual occurring at the same stress) in very poor quality soft
rock masses. Hoek and Brown (1997) suggested that values of the dilation angle, v, of ¢/4, ¢/8 and 0, may
be appropriate in these three cases, respectively, where ¢ is the equivalent Mohr—Coulomb friction angle at
peak strength. Values such as these have been incorporated into analyses using the non-linear yield criterion
and associated and non-associated flow laws (Serrano et al., 2005). The results show that value of y can have
a significant influence on the results obtained in stability analyses. Fundamental considerations and carefully
analysed experimental results (Detournay, 1986; Crowder and Bawden, 2004; Alejano and Alonso, 2005)
suggest that the post-peak dilatancy angles for rocks and rock masses are unlikely to be constants but to
decrease with plastic strain following yield. This is an area that requires more detailed investigation. As
suggested by Crowder and Bawden (2006), using high-quality field instrumentation data to calibrate
numerical analyses provides a means of back-calculating the required rock mass parameters. Beck et al.
(2006) provide another example of the application of this general approach.

Because the Hoek—Brown criterion in its original and extended forms is non-linear and a non-associated flow
law is usually used, the incorporation of the full elasto-plastic constitutive model into numerical schemes for
solving boundary value problems in rock engineering is not a straight-forward matter. Clausen and Damkilde
(2008) provide a good account of how the difficulties involved may be resolved. Constitutive models
incorporating various versions of the Hoek—Brown criterion have been incorporated into the finite difference
scheme, FLAC3D (Cundall et al., 2003) and a number of finite element packages (Merifield et al., 2006;
Clausen and Damkilde, 2008). A significant feature of these numerical codes is that they redistribute the
stresses to obtain a new equilibrium position when yield occurs within the problem domain. However, as
Cai (2008b) has demonstrated, the differing formulations of numerical codes can cause different post-peak
stress paths to be followed and different results to be obtained.

5 Estimating rock mass deformability

A value of the deformation (or Young’s) modulus of the rock mass is required when carrying out numerical
stress analyses to determine the stresses and displacements induced in the rock mass when it is loaded or
when the stresses are redistributed as a result of excavation. Clearly, like its strength, the in situ
deformability of a rock mass will depend on the properties of both the intact rock and the discontinuities
present within the rock mass. Experience shows that this deformability can be highly variable and difficult to
measure or predict, despite the fact that a number of theoretical approaches, often using anisotropic elasticity
models, have been made to the problem. There is now a 30 year history of attempts to correlate rock mass
deformabilities with the major rock mass classifications.

Bieniawski (1978) compiled values of in situ deformation modulus determined using a range of test methods
at 15 sites throughout the world. He found that for values of Rock Mass Rating (RMR) of greater than about
55, the mean deformation modulus, £),, measured in GPa could be approximated by the empirical equation:

Ey=2(RMR) — 100 (16)

Serafim and Pereira (1983) found that an improved fit to their own and to Bieniawski’s data, particularly in
the range of E), between 1 and 10 GPa, was given by the relation:

Eyy = 10 RMR-10/40 (17)
Barton (2002) added further data and fitted the equation:
Ey=10Q/" (18)

where Q. = Q 6./100.
Following Hoek and Brown (1997), Hoek et al. (2002) proposed the more complex empirical relation:
Ey=(1-D/2) (6./100) . 10(CSI~10/40) (19)

which is derived from Equation (17) but gives an improved fit to the data at lower values of GSI, and
includes the factor D to allow for the effects of blast damage and stress relaxation. Finally, more recently,
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Hoek and Diederichs (2006) were able to obtain improved fits to a wider range of data by using the
sigmoidal relation:

(20)

1-D/2
Ey, = Ei(o'oz + ((60+1SDGS1)/11)j

l+e

where E; is the modulus of the intact rock. In the absence of measured values, £; may be estimated from the
relation:

E;= (MR) o.i 21

where o,; is the uniaxial compressive strength of the intact rock and MR is the modulus ratio introduced by
Deere (1968) and updated by Hoek and Diederichs (2006). MR varies with rock type and texture.

The author now uses Equation (20) routinely in estimating the in situ deformabilities of rock masses in dam
foundations (Marley et al., 2007; Brown and Marley, 2008) and other projects. As well as the better fit to
known data that it gives, this method has the great advantage that, because of the shape of the sigmoidal
curve used, it avoids the unrealistically high values of E), given by the other methods as RMR or
GSI — 100. It will be noted that, as well as E; and the GSI, Equation (20) contains the disturbance factor, D.
Great care must be exercised in selecting values of D for use in estimating foundation rock mass
deformabilities. If the overlying soil and weathered rock are removed by ripping, for example, the extent of
disturbance in all but the top metre or so of rock can be expected to be minimal. If blasting is used, the
disturbance might be expected to extend to a depth of a few metres. For one dam foundation, the author used
values of D of 0.5 for the top two metres of exposed rock, 0.2 for the next three metres, and zero for the
remainder of the foundation. In this case, for a meta-siltstone with an average GSI of 57, o.; = 38 MPa, and
E; = 35 GPa, estimated values of E), of 16, 12 and 8 GPa were obtained for values of D of 0, 0.2 and 0.5,
respectively. The author suspects that, in some applications, apparently low values of rock mass modulus
have been obtained as a result of using values of D which are too high. He also considers that correlations of
E); with GSI (or any other rock mass classification system) are unlikely to be reliable for values of GSI of
less than about 30.

It must be recognised that Equations (16) to (20) relate rock mass classification indices to measured static
deformability values that show considerable scatter. Accordingly, it cannot be expected that they will always
provide accurate estimates of E). In the not unexpected cases in which measured or back-calculated values
of E), differ from the predictions of Equation (20), sometimes by a considerable margin (Read and Richards,
2007; Pells, 2008), differences or errors can arise from the determination of the GSI, the application of the
equation to low values of GSI, the selection of the value of the parameter, D, measurement error, the
assumptions made and methods used to back-calculate values, as well as from natural variability of the rock
mass so that, on occasion, we may not be comparing like with like. It must also be remembered that rock
mass moduli can be expected to be highly anisotropic. They also vary non-linearly with the level of applied
stress, and so can be expected to vary with depth. Because of the high costs of carrying out in situ
deformability tests, geophysical methods are often used to estimate in situ moduli. These methods generally
involve studies of the transmission of elastic compression and shear waves through the rock mass and
empirical correlations with rock mass classifications and dynamic and/or static moduli which are unlikely to
be more reliable than Equation (20) or similar expressions.

6  Modelling rock mass behaviour using advanced numerical methods

When the predecessors of the current generation of numerical methods and codes were first developed and
applied in rock mechanics studies, they offered little hope of being able to model the detailed responses of
rock and rock mass samples to changes in applied stress and so replace the laboratory and field tests, and
empirical methods, that were then being used to estimate the rock and rock mass properties required for use
in numerical or other analyses of rock engineering problems. However, with the greatly improved
efficiencies of current numerical schemes and the increased computing power now available, there are
indications that fundamentally-based, numerically-intensive approaches are now able to model the
engineering responses of rock and rock masses using some basic measured properties of the rock and the
rock mass geometry as inputs. Two of these approaches will be outlined here to provide an indication of their
bases and potential.
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The first of these approaches is the synthetic rock mass (SRM) model for jointed rock (Mas Ivars et al.,
2007; Pierce et al., 2007). In this approach, 3D SRM samples simulate the intact rock as an assembly of
bonded spheres using the particle flow code, PFC*" (Potyondy and Cundall, 2004). The rock mass geometry
is represented as an embedded discrete network of disc-shaped fractures (joints) derived from a stochastic
discrete fracture network (DFN) simulation (Dershowitz, 1995; Rogers et al., 2007). The main inputs
required are in situ rock mass geometry characterisation data for use in the DFN simulations, and intact rock
properties (o, E; and Poisson’s ratio) and joint stiffnesses and shear strengths for use in calibration of the
bonded particle modelling. The outputs are rock mass properties that may be employed in empirical,
numerical or analytical methods of analysis.

The SRM methodology employs a sliding joint model that allows large rock volumes containing thousands
of joints to be simulated rapidly. Samples may be subjected to any desired stress path. The onset of damage,
identified by the breakage of inter-particle bonds, occurs well before the peak strength is reached. As
illustrated by Figure 6, the results may be fitted to the model of brittle fracture discussed in Section 3.2.
(Note that, in Figure 6, the major and minor principal stresses are represented by Sigma 1 or s1 and Sigma 3
or s3, respectively.) Of particular interest is the ability to obtain predictions of the ‘brittleness’ of SRM
samples by tracking plastic shear strains relative to the reducing cohesion as the samples soften from their
peak to their residual strengths (Mas Ivars et al., 2007; Pierce et al., 2007).
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Figure 6  Stress paths, fitted peak strength envelope and damage threshold observed in a SRM
sample (Mas Ivars et al., 2007; Pierce et al., 2007)

The SRM approach has been used in both fundamental and applied studies of the complex processes
involved in caving propagation and rock fragmentation in block and panel caving. The validity of the
approach has been demonstrated by Reyes-Montes et al. (2007) through the good correlation found between
the fracturing modes and orientations predicted by the model and those observed from recorded micro-
seismicity for five geotechnical domains in the Northparkes E26 Mine, Lift 2, Australia.

The second of these numerically-intensive approaches described by Pine et al. (2006; 2007), is also based on
a stochastic DFN model of the rock mass geometry, but uses the finite element-discrete element code,
ELFEN (Owen et al., 2004), to model the fracturing process in the rock material such that the initial finite
element continuum can fracture into discrete blocks. The method of modelling discrete fracturing under
tensile and compressive stress fields is based on a Mohr—Coulomb failure surface in compression, and three
independent anisotropic rotating crack models in tension. Extension fracturing is modelled by coupling the
softening of the anisotropic rotating crack failure criterion to the evolution of compressive plastic strain. An
explicitly time-integrated coupled discrete element-finite element approach is employed with an explicit
Lagrangian contact algorithm to enforce non-penetration of the surfaces created when the tensile strength is
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depleted (Pine et al., 2007). Like the SRM model, this approach provides an insight into the complex failure
mechanisms involved in rock masses in a range of engineering applications, including block and panel
caving (Ford et al., 2007), and provides a direct method of estimating rock mass strengths and
deformabilities. However, it is important to note that the effectiveness of both approaches in practice
depends on the quantity and quality of the rock mass geometry data that provide inputs to the DFN model
(Pine et al., 2007).

7  Conclusions

The Hoek—Brown empirical strength criterion was developed about 30 years ago as a means of making
approximate estimates of the peak strengths of “hard” rock masses for use in preliminary studies of rock
engineering projects for which only limited ranges of site characterisation and test data were available. As
time went by, the criterion was modified in a number of ways and became incorporated into more
sophisticated methods of analysis. Some of the extensions and applications are considered to have extended
the criterion beyond its originally intended limits and purposes. From the outset, problems to which the
isotropic criterion was considered not to be applicable were identified and were reiterated with the
publication of subsequent versions of the criterion. In parallel with the peak strength criterion, a series of
correlations of rock mass deformabilities with rock mass classification schemes were developed by others.
An important development occurred in the mid 1990s when, recognising the weaknesses of the existing rock
mass classification schemes for use in estimating the mechanical properties of rock masses, Hoek (1994)
developed a new, purpose-built rock mass classification scheme, the geological strength index (GSI), that
was used in subsequent versions of the empirical strength criterion and in associated methods of estimating
rock mass deformability.

It should always be borne in mind that the Hoek—Brown criterion and its derivatives are empirical methods
of estimating rock mass properties. They are not intended to replace and, indeed, depend for their successful
application on, careful thought, detailed appraisals of site geology, carefully conducted site characterisation
and laboratory test programs, and a detailed evaluation of the mechanics of the engineering problem being
addressed. They should not be treated as ‘black-box’ or ‘cook-book’ approaches. The author has the
impression that not all practitioners follow sound geotechnical engineering processes in seeking to apply the
criterion. In some cases, tables of values of m; are used in final design without the required testing being
carried out. In others, insufficient thought and care are given to the selection of parameters such as the
disturbance factor, D, and the range of minor principal stresses for which both Hoek—Brown and equivalent
Mohr—Coulomb parameters are determined.

Although the developments outlined in this paper have been roundly criticised from time-to-time, the extent
of their adaptation and use (including their possible over-use) in engineering practice suggest that something
like them was, and remains, badly needed. However, as indicated clearly above, they are empirical methods,
not that empirical methods haven’t been used with considerable success throughout the history of
engineering, including geotechnical engineering. Ideally, a more fundamentally-based approach that
explicitly accounts for the factors that influence the mechanical responses of rocks and rock masses is
required. As do some others (Read, 2007), the author considers that the advanced numerically-intensive
approaches outlined in Section 6 have the potential to meet this need and represent a most promising way
forward. Until those methods, or others like them, have been developed to the stage at which they can be
used in advanced, if not routine, engineering practice, it is likely that there will remain a place for empirical
methods of estimating the mechanical properties of rock masses.
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