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ABSTRACT

The need to include discontinuity properties in slope stability analyses and the poor results of existing rock mass
classification systems applied to slope stability has led to the development of a rock Slope Stability Probability
Classification (SSPC) system. The system has been developed during four years of research in Falset, province
Tarragona, Spain.

The rock slope classification scheme, which has been developed, classifies rock mass parameters in one or more
exposures. These are compensated for weathering and excavation disturbance in the exposures and parameters
important for the mechanical behaviour of a slope for an imaginary unweathered and undisturbed 'reference’ rock
mass are calculated. The slope stability assessment thence allows assessment of the stability of the existing or any
new slope in the reference rock mass, with allowance for the influence of excavation method and future
weathering. The large quantity of data allowed for the development of a classification system based on
probabilities. This resulted in a classification system based on a probability approach: the 'Slope Stability
Probability Classification’ (SSPC).
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xiv  preface

Preface

The ideas forming the basis for the research started to develop while the author was employed as underground rock
mechanics engineer in the copper mines in Zambia. The experience gained in underground rock mechanics applied
in one of the largest underground metal mines in the world, gave the opportunity to develop an insight in rock
mechanics and rock mass classification not easily obtained elsewhere. The ideas have been further developed while
being employed by ITC” and the Technical University Delft®. Data could be collected for the development
of a rock slope stability classification system during the fieldwork organized for the graduate students in
engineering geology of ITC and the TU Delft in the area around Falset in Spain. This resulted in a classification
scheme for probability assessment of slope stability: Slope Stability Probability Classification (SSPC).

Part of the research described has already been published in various articles (Hack et al., 1993a, 1993b, 1993c,
1995). For fieldwork also handouts and fieldwork manuals have been published in the years 1990 through 1996.
The publications describe the findings of the research at that time. These may not be the same as those described
here. During the research the classification system developed via various intermediate systems to the final Slope
Stability Probability Classification (SSPC) system. This was the best possible with the data available. However,
it is likely that in the future the system will be changed or adjusted when more data will be available. As for all
empirical classification systems further development and improvement are possible if more data are available.

Apart from the research done for the development of the Slope Stability Probability Classification (SSPC) system
also research for engineering geological mapping has been done during the same period in the area of Falset,
Spain. The results of this engineering geological mapping research will be reported on in an engineering geological
map and accompanying report and legend (Price et al., in preparation). Some data gathered for the engineering
geological map have been used in the development of the SSPC system.

October 1996

Preface 2nd edition

The popularity of the SSPC system necessitated a second edition. This edition is basically unchanged compared
to the first edition. The opportunity has been used to correct two inaccuracies which were pointed out to me by
John Hutchinson (lubrication by water) and Milkar Vijlbrief (modified Hoek-Brown failure criterion) for which
they are acknowledged.

Robert Hack
22 May 1998

@ Section Engineering Geology, Centre for Technical Geoscience, International Institute for Aerospace Survey and Earth
Sciences (ITC), Kanaalweg 3, 2628 EB Delft, The Netherlands.

@ Delft University of Technology, Faculty of Applied Earth Sciences, Section Engineering Geology, Mijnbouwstraat 120,
2628 RX Delft, The Netherlands.
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A INTRODUCTION 3

A.1 THE RESEARCH

A.1.1 Problem definition

In the practice of constructing engineering structures, such as buildings, tunnels and slopes, an interaction takes
place between the ‘ground' and the engineering structure. The knowledge of the consequences of the influence of
the 'ground’ on the engineering structure and vice versa are often critical for the economic and safe design of an
engineering structure. In particular the mechanical response of the 'ground' under influence of the engineering
structure should be known before an engineering structure is built. 'Ground' is a very broad term. The 'ground’
is any natural material present at the site where the engineering structure is to be built on or in. 'Ground' is
normally divided in 'soil’ and 'rock’. 'Soil' consists of loose particles not cemented together whereas the particles
in rock are cemented together, resulting in a tensile strength. This difference in characteristics between 'soil’ and

'rock’ has also resulted in the development of different methodologies for the caiculation of the mechanical
behaviour of the 'soil' or 'rock'. Most 'rocks’ are not continuous, but contain fractures, faults, bedding planes
or more general: 'discontinuity® planes’ that divide the 'rock’ into blocks of rock bounded by discontinuities.
The whole array of blocks of rocks and discontinuity planes is then designated the 'rock mass' or 'discontinuous
rock mass'. The research described has been done to develop an improved methodology for the assessment of
‘rock’ slope stability for 'discontinuous rock masses'.

Discontinuous rock masses

In the last decades the study of discontinuous rock mechanics has developed tremendously. For constructions, such
as slopes, foundations and shallow tunnels it has been recognized that discontinuities have a major influence on
the mechanical properties of a rock mass. This perception has major consequences for the assessment of the
engineering behaviour of a rock mass. Descriptions and characterizations, engineering geological maps and
calculations for engineering structures in or on a rock mass have to include discontinuity properties. Variations
in properties, however, can be considerable along the same discontinuity plane. As there may be hundreds of
discontinuities in a rock mass, each with its own variable properties, these, taken together with inhomogeneities
in the rock material, require that in order to describe or calculate the mechanical behaviour of the rock mass
accurately, a large amount of data is required. Laboratory and field tests are available to obtain discontinuity
properties. Testing in large quantities is, however, time consuming and troublesome.

Continuum calculations for engineering structures in or on a rock mass, whether analytical or numerical, cannot
be appropriate, as the simplifications needed to present the rock mass as a continuum are so substantial that it is
nearly always highly questionable to what extent the final calculation model still represents reality. Discontinuous
"distinct block' numerical calculations can model the discontinuities and calculate the behaviour of a rock mass
in all detail, provided that property data are available. Apart from the need to have powerful computers to do the
large number of calculations required by the vast quantity of discontinuities, the test data needed for a detailed
numerical discontinuous calculation are never available. An often applied practice to avoid these problems is to
simplify the discontinuity model, and estimate or guess the properties or to use literature values. To what extent
the result is still representative for the real situation is a question that often remains unanswered. Analytical or
numerical calculations should be performed in three dimensions because discontinuities usually make a rock mass

M The terms discontinuous rock mass and discontinuity are used in a rock mechanical sense. A discontinuity is a plane that

marks an interruption in the continuity and normally has low or zero tensile strength. A discontinuous rock mass is a rock mass
containing discontinuities. (see further chapter A.2 and glossary, page 241)



4 A.1 Problem definition

three-dimensionally anisotropic. Calculations are, however, usually in two dimensions because of the amount of
data needed and the number of calculations required for three-dimensional analyses.

Alternatively numerical methods can be used not as a deterministic method but to produce sensitivity analyses that
will give the most likely and worst case scenarios for a rock mass calculation. This, however, may result in a
colossal quantity of calculations. The same applies to the various methods of stochastic calculations incorporated
in analytical or numerical calculations. The near infinite number of parameters for which values and distributions
of values are not or only partly known, prohibits acceptable and fast calculations.

Rock Mass Classification Systems

An altogether different approach to assess the engineering behaviour of a rock mass is rock mass classification.
In a classification system empirical relations between rock mass properties and the behaviour of the rock mass in
relation to a particular engineering application, are combined to give a method of designing engineering structures
in or on a rock mass. Rock mass classification has been applied successfully for some years in tunnelling and
underground mining in, for example, Southern Africa, Scandinavia and Canada. A limiting factor is that any
classification system is empirical and thus only applicable to engineering applications within the range of
experience used to develop that particular system.

The application of rock mass classification systems in civil engineering is, however, still limited because the
existing systems were not developed for civil engineering practice, and most civil engineers are unfamiliar with
classification systems. An obvious application for a classification system is the assessment of slope stability. Slopes
made for road alignments are normally extensive and an appropriate sampling and testing program for an analytical
or numerical calculation of slope stability is expensive and often unreliable. It would therefore be very attractive
to have a classification system for slopes available that produces stability assessments of equal or better quality.

A.1.2 Scope

The research described is directed towards the development of a new classification system for rock slope stability.
The data for the research were collected during four years of research in the Falset area in the province of
Tarragona in the northeast of Spain. Within the context of four years of fieldwork with groups of graduate students
from ITC and TU Delft in Falset, it was possible to make an extensive study for the development of a
classification system for slope stability assessment. In the area new roads have recently been built through a
mountainous terrain, necessitating a large number of new road cuts. The height of the slopes in the road cuts is
typical between 5 and 25 m with a maximum of about 45 m. Rocks in the Falset area vary from Tertiary
conglomerates to Carboniferous slates and include rocks containing gypsum, shales, granodiorite (fresh to
completely weathered), limestone and sandstone, thus giving the opportunity to assess rock masses in different
lithologies. Different methods of excavation were used for the old and the new road cuts, allowing comparison
of the effects of different excavation methods. The road cuts made for old roads some forty to sixty years ago
could be compared to road cuts not more than four years old. Also local variations in the degree of weathering,
the influence of weathering on rock and rock mass parameters, and the susceptibility of the rocks and rock masses
to weathering as a parameter in slope stability could be studied in detail in the area.

Slope Stability Probability Classification (SSPC)

The rock slope classification scheme, which has been developed, classifies rock mass parameters in one or more
exposures. These parameters are corrected for the influence of weathering and excavation disturbance in the
exposures and parameters important for the mechanical behaviour of a slope in an imaginary unweathered and
undisturbed 'reference’ rock mass are calculated. The slope stability assessment thence allows assessment of the
stability of the existing or any new slope in the 'reference rock mass', with allowance for any influence of
excavation method and future weathering. This procedure allows a slope design based on rock mass parameters
that are independent from local weathering and excavation disturbance as found in the exposures, but allows for
the influence of future weathering of the rock mass at the location of the slope and the disturbance caused by the
method of excavation used for the slope. The large quantity of data collected allowed the development of a
classification system based on probabilities, the 'Slope Stability Probability Classification’ (SSPC).
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QOutline

The outline is as follows:

Section A - Introduction

The introduction gives the setting for the research, necessary terminology and definitions for rock and rock masses
and a brief description of the fieldwork area used for the research.

Section B - Existing rock mass characterization & classification

Section B comprises a review of existing rock mass characterization and classification systems and parameters used
in these systems. Subsequently the classification systems and the parameters are evaluated on their merits for slope
stability classification. The conclusions form the basis for the definition of parameters in section C and the
development of the new classification system in section D.

Section C - Parameter definition and 'initial point rating' system

This section treats the definition of parameters to be used for slope stability classification, and the results of the
'initial point rating' classification system. The results of the 'initial point rating’ system were such that the concept
of a point rating system was abandoned.

Section D - Slope stability probability classification - SSPC
The newly developed SSPC system that classifies slope stability based on probabilities, is described and evaluated
in section D.




& A.2 Intact rock versus rock mass

A.2 INTACT ROCK VERSUS ROCK MASS

A rock mass may consist of intact rock only, but is more commonly formed from an array of intact rock blocks
with boundaries formed by discontinuities (Fig. 1). Within the rock mass the mechanical properties of both the
intact rock blocks and the discontinuities may be inhomogeneous and anisotropic. A common relation between
rock, rock mass and engineering is (Price, 1984):

material properties + mass fabric = mass properties
mass properties + environment = the engineering geological matrix

the engineering geological matrix
changes produced by the engineering work

= the engineering behaviour of the ground

Exact descriptions of rock material and rock mass are required for understanding the analyses in this research and
follow below.

A.2.1 Rock mass components

Intact rock material
Intact rock blocks are blocks of rock that do not contain mechanical discontinuities and do have tensile strength.

Discontinuities

A discontinuity is a plane or surface that marks a change in physical or chemical characteristics in rock material.
A division is made between integral discontinuities and mechanical discontinuities. The latter are planes of physical
weakness. Bedding planes, joints, fractures, faults, etc. are mechanical discontinuities if the tensile strength
perpendicular to the discontinuity or the shear strength along the discontinuity are lower than those of the
surrounding rock material (ISRM, 1978b, 1981a). Integral discontinuities are discontinuities which are as strong
as the surrounding rock material. Integral discontinuities can change into mechanical discontinuities due to
weathering or chemical reactions that change the mechanical characteristics. Throughout this book 'discontinuities’
denote mechanical discontinuities except where stated otherwise.

Discontinuity set

Discontinuities exist as single features (fault, isolated joint or fracture, etc.) and as discontinuity sets or families
(bedding planes, schistosity, cleavage, joints, etc.)”. A set denotes a series of discontinuities for which the
geological origin (history, etc.), the orientation, spacing and the mechanical characteristics (friction angle,
roughness, infill material, etc.) are broadly the same. In some circumstances a discontinuity is treated as a single
discontinuity although it belongs to a discontinuity set, in particular if the spacing is very wide compared to the
size of the engineering application or to the size of the geotechnical unit (ch. C.3.4.1).

@ Various geological processes create discontinuities at a broadly regular spacing. For example, bedding planes are the result
of a repeated sedimentation cycle with a change of sedimentation material at regular intervals, folding creates joints at regular
separations to allow for shrinkage or expansion of the rock material, etc.. Normaily discontinuities with the same origin have broadly
the same characteristics in terms of roughness, infill, etc.. The orientations of discontinuities with the same origin are related to the
process that has created them and to the geological history of the rock mass.
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discontinuity set 2=
jointplane 1

discontinuity set 8 =
jointplane 2

discontinuity set 1 =
bedding plane

Fig. 1. Intact rock vs rock mass.

Inhomogeneity

Inhomogeneity is the spatial variation of rock material or rock mass properties. For example, an intact rock
strength variation within a block of intact rock material causes the intact rock material to be inhomogeneous; a
variation in the orientation of discontinuities causes a rock mass to be inhomogeneous. In this research it is taken
that inhomogeneity results in new boundaries in the rock mass. This is not a discontinuity boundary but a boundary
defined by a change in intact rock material or rock mass properties. Normally this boundary will coincide with
a geotechnical unit boundary (ch. A.2.2). Similarly a gradual change in the orientation of a discontinuity set causes
a rock mass to be inhomogeneous, also leading to an arbitrarily established geotechnical unit boundary.

Anisotropy

An isotropic body has equal properties in all directions. Discontinuities
in a rock mass induce anmisotropy. A simple case of anisotropy is
illustrated in Fig. 2. The rock is regularly intersected by series of
discontinuities ('d") filled with a material different from the rock
material ('i') between the discontinuities. The properties in any
direction in the xy plane are of rock material or of the infill material.
Properties in the z direction depend on the combination of the
properties of the rock and the infill material. The total block including Fi8- 2- Anisotropic rock mass.
discontinuities will, as a result, have different properties in different

directions.

Rock mass

A rock mass is an assemblage of rock blocks with discontinuities, with or without inhomogeneity and with
anisotropy (Fig. 1). The overall effect of discontinuities is that a rock mass that contains discontinuities, is weaker
than the intact rock because shear and tensile strengths of the discontinuities are lower than those of the intact rock
material. A rock mass containing discontinuities will be more deformable than intact rock. Such deformation will
normally take place by relative movement along discontinuities and be plastic rather than elastic (ch. A.2.4). The
tensile strength of a rock mass containing discontinuities is low and for many rock masses zero. The porosity of
a discontinuous rock mass is higher due to the storage capacity of the discontinuities and the permeability is often
considerably higher due to the conductivity via the discontinuities. Discontinuities always lead to an anisotropic
behaviour of the rock mass and all rock mass properties, such as deformability, permeability, etc.. Therefore a
discontinuous rock mass is a three-dimensional feature that is anisotropic in three dimensions.

A classical example of the influence of discontinuities in a rock mass on the stability of a tunnel is illustrated in
Fig. 3. During excavation of the diversion tunnel for the Castaic dam (40 miles north of Los Angeles, USA) an
overbreak occurred. The overbreak was improperly backfilled, which allowed de-stressing of the rock mass around
the tunnel. By de-stressing the rock mass the clay lined bedding plane on the left of the tunnel was de-stressed in
the direction normal to the plane resulting in a lower shear strength along the bedding plane. This allowed
movement of part of the rock mass in the direction of the tunnel, destroying the support and resulting in a
complete collapse of the tunnel.
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rock material
formation of with variable
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unit 1 unit 2 unit 3 unit 4 unit ....

Fig. 4. Rock mass components.

A.2.2 Geotechnical units

Theoretically a proper description or geotechnical calculation to determine the behaviour of a rock mass should
include all properties in a rock mass including all spatial variations of the properties. This would be unrealistic
and is also not possible without disassembling the rock mass. Therefore a standard procedure is to divide a rock
mass into homogeneous geotechnical units®. Fig. 4 shows a schematic visualization of a rock mass and its
division in geotechnical units. In practice, such homogeneity is seldom found and material and discontinuity
properties vary within a selected range of values within the unit. The allowable variation of the properties within
one geotechnical unit depends on: 1) the degree of variability of the properties within a rock mass, and 2) the
context in which the geotechnical unit is used.

A rock mass containing a large variation of properties over a small distance necessarily results in geotechnical
units containing larger variations in properties because it is impossible to establish all boundaries between the
various areas with different properties within the rock mass with sufficient accuracy. The smaller the allowed
variability of the properties in a geotechnical unit the more accurate the geotechnical calculations can be. Smaller
variability of the properties of the geotechnical units involves, however, collecting more data and is thus more
costly. The higher accuracy obtained for a calculation based on more data has, therefore, to be balanced against
the economic and environmental value of the engineering structure to be built and the possible risks for the
engineering structure, environment or human life. For the foundation of a highly sensitive engineering structure
(e.g. nuclear power station) the variations allowed within a geotechnical unit will be smaller than for a geotechnical
unit in a calculation for the foundation of an ordinary house.

® A geotechnical unit is, in theory, a part of the rock mass in which the mechanical properties of the intact rock material are
uniform and the mechanical properties of the discontinuities (including anisotropy of properties) within each set of discontinuities
are the same. In this research the anisotropy of properties in a geotechnical unit is also uniform. This additional condition is not
always specified in the literature, however, in engineering it is an obvious requirement because of the large influence of anisotropic

features (e.g. discontinuities, etc.) on engineering as explained in the previous pages.
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Fig. 5. Different geotechnical units in a single slope. Greenish and blueish grey layers consist of calcareous shale and
brownish, pinkish off-white layers consist of dolomite and limestone.

No standard rules are available for the division
of the rock mass into geotechnical units and this
transformation depends on experience and
'engineering judgement’'. Features such as
changes in lithology, faults, shear zones, etc.
will, however, be often the boundaries of a
geotechnical unit. In Fig. 5 and Fig. 6 a slope
is shown in which different geotechnical units
are present. The influence of the different
geotechnical units on the form of the slope is
clearly visible through the changes in slope
surface steepness.

A.2.3 Water

A: calcarsous shale

B: limestone & dolomite

Fig. 6. Section through the slope of Fig. 5.

Water influences the mechanical characteristics of a rock mass. Water adds to the weight of the rock mass, acts
as a lubricant in discontinuities, causes softening of some infill materials (e.g. clay), and water pressure in
discontinuities reduces the shear strength along discontinuities and thus also the (yield-) strength of a rock mass.
Therefore it is necessary to consider whether water should be treated as part of the rock mass and the geotechnical
units. In this respect it must be noted that water is often not a continuous feature in time. Water can be present
during and just after rainfall and absent during long dry periods. Also the engineering structure to be built might
influence the presence of water (e.g. drainage around tunnels, saturation of the rock mass due to an impounded

reservoir, etc.).



With time, most rock masses weather, a process
strongly influenced by the presence of water, which
causes the intact rock strength and the discontinuity
strength parameters to decrease. To what extent
weathering influences the mechanical behaviour of a
rock mass depends on the type of engineering applica-
tion, type of intact rock muaterial and discontinuity
infill material, amount and chemistry of percolating
water, efc..

Reduction of shear strength of discontinuities due to
water
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b: water pressure only

&: without water pressure acting on bottom of the block

equilibrium:
Wosina=W*cos e “tan ¢
lane=tan e

=g

¢ water pressures only acting on
bottom and rear side of the block

d: block completely submerged
Water pressures in a discontinuity reduce the normal »
stress on the discontinuity and therefore reduce the
shear strength along the discontinuity. Sliding over a
discontinuity plane is then possible at a lower dip
angle than over a discontinuity without water pressure
(Fig. 7a, b and c). In traditional limiting-equilibrium
calculations for slope stability, water pressures in
discontinuities are therefore a main reason for slope
instability to occur (Hoek et al., 1981, Giani, 1992).
In Fig. 7a, b and c it can easily be seen that the
discontinuity dip angle for which equilibrium exists
decreases (a > B> y)?-

equilibrium:
Wsiny+p2=
(W*rcosy-pi)*tan e (Woecoss +p3-pi)*iane

Fig. 7. Block on slope with and without water pressure (W is the

weight of the block, cohesion along discontinuities is zero).

Accordingly, because both effects (pressure and weathering) of the presence of water might or might not be
present, water is not included in the rock mass or in the geotechnical unit. The influence of water should,
however, be included in any calculation of the behaviour of the geotechnical units.

A.2.4 Characteristics of intact rock and rock mass

A description of some geotechnical properties and characteristics of rock and rock mass is given hereafter. The
properties and characteristics are described as far as important for the development of a slope classification system
and not in all detail. The underlying mechanisms are only briefly addressed as a full description of all mechanisms
in discontinuous rock mechanics would be beyond the scope of this study. The reader is referred to the standard
literature for further details (Giani, 1992, Goodman, 1989, Hoek et al., 1980, 1981, etc.).

Stress distribution in a rock mass

The stress distribution in a rock mass is strongly influenced by the presence of discontinuities. Fig. 8 shows
examples of a stress distribution in intact rock and in discontinuous rock masses. The figures clearly show the
variation in the stress contours due to the presence and orientation of discontinuities.

Deformation

Deformation of intact rock is the change in volume or shape of intact rock under the influence of deforming loads.
In general, the deformation of intact rock is partly elastic and partly plastic and some rocks also show a time
dependent deformation (see also creep, below). Deformation of a rock mass is the change in volume or shape of
the rock mass. The deformation is mainly caused by displacements of intact rock blocks along or perpendicular
to discontinuities.

@ If rock blocks are completely submerged in water (Fig. 7d) the normal stress on the discontinuity is reduced (pl > p3)

causing a reduction in shear strength, but also the driving forces are reduced (p4 > p2). In a completely submerged slope the
equilibrium between driving forces and shear strength is, therefore, less disturbed than in a situation with water pressures acting only
on bottom and rear sides of the block (Fig. 7b and c). In slopes the rock blocks near the surface of the slope are normally not
completely submerged in water and therefore water pressures cause a reduction in normal stress along the discontinuity plane
(Fig. 7b) and driving forces may increase if a discontinuity at the rear of the block is filled by water (Fig. 7c¢).
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The discontinuities cause a dramatic
change in deformation behaviour of a

rock mass in comparison to that of y m—Y

intact rock. The deformation in a A ——3————

rock mass is for a large part due to 1T e

shear displacements along disconti- ar iy

nuities or opening or closure of dis- H 1

continuities. The shear deformations il —="_T1

are non-elastic for larger displace- —y -+

ments. Whether the opening or clo- mwr'r \‘:t—f 7=

sure of discontinuities is elastic or =

non-clastic depends on the infill no discontinuities horizontal discontinuities inciined discontinuities

n?ateria.l m the discontinuitie§ and the  gig g, Stress distribution (bulbs of pressure - lines of equal major principal stress) in
discontinuity wall material but 3 rock mass due to a vertically oriented plane load (after Gaziev et al., 1971).
usually the displacements are non-

elastic (e.g. for a common infill
material such as clay). Therefore, a rock mass shows mostly non-elastic deformation behaviour. Fig. 9 and Fig. 10
illustrate the non-elastic deformation behaviour of rock masses.

Rock mass failure
In general a rock mass does not fail and therefore failure of a rock mass is usually defined as the deformation of
the rock mass larger than allowed for a particular engineering construction.

Th%gl;l: function r is mainly caused vield function r o7
] The ratio of the deformation modulus (D) of the rock
aeoa'lnnuiﬁes.mloadingwdosat ,"lE _ \ B maks 1 the deformaton Moduies of e It rock
pressure levels below the =l ; _ infiuenced by the discontinulty spacing.
£ | tunction, resuit in the : 1 Foo-
2| deformation E of intact rock material. £
& £
o =
: i
=1
® g
g S04+
o
®
63 . :
0.02 003 0.04 .05 0.8
average displacement of plate discontinully spacing (m)

Fig. 9. Example of a cyclic plate-bearing test on fractured rock Fig. 10. Dy roa/Dias;, Vs discontinuity spacing for plate
(after Schneider, 1967). diameter 8 cm on a model rock mass (after Berkhout,

1985).

Compressive, tensile and shear strength of intact rock

Intact rock material has compressive®, tensile and shear strength. Rock material consists of mineral grains
completely or partially bonded together by cement or another bonding agency. If loaded to failure under a
compressive, tensile or shear stress, intact rock material will break into smaller pieces of rock when the
compressive, tensile or shear strength is reached ('the rock fails'). Intact rock strength behaviour may be
approximated with a 'Mohr-Coulomb failure criterion'®. This allows definition of the intact rock strength in
terms of intact rock cohesion and intact rock friction.

Strength of a rock mass

The 'strength’ of a rock mass, as often used in the literature or in day-to-day practice, is a confusing and false
expression. A rock mass may be considered to have strength, but, due to the discontinuities in a rock mass, this
strength is dependent on a variety of factors: the shape and size of the rock mass considered, the environment (e.g.

) The compressive strength is dependent on the test method, see glossary, page 241.

©  See glossary, page 241. Note: the Mohr-Coulomb failure criterion does not suit all rocks in all situations and different
theoretical or empirical models for which the strength of intact rock have been defined. These will not be repeated here as these can
be found in any standard text book on rock mechanics (e.g. Goodman, 1989, Hoek et al., 1992).
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the engineering application, the confining stresses, etc.), the amount
and orientation of discontinuities and, although in many situations of
minor importance, the intact rock strength. Consider the sketch in
Fig. 11. The rock mass (including the orientation of the discontinuity)
and the stresses on the rock mass are in both cases the same. Only the
volume of the rock mass is changed. It is easily seen that the rock mass
in Fig. 11a has a higher 'strength’ than in Fig. 11b. In Fig. 11a intact
rock has to be broken, and in Fig. 11b sliding along the discontinuity
is sufficient for 'failure’.

Tensile strength of a rock mass

The bonding strength between the particles causes the tensile strength
of intact rock. A rock mass with discontinuities has only a tensile Fig- 11. Rock mass under stress.

strength if the discontinuities have a tensile strength or are filled,

coated or cemented with a material that has a gluing or bonding effect between both sides of the discontinuity. For
most rock masses at (near-) surface this is not true and most rock masses have a tensile strength equal to zero.

Compressive and shear strength of a rock mass

A rock mass consists of rock blocks bounded by discontinuities which have shear strength and may have some
tensile strength. The rock mass could thus be considered as a large scale rock material, rock blocks replacing
mineral grains. In a rock mass with discontinuities which have a tensile strength, the bonding agent causing the
tensile strength may be broken due to compressive or shear loading. This is comparable to the failure of intact rock
material and compressive and shear 'strength’ may be defined, although these 'strengths' are likely anisotropic
and may still depend on the environment. If the discontinuities do not have tensile strength the rock mass may be
compared to not cemented dense sand, where grains, being the intact rock blocks, fit closely together. The
environment (confinement, etc.), the shear strength along the discontinuities, and the intact rock strength determine
the maximum compressive and shear load that can be sustained”. Thus 'failure’ depends on the configuration
of the rock mass and the orientation and variation of the stress fields. Generally valid compressive and shear
strength values can therefore not be defined®. In some situations where anisotropy is absent or not very
important, it is, however, possible to approximate the strength behaviour of a rock mass in models analogous to
the methods used for intact rock, but with strongly reduced values for compressive and shear strength.

Weathering

Weathering is the chemical and physical change in time of intact rock and rock mass material under the influence
of the atmosphere and hydrosphere. Two main processes are distinguished: physical and chemical weathering.
Physical weathering results in the breakdown of rock material into progressively smaller fragments. The rock and
rock mass break up due to temperature variations resulting in differential expansion and shrinkage of minerals,
freezing and thawing of water, pressures of water in pores and discontinuities, (re-) crystallization pressures,
hydration, and frequent swelling and shrinkage of clays due to water absorption, etc.. Chemical weathering results
in decomposition of minerals. Water and groundwater with dissolved chemical agents are of major importance as
these react with rock and rock mass material. Normally biotic influences, induced by living organisms, plants,
bacteria, worms, etc., are included and cause physical as well as chemical weathering. On or near to the surface
the influence of these processes (due to larger temperature variations, influence of vegetation and rain, etc.) is
more distinct than deeper below the surface. In this research also the effects of stress relief, intact rock creep and
rock mass creep are included in the definition of weathering as proposed by Price (1995). Intact rock, and rock

™ Comparing a rock mass to intact rock or to an uncemented sand is only partly valid. The elements in a rock mass (rock

blocks) fit together like dry masonry, whereas the grains in intact sedimentary rock or in a sand do usually not fit together. The
cement in a rock mass is in the discontinuities whereas in intact rock or in a sediment the elements (grains) are bound together by
a cement filling the pores between the grains.

®  An alternative way to understand rock mass 'strength’ is as follows: If loaded to failure under a compressive or shear stress
a piece of intact rock will break into smaller pieces of rock when the compressive or shear strength is reached (‘the rock fails’).
Effectively it then becomes a rock mass (intact pieces of rock with boundaries by fractures = discontinuities). Reversed this leads
to the conclusion that a rock mass does not have a compressive or shear strength; it aiready consists of blocks with boundaries by
discontinuities.
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mass creep and stress relief can lead to new cracks in intact rock, develop integral discontinuities into mechanical
discontinuities and open existing discontinuities.

A distinction is made between 1) the degree (state) of weathering and 2) the susceptibility to weathering. The
degree of weathering denotes the state of weathering of a particular rock mass or geotechnical unit at a certain
moment. Susceptibility to weathering is the susceptibility of the rock mass to further weathering in the future.
The influence of weathering on intact rock and on discontinuities is as follows:

Weathering of intact rock - Weathering of intact rock discolours the material and decreases intact rock strength.
Further progressive weathering of minerals and cement may lead to a decomposition of the intact rock ultimately
resulting in a residual soil. New cracks may develop in blocks of intact rock.

Weathering of discontinuities -The discontinuity wall material and the infill material are, in general, weakened,
resulting in lower shear strength along the discontinuities. The material resulting from weathering of the
discontinuity walls will often form an infill in the discontinuities. The discontinuity wall loses its asperities and
becomes smoother. Integral discontinuities can develop into mechanical discontinuities. The discontinuities become
visible and can therefore be measured (Price, 1993) resulting in lower values for discontinuity spacings.

Creep

Creep in rock mechanics is a confusing term. Various forms of plastic or time dependent deformation processes
which are governed by totally different physical or chemical processes are all described as creep. In this study the
term creep is avoided as much as possible, but if used, the process responsible for the creep will be named. The
following are examples of 'creep’.

Creep in intact rock - Creep in intact rock usually means that the intact rock deforms with time under a constant
load. The velocity of the deformation depends on the level of the load. Creep deformation takes place by solution
and recrystallisation of minerals, or by the growth of microcracks into larger cracks, sometimes leading to failure.
Both require time and are dependent on stress levels.
Creep in a rock mass - In a rock mass all processes of creep in intact rock may occur, together with time and
stress level dependent deformation along and perpendicular to discontinuities.

Slope creep - Slopes are said to creep if the surface layer of the slope moves downhill in a slow process under
influence of gravity. Underlying mechanisms are: deformation of intact rock and displacements along existing
discontinuities. Processes such as weathering of the intact rock (growth of new mechanical discontinuities) and
discontinuity infill material, and creep in intact rock and rock mass are normally also included. The process is
facilitated by fluctuations in pore and discontinuity water pressures from water flowing over and through the
surface of the slope.

Porosity

Porosity is defined as the pore space (space not occupied by rock material and filled by vapours or fluids) in intact
rock or in a rock mass. Porosity is divided in primary and secondary porosity. Primary porosity is the porosity
of intact rock and secondary porosity is the porosity of the rock mass due to discontinuities.

Permeability

Permeability is a property of the rock material or mass and describes the ease with which a fluid may move
through it. Primary permeability is the permeability of intact rock whereas the secondary permeability is the
permeability of the discontinuity system in a rock mass. The permeability of intact rock is usually lower than that
of the rock mass.
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A.3 THE RESEARCH AREA

The research for the development of a slope classification system has been carried out in the area around Falset
in northeast Spain, in the province of Tarragona (Fig. 12). The area around Falset is particularly suitable for the
type of research described because:

1

2
3
4

The variation in geology, lithology and tectonic environment is large, giving different geological
environments for the development of the classification system.

The topography is mountainous and vegetation is limited, exposing large areas of rock.

Access to the area and to rock exposures along existing roads and paths is not difficult.

Numerous old roads exist and several new roads have been built in recent years creating large numbers
of road cuts, excavated with different excavation techniques. This has allowed for the comparison of
stand-up times of slopes, excavation methods and for an assessment of weathering influences.

Aerial and satellite images, topographical and geological maps at various scales are available.
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Fig. 12. Research area.
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Apart from the research for the development of a slope stability classification system also engineering geological
mapping has been carried out in the area. The results of this mapping will be reported on in the form of an
engineering geological map and accompanying report and legend (Price et al., in preparation). The engineering
geological map and report are, however, not part of this study. Detailed descriptions of topography, geology, and
engineering geological mapping units are thus omitted. Details of the area and the geology are summarized below
as far as is necessary for understanding the analyses that result in the slope stability classification system.

A.3.1 Climate and vegetation of the Falset research area

+ The climate in the Falset area is Mediterranean, characterized by dry and hot summers (temperature ranges from
= 15° to 35° C) and moderate winters (10° to 15°). Part of the area is mountainous, ranging up to about 1000
m above sea level. Rivers and streams in the area are mostly dry from March through October/November. It can
rain for long periods during the winter and even up to March/April although this is not typical. Sometimes the
rain is torrential. Occasionally temperatures below zero do occur. Snowfall is seldom in the area, but can fall in
March which is the fieldwork season.

Extensive agricultural use is made of the soft soils and weathered rocks in the valleys. The more mountainous
areas are covered with forests or are barren rock.

A.3.2 Geological and engineering geological characteristics of the Falset research area

In the Falset area the stratigraphy is composed of sediments of Devonian through Quaternary age and intrusive
rocks from Carboniferous through Permian age. A generalized geological table with the lithology and the main
engineering characteristics is given in Table 1. The table only presents a broad impression of the engineering
geological mapping units found in the area and is in no way complete in all details.

Sedimentary rocks

- The Palaeozoic consists predominantly of slates interbedded with micro-conglomerates, sand- and
siltstones. A low degree of regional metamorphism developed cleavage in the slates. Contact
metamorphism has affected the Carboniferous rocks near granodiorite intrusions.

- The Triassic corresponds with the Germanic facies type for Triassic sediments. It is characterized by
massive or very thick bedded sandstones with some conglomerate beds at the base (Buntsandstone),
followed by thick bedded limestones and dolomites (Lower Muschelkalk), intensely folded and deformed
sandy clayey siltstone with gypsum (Middle Muschelkalk) and limestones and dolomites of the Upper
Muschelkalk. The youngest formation in the Triassic (Keuper) is a sequence of shales, in the lower part
interbedded with limestones and dolomites.

- The Jurassic consists of a series of formations of limestones and dolomites, with broadly similar
engineering characteristics.

- The Cretaceous is represented from the Albian upwards. The Albian consists of (cemented) sands and
clays. The remaining Upper Cretaceous consists of limestones and dolomites, with broadly similar
engineering characteristics.

- The Tertiary is mainly marly-arenitic, with an alternation of cemented conglomerates and (not or very
weakly cemented) sand and clay layers. The upper part contains limestones and marls.

- The Quaternary is widespread, mainly as superficial gravelly and sandy slope deposits, fine grained sand
and silt deposits on flat areas which are likely of aeolian origin (loess), and gravel in river beds and as
terraces.

Intrusive rocks

Extensive bodies of igneous rocks occur intruded into the Carboniferous formations as granodiorite bodies and
aplitic dykes. The intrusions are from Carboniferous through to Permian age and are probably associated with the
Hercynian orogeny.
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main engineering ¢

Table 1. Geological table and description and
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Tectonics and structural geology

Hercynian orogeny

Devonian and Carboniferous sediments have been intensively folded during the Hercynian orogeny (Upper
Carboniferous through Permian). The scale of the tight to isoclinal folds starts at metre scale up to 10's of metres;
larger scale folding might be present but has not been observed due to the absence of clear marker beds. The axial
planes are mostly shallowly dipping in north-northeast directions. The folding is asymmetric with north flanks
considerably larger than south flanks, and is probably associated with a regional metamorphism of chlorite to lower
greenschist facies. This has altered the Devonian and Carboniferous rock minerals and resulted in the development
of a cleavage. The dip-direction of the cleavage is throughout the area approximately north-northeast. In many
Carboniferous rocks, in particular the slates, the bedding is fully overprinted by the cleavage and is barely or not
at all recognizable.

Alpine orogeny

The Alpine orogeny has influenced all rocks up to Miocene age. The Alpine orogeny has broken the Palaeozoic
basement into several blocks. These block faults also affect the Mesozoic-Cenozoic cover. Regarding the
Mesozoic-Cenozoic cover, two tectonic areas can be distinguished. A large, roughly south-dipping thrust separates
a northern from a southern area. In the northern area the structure of the cover is mainly the result of tectonic
movements in the underlying basement, although also minor folds and thrusts, originating above a Triassic
detachment-plane, were formed independently from the basement. In the southern area the Mesozoic cover is
deformed independently from the basement. It is characterized by folding and thrusting above a Triassic
detachment-plane. This resulted in large scale (> 100 m to kilometre scale) open to gentle folds. Thrusting took
place in a north-northwest direction.

Towards the northwest the elevation of the series of tectonic blocks decreases, creating depressions that were
rapidly occupied by the sea in the Tertiary. Towards the southeast the marine episodes are progressively shorter
and of decreasing age, although not younger than Eocene. Further extensive deltaic zones exist, of decreasing age
towards the south. The pre-orogenic Mesozoic and Tertiary emerged when they were folded, resulting in syn-
orogenic sedimentation of conglomerates on a progressively developing unconformity. These Tertiary deposits are
characterized by a fluvial regime (delta deposits) with marine influx (beach deposits).

During a phase of decompression northwest-southeast striking normal faults were produced. Tertiary post-orogenic
sediments consisting of limestones interbedded with calcareous silty sand layers and conglomerates interbedded
with calcareous silty sand layers were deposited in a lagoonal environment with some marine influx.

Quaternary

During the Quaternary all previous deposits were eroded, resulting in Quaternary slope deposits of variable
thickness and extent. Along the Ebro river two terraces are well developed. Indications for a widespread glaciation
during the Pleistocene have not been found. The periglacial climate will, however, have had an influence on the
geomorphology and the forming of the present landscape of the area. Also associated with the periglacial climate
are likely the silt deposits of eolian origin (loesses) that cover part of the area as a blanket with a thickness of up
to 7 m. Recent are the colluvial deposits with a thickness of up to 6 m that are found on most of the natural slopes
in the area.

A.3.3 Lithostratigraphic units and sub-units

Many geomechanical relations discussed are related to a particular formation, a lithostratigraphic unit or a
lithostratigraphic sub-unit. Broad descriptions of the geology of the research area can be found in Table 1 (page
17). A sub-division into lithostratigraphic sub-units is based on bedding or cleavage spacing (Table A 17, appendix
I, page 181).
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B.1 INTRODUCTION

Rock masses have been described from the earliest geological maps onwards. The descriptions of the rocks were
initially in lithological and in other geological terms. With increasing knowledge of geology, geological features
and the influence of geology on engineering the amount of information to be included in a description for
geotechnical purposes increased, leading to sets of rules for the description or characterization of a rock mass
geotechnically. These are briefly reviewed in ch. B.2.1.

Parallel with this development, a movement took place in mining and engineering geology to combine the
characterization of a rock mass with direct recommendations for tunnel support. This resulted in rock mass
classification systems. Rock mass classification procedures were developed for underground excavations as an
alternative to analytical analyses of a discontinuous rock mass. The systems were developed primarily empirically

by establishing the parameters of importance, giving each parameter a numerical value and a weighting. This led,
via empirical formulae, to a final rating for a rock mass. The final rating was related to the stability of the
underground excavation used for the development of the classification system. In more elaborate systems the rating
was also related to the support installed in the excavation. Any other underground excavation made in a rock mass
with a similar final classification rating is assumed to have the same stability appraisal or to require the same
support as the excavations used for the development of the classification system. The reason for the development
of classification systems is that analytical stability calculations for tunnels in discontinuous rock masses are nearly
impossible. In the time before computers became generally available, a deterministic, and even remotely realistic,
analytical calculation was not really feasible. This brought some engineers onto the idea that empirical relations
might be an alternative.

Various classification systems have been developed since 1946. A division is often made between so-called 'early’
systems and 'recent’ systems (Bieniawski, 1989). This division is also maintained in this description of existing
characterization and classification systems. The main difference between the two groups of classification systems
is the number of parameters used in the systems. The 'early’ (ch. B.2.2) systems often depend on only one or two
parameters and were developed for underground excavations. 'Recent’ (ch. B.2.3) classification systems use more
parameters. The 'recent’ systems also have been primarily developed for underground use but in the last decades
some extensions to surface applications (e.g. slope stability, foundations and rippability) have been published (ch.
B.2.4). The New Austrian Tunnelling Method (NATM) (Pacher et al., 1974) is also discussed in ch. B.2.3.6. This
system includes legal and contractual parameters not found in any of the other systems, and is strictly related to
tunnelling. Therefore it cannot readily be compared to the other systems and is for this study not very significant
but is included to present a comprehensive overview of the main classification systems presently in use. In ch.
B.2.3.7 the Rock Engineering Systems (RES) methodology is briefly discussed. Although the RES methodology
itself is not a classification system as the other systems discussed, applications of the RES to slope stability, such
as presented in ch. B.2.4.9., resemble the application of a classification system.

In ch. B.3 correlations between the different existing systems are discussed as well as calculation methods, the
parameters used in the existing classification systems, and the influence of these parameters on the final
classification result. A summary of the findings in the literature concludes the literature review and serves as the
basis for the development of a new classification system (ch. B.4).
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B.2 EXISTING SYSTEMS

The review of existing systems covers the characterization and classification systems, which are the main and (in
the opinion of the author) most interesting systems with good published documentation. Most of these systems have
been used in different geological and geotechnical environments for different projects. In many civil engineering
or mining projects systems have been developed or existing systems have been modified. Often these have been
modified to the particular needs of a project and might not be applicable to other projects or other geological or
geotechnical environments. Sometimes parameters or factors of different systems are combined (Japan, 1992).
This review only describes the main parameters and characteristics of the systems. All characterization and
classification systems are accompanied by (extensive) tables for descriptions of parameters and, if appropriate, by
tables with recommendations for civil or mining engineering applications. These tables have not been copied and
the reader is referred for the details to the cited literature.

B.2.1 Descriptive and characterization systems

Two standard systems that characterize a rock mass and express rock mass characteristics in standard terms are
those in BS 5930 (1981) and the ISRM Basic Geotechnical Description (ISRM, 1981b). A third, mainly used in
the USA, is the Unified Rock Classification System (URCS) (Williamson, 1980, 1984). The systems do not result
in a numerical value or direct design recommendation. The systems facilitate communication on rock mass
characteristics and are widely used for various purposes.

Borehole core and exposure logging

The work by Deere et al. (1964, 1967) and Moye (1967), who published detailed instructions and recommenda-
tions for the description of rock masses and the presentation of rock mass data in the form of borehole core logs,
has been adapted by the working party of the Geological Society Engineering Group in the report 'The logging
of rock cores for engineering purposes' (Anon., 1970).

British Standard BS 5930

The present version BS 5930 (1981) gives recommendations for a standard description of a rock mass. The
characteristics are described according to a series of standard terms and phrases and lead to an extensive rock mass
name. The geological units of the research area for this study are described according to BS 5930 (Table 1, page
17). An interesting feature of the British Standard is the recognition of the importance of intact rock block size
and form (Fig. 13). Rock blocks are described as very large blocky, very small columnar, etc.. Although not
quantified, the descriptive terms relating to block form are very useful in engineering geology.

ISRM Basic Geotechnical Description

ISRM (1981b) recommends the following geotechnical rock mass parameters to be described or measured:

b Rock lithology, with geological description

2) Discontinuity spacing (bedding or layer thickness and joint/fracture spacing)

3) Unconfined compressive strength (UCS)

4) The friction angle of the discontinuities

The far more extensive ISRM 'Suggested methods for rock and discontinuity characterization, testing and
monitoring' (1978b, 1981a) recommends the quantitative description of a very extensive and complete set of rock
mass parameters for the characterization of a rock mass.
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Unified Rock mass Classification System (URCS) 250~ columnar tabular blocky
The Unified Rock mass Classification System (William- / :

son, 1980, 1984) has been specially designed to facilitate
the communication on rock mass parameters. The para-

meters described are: 1) degree of weathering, 2) /
strength, 3) discontinuities and 4) density. Hsein (1990) / /
/ //

/
very large

g

extended the system to give an overall 'performance
index' for a rock mass.

G

large
Discussion

It is regrettable that the descriptive systems do not use the
same descriptions for the same parameters. For example,
Table 2 shows the description of strength of intact rock
for three systems published within a period of two years.
The systems use different intervals and terms to describe
the strength of intact rock. Similar differences are found S
for discontinuity spacing, degree of weathering, etc.. The ¢ . oy x T T 0
differences are often based on futile reasons that do not 0 mini:::' dmm:;o (om) 200 250
justify the differences. For example, in the ISRM system ots: the ratios ‘ very small
(1981b) interval boundaries are used which resemble the {continuous mm :"ﬁ,‘,’e"('??',;g);
particle size® boundaries, for which the philosophy is these are not quantified In BS 5830 (1981).

that it is easily remembered. Other differences are caused ~Fig. 13. Block size and form description according to British
by cultural background (for example: the use of psi Standard (BS 5930, 1981) with ratios for block form (Price,

g

/

/
14 -
/

small

mendmum dimension {om)

8

i

8

interval boundaries in the URCS system, 1980). ]

The British Standard, ISRM _

and URCS systems are pres- |l _strength of intact rock —

ented as basic description BS 5830 (1881) _ ISRM (1981b) URCS (1980)

systems and allow for addi- w class ";e;:a' class psihm”a' WFa class
tional information to be pro- 5200 |extemely swong | >200 | very high

vided with the basic descrip- > 15,000 >103 | rebounds (elastic)

100 - 200 very strong 60.- 200 high

tion. Standard guidelines for

the additional information are, | 50-1% strong 8,000- 15,000 | 55-103 | pits (tensicnal)
however, not given. The only | 126-60 moderately strong| 20-80 | moderate | 3,000-8,000 | 21-55 dents (compression
system, whether classification | 5-125 |moderatelyweak | 6-20 fow 1,000-3,000 | 7-21 craters (sheers)
or characterization, that 125-5 weak s

includes the parameter of rock very low <1,000 <7 | mouldable (friable)

<125 very weak

material density is the URCS.
Probably this parameter is ‘Table 2. Characterization of infact rock strength according to BS 5930 (1981), ISRM (1981b)
included because a main user and URCS (1980).

of the system is the Soil Con-

servation Service of the U.S. Department of Agriculture. Apart from applications for construction materials the
author is not aware of any application for which density is of major importance.

An interesting method of describing intact rock strength is included in the URCS system (Table 2). The
determination of intact rock strength in the field is related to the deformation properties of intact rock, rather than
to the unconfined compressive strength of intact rock as used in BS 5930 and ISRM. A similar intact rock strength
description with testing method has been designed by Burnett (1975)"? and was later used for the British
Standard (BS 5930, 1981).

®  Soil particle size intervals: 0.002, 0.06, 2, 60 mm, etc. (BS 5930, 1981).

(9 This method of establishing intact rock strength is included in the slope stability probability classification (SSPC) system

(ch. C3.2.1.2).
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B.2.2 Early classification systems

Terzaghi - rock load classification system
K. Terzaghi (1946) classified rock masses with the objective of surfacs
predicting the load on steel arch support sets in tunnelling. The ) 5 1

parameters taken into account are the 'rock condition', the T | water table
dimensions of the tunnel, the depth below the terrain surface and ! ] :
below the water table (Fig. 14). The rock volume supposed to i Yw ‘
be supported by the steel arch set is hatched in Fig. 14. : 5 :

The assumption that the steel arch set has to support a certain H
volume of rock above the tunnel, implies that the rock is
allowed to deform until it can exert a force on the support.
Terzaghi modelled deformation zones (a crack or shear zone)
starting at the toes of the steel arch set in upward direction to
allow the volume of rock above the tunnel to rest on the set. The
load on the set is assumed to be the weight of the rock volume
in-between the deformation zones up to a certain height above
the tunnel (H,) and the water load (W) (Fig. 14).

The 'rock condition' parameter describes the rock mass in
vaqous classes such as 'hard and intact', 'hard .stratlﬁed or Fig. 14. Terzaghi - rock load classification (after K.
schistose’, etc.. Also classes for crushed and swelling rock are Terzaghi, 1946).

distinguished. A table is provided which, based on the 'rock

condition', gives the ‘rock load (H,)" parameter as a factor of

the width and height of the tunnel. The table also includes estimates of the variation in pressure on the support
(e.g. the presence or absence of side-pressure on the steel arch sets)(V.

Lauffer - stand-up time classification

Lauffer (1958) related the stand-up time of an un-supported span to standard rock mass types. Compared to the
Terzaghi approach this was a major improvement as discontinuities (structural defects) were considered. The
characterization of the rock mass was, however, not done by describing different rock mass parameters but had
to be selected from a number of characterizations of standard type rock masses prescribed by Lauffer. Later the
Lauffer system became the basis for the New Austrian Tunnelling Method (ch. B.2.3.6).

Deere - RQD index classification
Deere et al. (1967, 1988, 1989) introduced the Rock Quality Designation (RQD). The RQD index is measured
on borehole cores, following eq. [1].

ROD - Y length pieces of intact core with length > 10 cm
total length drilled

The intact pieces of core (highly weathered pieces of rock or infill material should not be included) should be
measured along the centre line of the core and the RQD values should be calculated separately for each
lithostratigraphic unit. Core runs should preferably be not longer than 1 or 1.5 m. The RQD values provide a
measure of the brokenness of the rock mass. Deere et al. (1967) related the RQD index to support types for
tunnels. It is therefore the first classification system incorporating an index for the amount and quality of
discontinuities in a rock mass. Recently 'rock quality charts (RQC)' have been based on RQD measurements by
Sen et al. (1991, 1992).

* 100 % {1}

‘)" Severe doubt has been expressed about the concept of a deformation zone starting at the toe of the steel support and
developing in upward direction. The development of deformation zones as indicated is only likely in a massive, not Jjointed (thus
continuous), rock mass. In a discontinuous rock mass the deformations will follow existing discontinuities and may well lead to 2
totally different volume of rock to be supported. Secondly, the deformation zones will develop in upward direction only under low
horizontal stress. With a higher horizontal stress the normal stress on the proposed deformation zones will be w00 high to allow
shearing or tension cracking, thus preventing the development of deformation zones, whereas if the horizontal stresses are
considerably larger than the vertical stresses the deformation zones may well develop horizontally rather than vertically. The
assumption that the water load has to be supported by the steel set over the full height up to the water table is also unlikely as this
would only be the case for a tunnel with impermeable lining capped by a fully permeable waterlogged rock mass.
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Wickham - Rock Structure Rating (RSR)

Wickham et al. (1972, 1974) developed the Rock Structure Rating. The system is based on quantitative parameters
for:

- parameter A - rock structure (origin, hardness, geological structure),

- parameter B - discontinuity pattern with respect to the direction of the tunnel (joint-spacing and
-orientation relative to direction of tunnel drive),

- parameter C - groundwater inflow (based on overall rock mass quality described by parameters

A and B, joint condition, amount of water inflow in tunnel),
- factor AF for type of excavation (drilling - blasting)
The final rating is:

RSR {rock structure rating) = A + B + C 21
RSA (adjusted RSR) = RSR * AF
The outcome of eq. [2] is used to design rib, bolt and shotcrete support for tunnels via the support recommenda-
tions of the Terzaghi system. The RSR (or RSA) system is the first system that resembles the recent systems,
which are based on a number of rock mass parameters.

B.2.3 Recent classification systems
B.2.3.1 Bieniawski's RMR

The Rock Mass Rating (RMR) system from Bieniawski (1973, 1976, 1989) is one of the oldest of the often
so-called 'recent’ systems. The system has been developed in South Africa for underground mining. The system
is based on a combination of six parameters (eq. [3]). Each parameter is expressed in a point rating and the final
RMR ranges between 0 (very poor rock for tunnelling) to 100 (very good rock for tunnelling).

RMR = (IRS + RQD + spacing + condition + groundwater) + reduction factor
RMR = Rock Mass Rating
IRS = Imtact Rock Strength RQD = Rock Quality Designation
spacing = discontinuity spacing of one set (see text) i3]
condition = expression for condition (shear strength) of one set (see text)
groundwater = expression for groundwater inflow (pressure)
reduction factor = depending on orientation of engineering structure relative to
the main discontinuity set

In the latest modification published by Bieniawski (1989) the 'condition of the discontinuity' parameter has been
extended and has been more specified (Table 4, page 35). Also, the RMR has been related to the span and stand-
up time of the excavation.
The spacing and condition parameters are determined by the weakest discontinuity set or by the discontinuity set
with the most adverse influence on stability (ch. B.3.4.5). Support of an underground excavation is determined
by the RMR parameter and results in five different support classes.

B.2.3.2 Barton's Q-system

The Q-system of Barton et al. (1974, 1976a, 1988) expresses the quality of the rock mass in the so-called Q-value.
The Q-value is determined with eq. [4]. The first term RQD (rock quality designation) (ch. B.3.4.2) divided by
J, (joint set number) is related to the size of the intact rock blocks in the rock mass. The second term J, (joint
roughness number) divided by J, (joint alteration number) is related to the shear strength along the discontinuity
planes and the third term J,, (joint water parameter) divided by SRF (stress reduction factor) is related to the stress
environment for the discontinuities around the tunnel opening.
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Q = RQD * —{t * Jw
J, J, SRF
Q > Rock Mass Quality [41

RQD = rock quality designation J, = joint set number
J, = joint roughness number J, = joint alteration number
J, = joint water reduction factor
SRF = stress reduction factor (depending on intact rock strength and stress environment )

A multiplication of the three terms results in the 'Q' parameter, which can range between 0.00006 for an
exceptionally poor rock mass to 2666 for an exceptionally good rock mass. The numerical values of the class
boundaries for the different rock mass types are subdivisions of the Q range on a logarithmic scale (Fig. 16, page
33).

Intact rock strength influences the result only when the intact rock strength is relatively low compared to the stress
environment. J, and J, are the parameters for the discontinuity roughness and alteration of the weakest
discontinuities (Barton et al., 1974) or the discontinuity most likely to allow failure to initiate (Barton, 1976a) (ch.
B.3.4.5). The Q-value determines the quality of the rock mass, but the support of an underground excavation is
based not only on the Q-value but is also determined by the different terms in eq. [4]. This leads to a very
extensive list of classes for support recommendations.

B.2.3.3 Laubscher's MRMR

Laubscher (1977, 1981, 1984, 1990) modified the RMR classification of Bieniawski. In his system the stability
and support are determined with eq. [5]. The main parameters are the same as for the Bieniawski system but the
parameter for groundwater is included in the condition parameter. The number of classes for the parameters and
the detail of the description of the parameters is more extensive than in the RMR system.

RMR = IRS + RQD + spacing + condition

RMR = Rock Mass Rating IRS = Intact Rock Strength
RQD = Rock Quality Designation
spacing = expression for the spacing of discontinuities
condition = condition of discontinuities (parameter also dependent on
groundwater presence or quantity of groundwater inflow in tunnel) 5]
(parmetersforRQDandspacingcanberepIacedbyﬂwﬁacmmﬁ'equency)

MRMR = RMR * adjustment factors

MRMR = Mining Rock Mass Rating
adjustment factors are compensation factors for: the method of excavation,
orientation of discontinuities and excavation, induced stresses and future weathering.

The resulting RMR parameter is multiplied by adjustment factors depending on future (susceptibility to)
weathering, stress, orientation, method of excavation and the amount of free block faces that facilitate gravity fall,
and then becomes the MRMR (Mining Rock Mass Rating). The values of RMR and MRMR determine the so-
called 'reinforcement potential'. A rock mass with a high rock mass rating before the adjustment factors are
applied has a particular reinforcement potential. A high RMR rated rock mass can be reinforced by for example
rock bolts whatever the MRMR value might be after excavation. Contrariwise, rock bolts are not a suitable
reinforcement for a rock mass with a low RMR (has a low potential for reinforcement) even if after excavation
the MRMR is not much lower than the RMR.

Laubscher uses a graph for the spacing parameter. The parameter is dependent on a maximum of three
discontinuity sets that determine the size and the form of the rock blocks. The condition parameter is determined
by the discontinuity set with the most adverse influence on the stability (further discussed in ch. B.3.4.5). The
Laubscher system specifies values for the discontinuity condition parameter depending on different situations with
respect to water or water pressure and does not have a separate parameter for water in the RMR equation (eq. [5]).

The concept of adjustment factors for the rock mass before and after excavation is very attractive (Laubscher,
1990). This allows for compensation of local variations, which may be present at the location of the rock mass
observed, but might not be present at the location of the proposed excavation or vice versa. Also this allows for
quantification of the influence of excavation and excavation induced stresses, excavation methods and the influence
of past and future weathering of the rock mass.
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B.2.34 Franklin's Size Strength Classification

Franklin et al. (1970, 1974, 1975a, 1986) and Louis (1974) developed a classification system based on intact rock
strength and the block size of intact rock blocks. The intact rock strength can be established by hammer and
scratch tests or Point Load Strength (PLS) tests. Block size is defined as the diameter of a typical rock block and
is determined either by observing an exposure or rock core from bore holes. The intact rock strength, the influence
of rock block diameter and tunnel size have been related to tunnel stability and potential failure mechanisms.

In particular the determination of intact rock strength by hammer tests and the determination of the block size by
observing an exposure are interesting in the context of the development of a slope stability classification system
and are further discussed in ch. B.3.4.

B.2.3.5 Modified Hoek-Brown failure criterion for jointed rock masses

The Hoek-Brown failure criterion for rock masses has recently been adjusted and incorporates now 2 simplified
rock mass classification system (Hoek et al., 1992). The failure criterion is formulated as follows:

T \e
[ [ 63
Oy = Og + O, * |\my * —

Ce

u; = major principal effective stress at failure 6l
o; = minor principal effective stress at failure
o, ="intact rock sirength
m, and a are parameters describing the rock mass structure and surface condition

The rock mass parameter ¢, (intact rock strength) is derived from a field estimate which resembles the system for
estimation of field intact rock strength by Burnett (1975, ch. B.2.1), however, the classes, descriptions and class
boundaries are different. The parameters m, and g are derived from a matrix describing the 'structure’ and the
'surface condition' of the rock mass. The 'structure’ is related to the block size and the interlocking of rock blocks
while the 'surface condition' is related to weathering, persistence and condition of discontinuities. The parameter
for rock mass ‘structure' is divided in four classes, ranging from 'blocky’ (well interlocked, undisturbed rock
mass, large to very large block size) to 'crushed’ (poorly interlocked, highly broken rock mass, very small
blocks). The parameter for 'surface condition' is divided in five classes, ranging from 'very good' (unweathered,
discontinuous, very tight aperture, very rough surface, no filling) to 'very poor’ (highly weathered, continuocus,
narrowly spaced discontinuities, polished/slickensided surfaces, soft infilling).

B.2.3.6 NATM - New Austrian Tunnelling Method

The New Austrian Tunnelling Method (NATM) (Miiller, 1978, Kovdri, 1993, Pacher et al., 1974, Rabcewicz et
al., 1964, 1972) comprises characterization and classification but also includes rock mass modelling, deformation
monitoring, legal contract aspects and the comstruction of a tunnel. Various modifications, adjusted to local
circumstances, have been developed worldwide, noticeably in Japan (Japan, 1992). The system is solely designed
for tunnelling and a total description of the system is beyond the scope of this study.

B.2.3.7 Hudson's RES - Rock Engineering Systems

The Rock Engineering Systems (RES) methodology developed by Hudson (1992), relates the interaction of
parameters that have an influence on engineering in discontinuous rock masses. As well the influence of a
parameter on the engineering structure as the influence of a parameter on other parameters is quantified and result
in a rating for a parameter of the engineering structure. This last-named parameter can be, for instance, the
stability or instability of a tunnel or slope. Parameters can be parameters describing properties of a rock mass,
such as intact rock strength, discontinuity orientation, etc., but also parameters describing external influences on
rock mass parameters or engineering structures, such as climate, geomorphological processes, etc.. The
quantification of all the interactions results in a matrix with which the required parameter, for example, the
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stability of a tunnel, is determined. Quantification of the interactions or influences between parameters and between
parameters and engineering structure can have any form. These can be, for example, differential equations, binary
operations (0 or 1, for example, for features that are either present or not present), classifications or numerical
calculations. How these relations are established (e.g. by engineering judgement or actually proved by testing) is
of no importance. The reliability and accuracy of the final result depend, however, on the reliability and accuracy
of the relations (and obviously of the input data). The methodology resembles the working of a neural network
as also pointed out by Hudson, however, the relations between in- and output parameters in a neural network are
normally of a simpler form.

The methodology is not a classification system, but rather a methodology of thinking for engineering in or on
discontinuous rock masses. Hudson gives no detailed applications nor relations between parameters, however,
suggestions are given for implementation of the methodology in various forms of engineering in or on
discontinuous rock masses.

B.2.4 Rock mass classification systems for surface engineering applications

Some rock mass classification systems developed for underground excavations have been used for surface
engineering structures such as slopes directly (Bieniawski, 1976, 1989, Barton et al., 1974) or in a modified form
(Haines et al., 1991, Robertson, 1988, Romana, 1985, 1991, Selby, 1980, 1982). The system developed by Shuk
(1994) is specially designed for slope stability. Also systems have been designed specially for excavation,
rippability, etc..

B.2.4.1 Barton's Q-system applied to slope stability

Barton et al. (1974) included in his system an estimate of the friction angle for the shear strength of discontinuities.
This friction angle can be used in, for example, slope stability calculations.

B.2.4.2 Bieniawski's RMR applied to slope stability

Bieniawski (1976, 1989) included not only recommendations for underground excavations but also for foundations
and slope stability. The author is not aware whether the system has actually been used for slope stability analyses
in the form as presented by Bieniawski.

B.2.4.3 Vecchia - Terrain index for stability of hillsides and scarps

Vecchia (1978) designed a classification system to quantify the stability of a hillside or scarp, e.g. natural slopes,
based on parameters for 'lithology’ and 'attitude’, and 2 'friction' parameter which is depending on the 'lithology’
and 'attitude’ parameters. The 'lithology’ parameter is determined by the presence of clay and shale in the rock
mass and by characteristics of the rock mass such as loose, coherent or massive rock masses. This, combined with
interbedded lithologies, results in a series of different standard classes for the lithology, e.g. from shale with a
few coherent beds (rating 10 points) to massive rocks with few or no discontinuities (rating 90 points). The rock
mass in the field is visually compared to the standard classes provided by Vecchia (1978), classified and rated.
The 'attitude’ parameter assigns a rating ranging from O (unfavourable) to 12 (favourable) to the orientation of
discontinuities with respect to the orientation of slope or scarp. The 'friction’ parameter is a rating for the friction
along the main discontinuity (set) allowing sliding. The 'friction’ parameter with a rating between 2 and 10, is
assigned on the bases of the classes determined for the ‘lithology' and 'attitude’ parameters. The 'friction'
parameter is thus not a separate parameter established in the field. A terrain index (I) is calculated as follows:

I, = terrain index = lithology + attitude - friction 71

The simplicity of the system and the limited number of parameters, effectively only two, which have to be assessed
in the field, are very attractive. This simplicity, however, may also be its largest drawback. The quantity of
standard lithologies given is limited, will not always fit a rock mass in the field and the visual comparison may
be ambiguous. The definition of standard lithologies resembles the approach of standard rock mass classes as used
by Lauffer (1958, ch. B.2.2) for underground excavations.
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Other drawbacks are that there are no provisions for more than one discontinuity set and the limited options for
the friction along the discontinuities. An interesting observation (Vecchia, 1978) is made that water in surface
hillsides or scarps is generally limited to surface water. Water pressures in the rock mass are therefore not
considered.

B.2.4.4 Selby - Geomorphic rock mass strength classification

Selby (1980, 1982) designed the Geomorphic Rock Mass Strength classification. The classification is designed with
emphasis on geomorphology rather than engineering. The system resembles the Bieniawski system (ch. B.2.3.1)
and includes for a large part the same parameters. Parameters assessed and rated are: intact rock strength (which
can also be assessed by Schmidt hammer, ch. C.3.2.1.1), degree of weathering, spacing of joints, joint
orientations, widths (aperture) of joints, continuity (persistence) of joints combined with joint infill, and outflow
of water (ratings are given in Table 4, page 35). The ratings obtained for each parameter are added and the total
rating is an expression for the rock mass strength. The rock mass strength is divided in five classes ranging from
very strong to very weak. The total rating is not directly related to slope stability but is used in the qualification
and quantification of geomorphologic processes.

B.2.4.5 Robertson' RMR (modified Bieniawski)

Robertson (1988) modified the Bieniawski (RMR) system for use in slope stability analyses. The main distinction
with the original system is that for RMR > 40 the stability of the slope is fully governed by the discontinuities
whereas for an RMR <40 the slope stability can be assessed by a modified Bieniawski system. In Table 4 (page
35) the parameters are listed that are used for determining the slope stability for an RMR < 40.

B.2.4.6 Romana's SMR (modified Bieniawski)

Romana (1985, 1991) extended the RMR classification system to slope stability problems expressed in the slope
mass rating (SMR).

SMR = RMR - (F, + F, x F3) + F,

SMR = Slope Mass Rating
RMR = Rock Mass Rating (same as Bieniawski's RMR) 8]
F, = factor for parallelism of the strikes of discontinuities and slope face
F, = factor for discontinuity dip angle
Fy = factor for relation between slope face and discontinuity dip
F, = factor for method of excavation

The parameters F,, F, and F, are for one discontinuity only and therefore the SMR should be calculated for each
discontinuity set and the lowest resulting SMR value gives an indication for the stability of the slope. The SMR
value predicts the possibility of a 'soil-type' failure (normally for low values) and the amount of plane and wedge
failures (normally for higher SMR values). The SMR value is also used to indicate the support measures to be
taken for (partially) unstable siopes.

B.2.4.7 Haines (modified Laubscher)

The Laubscher (ch. B.2.3.3) system is used to forecast rock slope stability in open pits in South Africa (Haines
et al., 1991). The adjustment ratings incorporated in the Laubscher system are reported to be of great benefit for
slope stability estimation. The design chart to determine the slope dip related to slope height and factor of safety
using the MRMR of the Laubscher classification is shown in Fig. 15. Haines et al. point out that the system is
designed in a mining environment where safety requirements are generally lower than in civil engineering.
However, they also incorporated slope dips for slopes with a factor of safety equal to 1.5. These might be suitable
for civil engineering. The system has been designed empirically based on existing slopes in open pit mines and
analytical calculations.
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Fig. 15. Design chart to determine slope dip and height using MRMR classification
data (after Haines et al., 1991).

B.2.4.8 Shuk - Natural slope methodology (NSM)

Designing the inclination of a new slope based on slope dips measured on existing natural and artificial slopes is
often used in the design of new slopes to be excavated. Normally no formal characterization or classification of
the rock mass is applied.

The Natural Slope Methodology (NSM) (Shuk, 1994a, 1994b, 1994c, 1994d) is based on this principle. This
method uses a statistical analysis of existing natural slopes to predict rock mass and soil parameters, and the
probability of slope stability. The method is based on a presumed relation (eq. [9]) between the height and length
of a natural slope.

Heighty,,, = a * (Lengthy,, )

c\i-2 b tan ¢
= — = + = D — T ——
a=f (Y) S TPy S, @ * y * Heightw
p, = non-dimensional pressurization parameter (related to tectonics, water pressures, etc.)
@, ¢ = residual friction angle, residual cohesion of rock mass or soil
vy = unit weight of rock mass or soil
a and b = weighting factors
Equation [9] is only one of the possible relations. Other more complicated relations have not been investigated in
depth by Shuk at present. Back analyses of a large number of natural slopes and optimization of eq. [9] result in
estimates for different rock (mass) or soil parameters. The method can also be combined with anisotropic
behaviour of rock masses and soils. The methodology is very attractive as it does not require extensive field
investigations.

%1

A problem with the methodology as reported, is that not all relations, parameters and especially the methods used
to optimize the non-linear relations on the data are clear from the articles published. It is thus impossible to
perceive the methodology, or comment on it in detail at present’. It is understood that the methodology has
been still further developed and future versions and publications may show the full potential.

2 Therefore this system has not been included in Table 4.
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B.2.4.9 Hudson's RES - rock mass characterization applied to assess natural slope instability

Mazzoccola et al. (1996) presented an example for determining natural slope instability following the Rock
Engineering Systems (RES) methodology (ch. B.2.3.7, Hudson, 1992). The rock mass characterization evaluates
the interactions between and the influence of all parameters that may be of influence on slope stability. Twenty
parameters are evaluated ranging from parameters as the geology, folding, etc. to parameters describing the rock
mass such as weathering, the number of discontinuity sets, slope orientation, etc.. Also external influences are
included such as climatological influences, as rainfall, freeze and thaw, etc.. The instability of the slopes is
determined following the Rock Engineering Systems (RES) methodology.

The publication shows that a good correlation is obtained with a predictability rating for slope instability based
on indicators of potential instability of the natural slopes (Nathanail et al., 1992).

B.2.4.10 Excavatability, rippability and blasting assessment

Various classifications have been developed to assess the excavatability and rippability of rock masses at terrain
surface (Franklin et al. 1971, Weaver, 1975, Kirsten, 1982). Franklin et al. based the excavatability on strength
(unconfined compressive or point load strength) and discontinuity spacing in accordance with the Franklin size -
strength classification (B.2.3.4). Weaver based his rippability assessment on the Bieniawski classification for
underground excavations (B.2.3.1) while the approach of Kirsten is based on the Barton classification (B.2.3.2).
Most excavatability or rippability assessment systems are equipment specific, e.g. give recommendations for a
particular type of excavation or ripping equipment. Some systems also include seismic velocities to assess
rippability (Weaver, 1975). '
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B.3 CALCULATION METHODS AND PARAMETERS IN
EXISTING CLASSIFICATION SYSTEMS

The following evaluation of the methods of calculation, correlation between existing classification systems and the
evaluation of the various parameters in the existing classification systems is made to identify the parameters that
should be included in a newly to develop classification system. Consideration is also given to establishing the
relative importance of each of the parameters to be included and possibilities to establish a value for the parameters
either in the field or by laboratory testing. This chapter (and the summary following in ch. B.4) provides the basis
for the development of the new classification system for slope stability (SSPC) in section D.

B.3.1 Method of calculation

Addition, subtraction, multiplication and division of logarithmic, linear or non-linear parameters are used in the
different existing classification systems. These are used either solely or in combination and no clear benefit from
using a particular type of numeric representation or calculation method seems to exist. Some slope classification
systems that use a method of calculation based on combining different parameters to give one single rating number,
can give results difficult to perceive (for example: Robertson's RMR, ch. B.2.4.5, Romana's SMR, ch. B.2.4.6).
In these classification systems parameters have an influence on the stability rating for a slope which instability may
be caused by a physical mechanism that is independent from those parameters. For example, intact rock strength
is used to calculate the stability rating while a slope is unstable because of sliding on a discontinuity with a thick
clay infill and hence intact rock strength is of no importance for the stability or instability of the slope. In a newly
to design classification system such illogical calculation methods should be avoided.

B.3.2 Correlations between different classification systems

Various relationships have been established between the different existing classification systems (Cording et al.,

1972, Rudledge et al., 1978, Yufu, 1995). An important correlation is that between the systems of Bieniawski and

Barton. The existence of a correlation of the numerical rating values was already established in 1976 (Bieniawski,

1976, 1989) and is shown in Fig. 16*?. The two systems (Bieniawski and Barton) have been developed in

different parts of the world, in different types of mines, in different rock types and, above all, these use partly

different parameters and have defined differently the parameters included in both systems. That two so very
different systems do correlate is strange but tentative reasons for this correlation might be:

1 Correlation between parameters; e.g. a rock mass with a low intact rock strength has often also a small
discontinuity spacing or a low shear strength along discontinuities or both. A correlation between different
classification systems is always obtained for the majority of possible rock masses.

2 Biased users: The parameter difference is compensated by adjusting parameter(s) to values which the
experienced user considers to be appropriate for the rock mass. Thus, if the user knows from experience
or by other means that the rock mass is poor, he unconsciously creates also a poor rock mass rating by

(9 1t should be noted that the quality classes do not perfectly correlate (continuous lines in Fig. 16) and the scatter allows for
one io two classes difference between the two systems (dashed lines). This may be due to the definition of the classes. A more correct
comparison between the two systems should be based on the recommended support for underground excavations. The recommended
types of support are, however, different for the two systems and a comparison cannot be easily made.
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taking lower values for the individual parameters of the system he uses (see also ch. B.4). Because of this,
systems should be designed to be operator-independent.
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Fig. 16. Correlation between Bieniawski (RMR) and Barton (Q). Data from case histories with RMR and Q-system
(after Bieniawski, 1989). (Continuous lines indicate correlating classes of rock mass quality.)

B.3.3 Influence of parameters in existing classification systems

An inventory of the most important rock mass parameters of interest for engineering structures in or on a rock
mass is presented in Table 3. This table is based on the experience and intuition of the author and on the literature.
The parameters listed are, in part, those occurring in some of the existing characterization and classification
systems previously discussed (ch. B.2). Many systems do, however, not contain one or more of the parameters
from Table 3 and also the influence of parameters in the existing classification systems is not for all classification
systems the same. Table 4 presents the various parameters used in the existing rock mass classification systems
and gives a crude indication of the maximum influence of each parameter on the final rating or recommendations
for tunnel support or slope geometry. It is impossible for all systems to indicate the influence per parameter
exactly because in some systems parameters are not independent or parameters are not linear. The percentages
indicate the reduction of the final rating when that parameter is given its minimum value and all other parameters
have their maximum value, compared to the rating based on the maximum value of all parameters. If a parameter
is linked to another parameter then the other parameter is also changed as required”?.

Noteworthy differences in the influence of parameters (Table 4) are:

- The absence of the intact rock strength (except for a low intact rock strength/environment stress ratio),
in the Barton system.

- The absence of discontinuity spacing in the Barton system.

(9 Take for example, the link between I, and J, in the Barton system; the lowest value for J, is 20 but this cannot be combined

with the maximum value (5) for J, but only with J, = 1.
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- The strong reduction in influence of the water parameter in the Laubscher and Haines systems as
compared to the systems of Bieniawski and Barton.
- The absence of a water/water pressure parameter in the Robertson modification for slopes of the

Bieniawski system and in the slope stability system of Vecchia.
- The strong influence of the susceptibility to weathering in the Laubscher system.

- The strong increase in influence of orientation of discontinuities in relation to the orientation of the walls
and roof of underground excavations in the Laubscher system compared to the Bieniawski system.
- The systems (except for Haines) for surface applications do not include the height of the slope whereas

the height of the slope likely has an influence on the stability.

Since the systems are based on back calculation (regression analysis) of case histories that are mostly unpublished,
an exact determination of the origin of the differences cannot be given. In this respect it should also be mentioned
that empirical systems are never 'final’. In the last two decades the systems have continuously developed.
Experience with the systems and subsequent changes in or fine-tuning of weighting factors and parameters cause
some of the differences between the systems. It is also likely that the added experience with classification systems
makes the latest systems the most reliable. In this respect the decrease of the influence of water in some of the

newer systems and, in particular, in systems focused on slope stability should be noted.

intact rock strength

orientation (with respect to engineering structure)

rock block size and
form

amount of sets

spacing per set

Discontinuities

persistence per set

material friction

Type of excavation

Rock mass
shear strength surface characteristics |_oughness (dilatancy)
along discontinuity | of discontinuity wall
{condition of dis- strength
continuity} deformation
infill material
Susceptibility to weathering
Deformation parameters of intact rock/rock mass
Engineering Geometry of engineering structure (size and orientation of a tunnel, height and orientation
structure of a slope, etc.}
External Water pressure/flow, snow and ice, stress relief, external stress, etc.
influences

Table 3. Rock mass parameters of interest for engineering structures in or on rock.

9 A reduced importance of water pressures in slope stability assessments is also found in this research (ch. D.1.7).
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in existing classification systems.

Table 4. Parameters and their influence
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B.3.4 Problems with parameters in existing rock mass classification systems

In the previous chapter it is shown that not all systems use the same parameters, that not all systems include all
parameters thought to be important for geotechnical purposes and that the influence of a parameter on the final
classification result is not the same for all systems. Apart from these differences the implementation of some
parameters can also be questioned. A further discussion of the parameters thought to be important for a
classification system for geotechnical engineering is therefore necessary.

B.3.4.1 Intact rock strength

Intact rock strength is, in most classification systems, defined as the strength of the rock material between the

discontinuities. Strength values used are often from laboratory unconfined compressive strength (UCS) tests.

Problems caused by the definition of intact rock strength and using strength values based on UCS laboratory tests

are:

1 The UCS includes discontinuity strength for rock masses with a small discontinuity spacing. The UCS
test sample is most often about 10 cm long and if the discontinuity spacing is less than 10 cm the core
may include discontinuities”®.

2 Samples tested in the laboratory tend to be of better quality than the average rock because poor rock is

often disregarded when drill cores or samples break (Laubscher, 1990), and cannot be tested.

The intact rock strength measured depends on the sample orientation if the intact rock exhibits anisotropy.

4 UCS is not a valid parameter because, in reality, most rock will be stressed under circumstances
resembling conditions of triaxial tests rather than UCS test conditions.

W

Some classification systems (Franklin et al., ch. B.2.3.4) use the Point Load Test solely or as alternative for UCS
or hammer tests as the intact rock strength index test. The same problems applying to using the UCS test also
apply to the PLS test. The inclusion of discontinuities in the rock will cause a PLS value tested parallel to this
discontinuity to be considerably lower than if tested perpendicular. This effect is stronger for the PLS test than
for a UCS test, as the PLS test is basically a splitting test.

The size-strength system of Franklin et al. (ch. B.2.3.4), the Unified Rock mass Classification System (URCS,
ch. B.2.1), the slope stability system of Haines et al. (ch. B.2.4.7), the geomorphic rock mass strength
classification of Selby (ch. B.2.4.4), and the modified Hoek-Brown failure criterion (Hoek et al., 1992, ch.
B.2.3.5) allow for an estimate or 'engineering guess' of intact rock strength using 'simple means' (geological
hammer, Schmidt hammer, scratching, breaking by hand, etc.). Although Laubscher (ch. B.2.3.3) also recognises
the problems inherent to testing of intact rock strength he actually does not explicitly allow for an 'engineering
guess' with 'simple means'.

The disadvantage of using a Schmidt hammer for estimation of intact rock strength is the influence of
discontinuities behind the tested surface. Schmidt hammer values may be influenced by a large and un-quantifiable
loss of rebound if a discontinuity is present inside the rock behind the tested surface (ch. C.3.3.3).

B.3.4.2 Rock Quality Designation (RQD)

Rock quality designation (RQD)? is defined as eq. [10] (Deere et al., 1967).
Y length pieces of intact core with length > 10 cm
total length drilled

The RQD is measured on the borehole core. Normally the RQD is determined for every metre length of borehole
core per lithostratigraphic unit. The length of unbroken pieces of sound core that are of more than 10 cm (4

RQD = + 100 % (0]

(9 With discontinuities are denoted mechanical discontinuities, see glossary, page 241.

@D RQD is used as an indicator for rock mass quality directly (ch. B.2.2), but also it is a parameter that is included in many
classification systems together with other rock mass parameters. The discussion in this chapter considers the RQD only as a parameter
in a rock mass classification system and not as an indicator for rock mass quality itself.
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inches) length along the centre line of the core (ISRM, 1978b, 1981a), are added and the ratio, as percentage, to
the length drilled is the RQD. Recommended is a drilled length of 1 or 1.5 m. In principle the RQD is a very
simple test and used worldwide. However, the definition of the RQD and the day-to-day practice of determining
the RQD introduces several severe disadvantages that cause the RQD often to be inaccurate or to result in totally
misleading values. Many authors have commented on the disadvantages of RQD measurements (R.D. Terzaghi,
1965). Some major problems with RQD measurements are:

1

The value of 10 cm (4 inches) unbroken rock is arbitrary.

The value of 10 cm for unbroken pieces of rock core is an abrupt boundary. A rock mass with a
discontinuity spacing of 9 cm perpendicular to the borehole axis will result in an RQD value of 0 % while
a discontinuity spacing of 11 cm will resuit in an RQD of 100 %. Although a (small) quality difference
might result from the difference in spacings, this is certainly not such a large difference that it should
result in a difference between minimum and maximum of the quality assignment. Obviously in a real rock
mass the spacings between discontinuities are not all the same and therefore the 10 cm boundary effect
is more or less abrupt depending on the distribution of the spacings.

The RQD is biased through orientation with respect to spacing discontinuities 0.08 m

discontinuity orientation (Fig. 17 - compare vertical \

borehole to horizontal borehole A). If a discontinuity is R \ — e
in the borehole core parallel to the borehole (borehole mg 4/

B) then ISRM (1978b, 1981a) recommends measuring =

the length of the core offset from the centre line if  borshole A

sound pieces of > 10 cm length are present in that RQD = 100 %

stretch of the core. Depending on the infill thickness of ;

the discontinuity, -this might solve the problem of "mmm"){

borehole B (RQD = 0 %) in Fig. 17. Fig. 17. Bias of RQD due to orientation of borehole.

Weak rock pieces (weathered pieces of rock or infill

material) that are not sound should not be considered for determining the RQD (Deere et al., 1967, 1988).
To exclude infill material will usually not be too difficult; however, excluding pieces of weathered, not
sound rock is fairly arbitrary.

The RQD value is influenced by drilling equipment, drilling operators and core handling. Especially RQD
values of weak rocks can be considerably reduced due to inexperienced operators or poor drilling
equipment.

The equipment and especially the core barrels used for geotechnical rock drilling are not standard. It is
obvious that the number of breaks caused by the drilling process will be strongly dependent on whether
single-, double- or triple-tube core barrels are used. ISRM recommends measuring RQD on cores drilled
with a double-tube core barrel only. The borehole is, however, normally not only made to determine the
RQD. Often triple-tube core barrels are used for weaker rock or fractured rock masses to obtain a decent
core for test samples. The RQD measured on this core is overrated but the amount of overrating is not
known. Alternatively two boreholes should be drilled; one for the RQD with a double-tube core barrel
and one for the samples with a triple-tube core barrel. The author does not know of any site where this
has been the case. On the contrary the author has noticed many sites were the RQD was determined and
compared from borehole to borehole irrespective of the core barrels used.

The diameter of the borehole core is not standard in geotechnical drilling. A core diameter of not less than
70 mm (H size) is recommended for geotechnical drilling. In massive rocks, however, a reduction is
allowed to 55 mm (N size) and in very weak or fractured rock the diameter should be increased between
100 and 150 mm (BS 5930, 1981). The author has noticed that in practice very often N or NQ sized
boreholes (approximately 47 to 55 mm core diameter) are used independent of the quality of the rock.
Bieniawski (1989) allows borehole diameters from BQ to PQ (36.5 to 85 mm) for RQD determination.
A larger diameter will result in: 1) fewer breaks during drilling and core handling after drilling, 2) a
larger chance that a parallel discontinuity is intersected and 3) a larger chance that pieces of sound rock
will be present in the core if a (near-) parallel discontinuity is intersected. In general, smaller core
diameters lead to lower values for the RQD and larger diameters to higher values for the RQD.

Pieces of rock that are clearly broken through drilling or transport are supposed to be fitted together and
the length should be measured as unbroken (ISRM, 1978b, 1981a). If this is done properly it partly solves
the problems mentioned in points 5, 6 and 7, however it is not always easy to distinguish between natural
discontinuities and breaks from drilling or core handling. In particular in a fresh rock mass this distinction
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is often almost impossible and a less experienced engineer or drilling master might make considerable
errors.

9 Although the RQD should be established per lithology, many establish the RQD irrespective of the
lithology. Partly because of inexperience, partly because lithological boundaries are often uncertain. This
problem is emphasized if core loss occurs in interbedded lithologies where the weaker lithology is not
present in the borehole core.

The above leads to the conclusion that the RQD is not very strictly defined, that the definition is not very logical,
that the result may not express the rock mass quality and that comparison of RQD values might be deceptive. Thus
the incorporation of the RQD in rock mass classification systems can be questioned.

In many classification systems the RQD is incorporated as a parameter while the classification system also contains
a parameter for discontinuity spacing. This seems not very logical. It effectively doubles the influence of the
spacing of discontinuities on the final rating.

RQD values determined without a borehole

Various methods have been proposed to determine the RQD value for situations where no borehole core is
available. Palmstrom (Barton, 1976a, Bieniawski, 1989, Palmstrom, 1975) recommends measuring all
discontinuities along a scanline on an exposure and to calculate the RQD following eq. [11].

=> RQD = (115 - 33 xJ) %
=> RQD =100 %
J, = total number of discontinuities per m*® f1]
(= sum of number of discontinuities per metre
length of all discontinuity sets)
A more sophisticated approach is a three-dimensional model to calculate the RQD from discontinuity spacing and
orientation (Eissa et al., 1991, Sen et al., 1991). The methods are vulnerable to criticism because 1) the relations
are only approximate, 2) an exposure might show more discontinuities than a borehole in the same rock mass
(certainly when the exposure has been created by blasting), 3) weak rock pieces (highly weathered pieces of rock
or infill material) that should be excluded in the determination of RQD cannot be excluded in these theoretical
models and 4) influences of drilling and core handling are completely excluded, whereas the RQD measured in
a borehole is always influenced by the drilling and core handling. A more fundamental error might be caused by
the orientation of the measurement. A borehole is nearly always vertical and a scanline nearly always horizontal.
As classification systems are empirical the orientation of the measurement might well have an influence although
this is not quantified (or known) in the existing classification systems that use RQD.

B.3.4.3 Spacing of discontinuity sets

In many classification systems the spacing of discontinuities is used as a parameter. However, often the spacing
of only one discontinuity set can be incorporated (except for Laubscher and Franklin and modifications, and the
'modified Hoek-Brown failure criterion'). This is no problem if only one discontinuity set is present in the rock
mass or if one discontinuity set has a considerably smaller spacing than the other discontinuity sets. The
mechanical behaviour of the rock mass with respect to discontinuity spacing is, in such rock masses, mainly
governed by one discontinuity set. However, these classification systems do not describe what should be done if
the mechanical behaviour of the rock mass is governed by more than one discontinuity set, for example, if more
sets with a similar discontinuity spacing are present (see also B.3.4.5).

B.3.4.4 Persistence of discontinuities

Non-persistent discontinuity sets do not have the same influence on the stability of a rock mass as persistent
discontinuities have (glossary, page 241, and ch. C.3.3.1). How to deal with persistence is described in detail in
the Q-system (Barton et al., 1974, 1976a, 1988) and the geomorphic rock mass strength classification of Selby
(1980, 1982). These systems combine persistence with the description of the shear friction parameters of the
discontinuity. In the RMR and Laubscher systems and modifications discontinuities are only considered if: 1) the
discontinuity is larger than visible; thus the discontinuity can be followed for a distance equal to or larger than,
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for example, the dimensions of a tunnel or exposure, or 2) the discontinuity abuts against another discontinuity.
Discontinuities that do not comply with 1 or 2 are not considered as discontinuities in these classification systems.

B.3.4.5 Condition of discontinuities

The condition of the discontinuities (material friction, roughness, discontinuity wall strength and infill material)
determines the shear and tensile strength characteristics of the discontinuities. It is a problematic parameter in all
existing systems that use the condition of discontinuities. Most systems separate the condition of discontinuities
in different parameters (for example: Barton, Bieniawski, Laubscher and modifications) that are independently
rated in the classification system. The Laubscher system uses four parameters (large and small scale roughness,
alteration of discontinuity walls and infill), to establish the quality of the discontinuity. The Barton system uses
only two parameters (discontinuity roughness number and discontinuity alteration number), but the number of
options for these parameters is so large that most discontinuity conditions can be described.

A major problem with the existing systems is that these use an ———  discontinuily set with good condition
expression for the condition of the discontinuities for one wmmw digcontinuily set with very poor condition
discontinuity set only. Obviously there is no problem if all

discontinuity sets have the same characteristic condition but for .
a rock mass with discontinuity sets with different characteristics
it is often difficult to decide which discontinuity set should be
considered in the determination of the rock mass quality. Some
authors (Bieniawski, 1989, Barton, 1976a, Laubscher, 1990 and

X
modifications) indicate that: 1) the condition of the discontinuity

set with the poorest condition should be included or 2) the /
condition of the discontinuity set that has the most adverse N
influence on the rock mass quality or engineering application \\
should be included. Romana (1985, 1991) recommends that the \\
rating should be calculated for each discontinuity set and the

lowest resulting rating be used to determine the slope stability.

In Bieniawski (RMR) and modifications and the slope classifica- Fig. 18. Influence of discontinuity condition. It is not
tion by Romana the problem is more pronounced because also clear wlfif:h discontinuity set has the worst influence on
the spacing parameter is defined for one discontinuity set only. the stability of the tunnel.

According to Bieniawski the discontinuity set with the most

adverse influence on the stability should be taken into account. A discontinuity set with a large spacing but with
a bad condition could, however, have a worse influence on stability than a discontinuity set with a small spacing
but with a good condition. It is not clear how the worst discontinuity set should be selected in such a situation.
The problem is illustrated in Fig. 18.

B.3.4.6 Anisotropic discontinuity roughness

The roughness of a discontinuity can be anisotropic, e.g. ripple marks, striations, etc.. The shear strength resulting
from anisotropic discontinuity roughness will also be anisotropic. Thus roughness should be assessed in relation
with the orientation of the discontinuity and the roughness used in a classification system should be the roughness
in the direction that is most important for the stability of a slope.

None of the existing classification systems incorporate anisotropic roughness. Robertson (1988) recommends
assessing the roughness in the direction where possible sliding can occur. Systems that do not include the influence
of discontinuity and slope orientation (ch. B.3.4.10) can obviously also not include anisotropic roughness.

B.3.4.7 Discontinuity karst features

Karst features have been found to be of importance in slope stability. The open holes considerably weaken the rock
mass. Karst features are nearly always found to originate from solution along discontinuities. Solution leaves
cavities supported by points of contact across opened discontinuities. The shear strength is reduced by a diminished
contact area if (apparent) cohesion is present, and points of contact may break due to overstressing. The presence
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of karst holes during excavation has also an adverse effect on the slope stability. During blasting the blasting
gasses will force their way out of the rock mass via the karstic discontinuities rather than by breaking intact rock
or by following discontinuities in the direction of the next borehole. None of the existing systems incorporates a
parameter that allows for an influence of karst features.

B34.8 Susceptibility to weathering

Susceptibility to weathering is only considered, to a certain extent, in the classification system by Laubscher (1990)
and in the modifications of this classification system. Susceptibility to weathering is an important factor in slope
stability. Within the life span of a civil engineering structure future weathering of discontinuities and rock material
may well lead to instability.

B.3.4.9 Deformation of intact rock and rock mass, stress relief

Deformation of intact rock is not considered in any of the existing systems, however, it is used for an indirect
estimation of the intact rock strength by impact methods (ch. B.2.1). Deformation of intact rock is likely not
important for engineering structures which cause low stresses on the rock, e.g. slopes of relatively small heights.
Deformation of a rock mass is considered in the Q-system (e.g. Barton et al., 1974, 1976a, 1988, ch. B.2.3.2)
in relation to stress relief due to weak or sheared zones in the rock mass. Deformation of a rock mass in relation
to stress relief, not particularly related to weak or sheared zones, may, however, be of importance for slopes.
Stress relief and related deformation may cause movements along discontinuities, increase of slope dips, etc.,
which influence the stability of a slope. A problem with deformation of a rock mass and with stress relief is that
these cannot be tested, otherwise than with costly tests.

B.3.4.10 Relative orientation of slope and discontinuities

The orientation of discontinuities in relation with the orientation of the slope has a marked and often decisive effect
on the stability of a slope (sliding, toppling failure, etc.) but not all classification systems used for slope stability
assessment incorporate a parameter that allows for this influence (for example, Robertson, 1988 for an RMR of
less than 40). In the other systems the parameter is fairly crude or not fully decisive or both. For example
Bieniawski allows for a reduction of the final RMR rating by 60 % if the slope is unfavourably oriented, and
Romana allows a reduction of 52 % (Table 4). In some systems (for example, Bieniawski and Romana) only the
major discontinuity set or the discontinuity set with the most adverse influence on the slope stability has an
influence on the final ratings, with respect to orientation of discontinuities and slope. This results in the same
problem as outlined above for the condition of the discontinuity (ch. B.3.4.5).

B3.4.11 Slope height

The height of the slope has a direct influence on the stress levels in the rock mass of the slope. High stress levels,
comparatively to the intact rock strength, may cause failure of the slope due to intact rock failure (Gama, 1989).
A high slope may also present more opportunities for discontinuity related failure as the quantity of discontinuities
intersected by the slope is larger. Hence, although slope height is likely to be of importance in a slope stability
system, none of the existing rock mass surface classification systems for slopes incorporates the slope height,
except Haines (ch. B.2.4.7) and Shuk (ch. B.2.4.8).

B.3.4.12 Water

The presence, or the pressure of water in discontinuities, is a parameter incorporated in most systems. Water
pressures and water flow in discontinuities may exercise pressures on rock blocks. The shear strength along
discontinuities is unfavourably influenced because water pressure reduces the normal pressure on the discontinuity
and therefore reduces the shear strength, while the presence of water gives a lubricating effect and may lower the
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shear strength of the infill material and of the discontinuity wall (ch. A.2.3). Weathering of discontinuities through

the passage of water can also strongly reduce the shear strength (ch. A.2.4).

The incorporation of a 'water' parameter in classification systems to allow for an influence of water pressure on

the stability of an engineering structure is questionable for the following reasons:

1 Establishing the value for a parameter for the influence of water determined by the amount of water
flowing out of the rock mass can cause some problems. Mostly they are defined by a certain quantity of
water flowing out of the rock mass per time unit over a certain length of tunnel. Discontinuities will, in
virtually all rock masses, be the major conduits for water discharge. In the classification systems the size
or the form of the tunmel is, however, not considered in relation with the parameter for water, whereas
it can easily be seen that the number of water discharging discontinuities and thus the quantity of water
discharged is dependent on the form and size of the tunnel.

2 An important shortcoming in the existing water class determination is that the quantity of water is not
necessarily related to the pressure of the water in the discontinuities. A small quantity of water discharged
by a low permeability rock mass might be related to a higher water pressure in the discontinuities than
a large quantity of water discharged by a (free draining) rock mass with high permeability.

3 The discharge of water is often not constant over the siope height. In the rock mass of the lower part of
the slope the water pressure and consequently water discharge will be higher than in the higher part of
a slope. Whether an average of the water discharged should be used in a single classification or whether
this should lead to two or more different classifications applicable to different levels of the slope is not
described in the existing slope stability classification systems.

4 In underground excavations the stress configuration around the opening will generally result in a higher
compressive stress on discontinuities perpendicular to the wall of the opening and near to the underground
opening than the compressive stress on discontinuities further away from the opening. Higher compressive
stress causes a closing of the discontinuities in the direction of the underground opening. Water pressures
are therefore present in the discontinuities adjacent to the opening. In slopes stress relief causes the
discontinuities nearest to the slope face to open and the storage capacity increases in the direction of the
slope face, resulting in a decrease of water pressures. The pressure decrease in the direction of a slope
face can be large; in most slopes the discontinuities at the slope surface are free draining. This difference
in water pressures between underground openings and slopes is likely to cause that water should be treated
in a different way in slope than in underground excavation classification systems“®.

5 It has been shown that the water flow through discontinuities is often restricted to channels in the
discontinuity (Abelin et al., 1990, Bear et al., 1993, Genske et al., 1995, Hakami, 1995, Neretnieks et
al., 1982, 1985, Rasmussen et al., 1987). Probably this can be extended to water pressures. Water
pressure acting on a plane only at the location of a channel would result in a total water pressure on the
plane considerably smaller than if the water pressure would act over the full discontinuity plane®?.

6 Water run-off over the slope can lead to instability, but such run-off is not related to water seepage.

7 Water presence in slopes is not a continuous feature in time. During and shortly after rain high water
pressures may build up in a slope or, alternatively, there may be no water at all after a dry period.

8 During rain it will be virtually impossible to distinguish between water discharged by discontinuities in
the rock mass of the slope and surface run-off water over the slope.

9 Drains will normally be present in a wet tunnel, in which the quantity of water flowing in and out a

section can be simply measured with, for example, a weir. The difference between the quantity of water
flowing in and out of the section is the amount of water discharged by the rock mass surrounding the
tunnel. Slopes, however, will usually not have a drain at the toe and measuring the quantity of water will
be a practical problem.

10 In the existing classification systems for underground excavations the water parameter is normally
expressed in classes such as: 'dry’, 'moist’, 'dripping’, 'wet' or in classes that are directly related to an

(9 This applies to flowing - dynamic - water; the water pressures of static water are independent of the storage capacity. The

slope face is, however, always free draining, except if a slope face is covered by an impermeable material, such as shotcrete, without
draining facilities, and an underground opening mostly, and thus there is a flow of water in the direction of the slope face or
underground opening.

(% Water fiow may be restricted to channels while the whole discontinuity is filled by static, not flowing, water, then the water
pressure still acts over the whole surface of the discontinuity. In underground excavations has, however, been found that in some
rock masses the majority of the discontinuities is not water bearing while the rock mass is water bearing (Neretnieks et al., 1985).
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amount of water flowing out of the rock mass into the excavation. Classes such as 'dry’ and 'moist' are
not very difficult to establish but classes such as 'dripping’ or 'wet' are subjective.
The above leads to the conclusion that the methodology used in the existing classification systems that incorporate
the influence of water pressures on the mechanical behaviour of a rock mass, should be reconsidered.

B.3.4.13 Ice and snow influence

Ice and snow can have a severe influence on the stability of a slope. Freezing of water leads to an expansion in
volume. Water frozen in a discontinuity will exert a very high pressure on the discontinuity walls. In underground
applications this virtually will never be a problem as temperatures underground are normally not below zero. In
surface applications and certainly in slope stability applications freezing of water in discontinuities can, however,
be a major factor for the stability of a slope. Freezing of water may lead to opening and widening of
discontinuities, displacements of rock blocks out of the slope face, but also to closure of discontinuities, blocking
the discharge of seepage water that may lead to water pressure build-up in the slope. Snow may cause a problem
for slope stability because of the additional weight of snow on the slope face. The influence of ice and snow is
also dependent on the orientation of the slope with respect to the direction of the sun as daily temperature changes,
especially a regular variation between freezing and thawing, has a negative influence on the quality of the rock
mass. The problem of ice and snow influence is not addressed in any of the existing systems for slope stability.

B.3.4.14 Method of excavation

The way the exposure has been established has a considerable influence on the parameters measured or observed
in the exposure. For example, an exposure in a river bed created by slow scouring of the river over probably
hundreds to thousands of years creates an exposure with a relatively small amount of visible discontinuities. Stress
concentrations have not occurred or were minimal during the creation of the exposure due to the slow process.
The tendency for discontinuities to open is minimal and therefore a larger part of the discontinuities is not clearly
visible. Contrariwise a blasted excavation shows considerably more discontinuities because partly intact rock has
been cracked due to the blasting but also, and often more important, existing internal planes of incipient weakness,
which before blasting were not visible, have opened or widened due to the pressure of the blasting gasses and the
shock wave, and therefore become visible and thus will be measured as mechanical discontinuities.

Some existing classification systems take this effect into account (Haines, ch. B.2.4.7, Laubscher, ch. B.2.3.3,
Romana, ch. B.2.4.6, Wickham, ch. B.2.2). These systems reduce the rock mass rating with a parameter to
compensate for the damage that will be caused by the method of excavation.

B.3.4.15 Seismic velocity in a discontinuous rock mass

Some systems include seismic parameters, usually the velocity or apparent velocity of the wave, to assess the
quality of the rock or rock mass (Japan, 1992, Weaver, 1975). For rippability, excavation and blasting assessment
this is a fairly standard procedure, but assessments are often specific for types and brands of (excavation)
equipment, for blasting procedures or for types and brands of explosives. In excavation or blasting assessment the
interpretation is in general simpler than for other applications. The influence of intact rock strength and spacing
and orientation of discontinuities (the main rock mass parameters defining excavatability) on seismic waves is
comparatively straightforward. To relate seismic velocities to other rock mass or discontinuity parameters (for
example, shear strength) is far more complicated. The behaviour of a seismic wave in a rock mass and the
relationships between the rock mass parameters and the seismic parameters are not known in all details and
consequently the interpretation is often ambiguous (Cervantes, 1995, Hack et al., 1982, 1990)@%,

@9 A research project has recently been started at ITC and TU Delft to further investigate relations between seismic waves

and detailed rock mass classification in near surface rocks.
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B.3.4.16 Operator experience and familiarity with a classification

Assigning values to some of the parameters in the systems discussed is often subjective and depends upon the
operator's experience and the familiarity of the operator with the system. Examples for which this is of major
importance are: 'the discontinuity set with the most adverse influence on the rock mass or for the engineering
application' (B.3.4.5) and classes such as 'wet', "dripping’ for water influence (B.3.4.12). The merits of a system
are clearly reduced if a system depends on the operator's experience or familiarity with the system.
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B.4 Summary

B.4 SUMMARY

The review of existing characterization and classification systems leads to a series of conclusions and provides
some directions for further improvement of parameters and calculation methods for slope stability assessment.
These conclusions will be used to develop a new classification system for slopes (SSPC) which is the main topic
of this research (section D). The conclusions derived from the review of existing classifications systems are:

Method of calculation and parameter type

1 Different systems with different parameters lead sometimes to approximately the same outcome for the
description of the same rock mass, e.g. Bieniawski compared with Barton. These two systems have been
used extensively by different users, so it is unlikely that the outcome of the systems is totally wrong,
however, operator bias may be present.

2 In the literature only the final rock mass classification systems are described and not the underlying data
analyses that resulted in the choice of weighting factors in the systems. In general, back analysis by linear
regression has been used to fit the weighting factors for most systems.

3 Addition, subtraction, multiplication and division of logarithmic, linear and non-linear parameters are
used. No clear advantage from one type of calculation or numeric representation of parameters above
another seems to exist.

4 Methods of calculation which combine different parameters in one rating number may not express
properly the slope stability because parameters will have an influence on the rating that may not be
important for the stability of the slope.

5 The concept of a rock mass quality assessment before and after excavation should be considered as this
concept seems logical and has been reported to be beneficial for slope stability assessment (Haines' slope
stability assessment, ch. B.2.4.7).

6 Parameters with fixed class boundaries but also with gradational boundaries are used. No specific
preference can be found in the literature. Intuitively a scale with gradational boundaries seems to be more
appropriate for a real rock mass.

7 Most classification systems have changed during the years of application. This is logical for all systems
are empirical. The number of case histories used determines the quality of the system. The use of any
empirical relation is restricted to the geological and engineering conditions of the case histories on which
the system was developed. Extensive new data may stimulate an update of the system. No system is 'final’
for there will always be new case histories to either expand its range of use or to improve its quality.

Parameters

8 Parameters that need revision or should not be used at all in a new system are:

- Intact rock strength,
- Rock Quality Designation,
- Spacing of discontinuities,
- Persistence of discontinuities,
- Condition of discontinuities,
- Presence of water,
Deformation of the rock mass in relation to stress relief.
9 Pararneters that should be included are:
- Susceptibility to weathering,
- Method of excavation.
10 Parameters not used in existing systems but may be considered necessary are:

- Surface run-off of water over slopes,



11

Water
12

13
14

15

B EXISTING ROCK MASS CHARACTERIZATION & CLASSIFICATION 45

- Ice and snow influence - freezing of water in discontinuities and weight of snow on a slope face,
- Karstic features.

No new terms or definitions should be introduced unless absolutely necessary because this might result
in confusion.

Water pressures in discontinuities will generally decrease in the direction of the slope face, due to stress
relief and consequent opening of discontinuities. This is different from the situation around tunnels where,
generally, water pressures in discontinuities are present directly behind the tunnel wall. Consequently the
influence of water pressures in discontinuities on the final rating of a classification system for slope
stability assessment should be smaller than on the final rating of a classification system for the stability
assessment of underground excavations.

Water flow and water pressures may be restricted to channels in discontinuities only.

The tendency to reduce the influence of water, water flow or water pressure in some of the more recent
classifications systems for slope stability may suggest that water has a less strong influence on slope
stability than often assumed in the past.

The influence of water on infill material in discontinuities, the effect of lubrication of discontinuities and
the influence of water on weathering of the rock mass is likely to be important.

Expressions for spacing and condition of a number of discontinuity sets in a rock mass

16

Parameters for spacing and condition of discontinuity sets should be revised so that multiple sets with
different discontinuity spacings and conditions can be accounted for.

Parameter determination

17

18

19

Determination of parameters should be possible using the simplest means. Any form of (complex) testing
should be avoided where possible. If any test is incorporated then the benefits of this test should be clear.
Certainly it should be recognized that the need to do a field or laboratory test will reduce, for economic
reasons, the amount of data available. Less data of probably better quality might not be preferable to more
data of lower quality.

Characterization and classification should be operator independent. Different users of the system should
come to the same result.

Classification systems should be accompanied by exact and detailed descriptions of how to obtain the
parameters.
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C.1 INTRODUCTION

The review of existing classification systems (section B) shows that classification of a rock mass is generally
accepted as a useful tool to estimate the influence of the mechanical behaviour of a rock mass on an engineering
structure. However, the methodologies and parameters applied in the existing systems may not be appropriate or
have to be adjusted to be fully effective in a classification system for slope stability assessment. In this section C
parameters are defined such that these are suitable for slope stability assessment. These parameters, and more,
were measured in the early stages of this research, which began in 1990. Slope stability was analysed by a point
rating system which was modified and developed as the research progressed to give the 'initial point rating'
system. It was eventually concluded that a point rating system is not a suitable approach to slope stability
classification. Therefore in section D the approach is changed and the final result - a slope stability classification
system based on probabilities; the SSPC system - is developed.

The outline of section C is as follows:

chapter C.2 - Slope geometry and standards for visual assessment of slope stability

The slope stability classification system developed is designed by describing and analysing existing slopes. The
standards for measuring the geometry of the slopes and standards for the visual assessment of the stability of these
slopes are defined and described in this chapter.

chapter C.3 - Parameters in rock slope stability
Parameters of importance in siope stability and possibilities to measure these in the field, are defined.

chapter C.4 - 'initial point rating’ system
Based on the results of the parameter analyses an 'initial point rating’ system was developed. This 'initial point
rating' system and the results obtained with the initial system are briefly discussed.

C.1.1 Data quality and storage

Students and staff of ITC and the Technical University Delft characterized slopes according to standard procedures
outlined in the following chapters and produced reports with photographs and descriptions of the slopes. The four
years of data collection resulted in 286 characterizations of slopes in the Falset area. Obviously not all data were
of high quality as students were in a learning process. This was, however, anticipated, for the involvement of a
large number of different persons, not all experienced specialists in rock mechanics, was a preset requirement to
avoid operator bias in the development of the system. Nonetheless some of the data received were incomplete,
obviously erroneous or inconsequential and could not be used for the research. Because of this all described slopes
have also been visited by the author and one or more staff members of ITC or the Technical University Delft.
Incomplete data have been completed during these visits. Changing inconsequent or erroneous data incorporated,
however, the risk of introducing operator bias from the author or from other staff members. Therefore it was
decided that rather than changing the erroneous or inconsequent data these characterizations were altogether
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disregarded. This resulted in abandoning 36 characterizations®, so that 250 acceptable characterizations
resulted. Appendix I, Table A 17 shows the number of slope assessments per lithostratigraphic (sub-) unit.

Each characterization consists of a maximum of 35 parameters. For 250 characterizations this results in a
maximum of 8750 data items. This quantity of data can obviously not be handled manually to develop a
classification system. Therefore all data have been introduced into a database (Dbaselll Plus and IV). A
programme in the programming language Clipper has been made for the necessary calculations (SSPCCLAS).

@Y From which 20 had been made by one group of students. The work of this group was abandoned altogether because the
sites where they reported to have made the characterizations could not be precisely located. These were thus not abandoned because
of the characterizations or the slope assessments itself.
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C.2 SLOPE GEOMETRY AND STANDARDS FOR VISUAL
ASSESSMENT AND CLASSIFICATION OF SLOPE STABILITY

The development of the classification system was based on existing slopes. The geometry and the stability of the
existing slopes had therefore to be properly described and assessed.

C.2.1 Geometry of slopes

The orientation of a slope (dip and dip-direction) and the height of a slope assessed shouid be uniform and the
stability assessments, whether visual or established by classification, should be made per individual geotechnical
unit. However, not all slopes comply to these requirements and rules have been set up how to describe the
geometry of a slope.

Laterally curved slopes

If a slope is curved laterally, the slope has to be subdivided in different sections where in each section the dip-
direction is broadly uniform. The same applies if a slope dip or slope height changes along a slope laterally. The
visually estimated stability (ch. C.2.2) and the stability assessment by classification are also established per section.

~ Slope height and dip

Slope height and dip can be difficult to establish, for the slope
is almost never a straight plane. Most slopes tend to become less
steep towards the top and often flatten out. In this research the
height and dip of the slope have been measured from the toe to
the point where curvature indicates a flattening of the slope
(Fig. 19).

If, in vertical direction, a slope consists of different sections
with different slope dips, the dip of each section is measured and
the visually estimated slope stability (ch. C.2.2) is assessed in
each section separately. A classification of the stability of the
slope is done for each section individually. In each section the
height is taken as the height from the bottom of the section to
the top of the slope because the weight of the material above the _ .
section will have an influence on the stability of the section. t x

Fig. 19. Standards for the geometry of a slope.

Stepped or benched slopes

Steps and benches on slopes have been measured because the stability of a stepped or benched slope is determined
either by the dip and height of the bench or by the dip and height of the total slope (Fig. 19). If the width of the
step or bench is large compared to the height of the slope and the rock mass is not prone to large deformations,
the influence of the rock mass weight above the bench will, in general, not have a large influence on the outer
layers of the rock mass forming the slope below the bench and its stability is governed by the bench dip and
height. However, if the width of the bench is small or if the rock mass is prone to large deformations, the stability
is governed by the dip and height of the whole slope. Classification of slope stability is done for the sections
in-between benches and for the whole slope and the lowest result is assumed to be valid for the whole slope.
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Multiple geotechnical units in one slope

If a rock mass in a slope consists of a number of geotechnical units with approximately horizontal boundaries, the
visually estimated stability is established per geotechnical unit. Slope stability classification is also done for each
geotechnical unit independently. Slope dips can be different for each geotechnical unit and in each classification
the slope dip is used that is characteristic for that geotechnical unit. The slope height used in the classification is
the height from the bottom of the geotechnical unit assessed to the top of the slope. If the rock mass in a slope
consists of multiple geotechnical units with vertical or inclined boundaries the visually estimated slope stability is
established per geotechnical unit and also the classification is done per geotechnical unit. The height used in the
calculations is again the height to the top of the slope. In some slopes a slope stability classification per
geotechnical unit is not possible, for example, because the geotechnical units are folded. In such a slope, the slope
stability classification is done as if the whole slope consists of the geotechnical unit that has the most adverse
influence on slope stability. The visually estimated stability is established for the whole slope.

C.2.2 Visual estimation of slope stability

The research described was directed towards designing a slope stability classification system incorporating all
possible mechanisms and modes of failure. To be able to reference such a newly designed slope stability
classification system the stability of the slopes classified in the field has been assessed visually. The stability has
been classified in five classes depending upon the absence, presence or impending presence of stability problems.
These problems may be 'small’ or 'large’ depending on the size of the potential or actual rock falls. Table 5 gives
the five stability classes and the number of slopes assessed in each stability class.

This visual estimation of slope stability is a subjective judgement. The division between 'large’ and 'small' failures
is particularly sensitive to the experience of the observer. In principle 'large’ implies that the unstable rock mass
is in the order of tonnes weight while 'small’ implies that the unstable rock mass is in the order of kilograms

weight.

Description Number of
Class
slopes
1 Stable No signs of present or future siope failures 108
9 Small problems in near | The slope shows all the signs of impending small failures but no 48
future failure has taken place
3 Large problems in near | The slope shows all the signs of impending large failures but no 18
future failure has taken place
4 Small problems The s|9pe presently shows ISIgns of active small failures and has the 20
potential for future small failures
The slope presently shows signs of active large failures and has the
S Large problems potential for future large failures 56
Total: 250
Note: - The description large or small is independent of slope size.

- 'Near future' implies within the engineering lifetime of the siope.
Table 5. Standards for the visual estimation of slope stability and the number of slopes per stability class.

The problem of estimating the degree of stability for referencing a classification system is, however, a problem
for all classification systems, whether for slopes or for tunnels. For most systems this estimation has been made
by a group of observers. For the slope stability classification system described, estimates have been made over
a period of four years using at least sixty observers from staff and students of ITC and Delft University of
Technology working on 250 slopes. The large number of observers and observations must have significantly
reduced the effects of individual observer bias.

The purpose of visually assessing slope stability was to compare this with the stability of the slope as assessed by
one or another form of classification. However, it should be noted the classification measurement is for a uniform
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plane slope, while the real slopes (and in particular, those excavated by poor quality blasting) contain re-entrants,
niches, overhangs, etc. which may allow slope movement in directions that could not be possible if the slope was
one continuous plane. Rock falls resulting from such slope irregularity are not uncommon in the research area,
where slopes whose geological structure and geotechnical characteristics give promise of stability, are unstable
because of their irregularity of shape. In consequence, some visually assessed stabilities refiect poor construction
rather than adverse geotechnical conditions.
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C.3 PARAMETERS IN ROCK SLOPE STABILITY

C.3.1 Introduction

The results of the review of the existing classification systems in section B showed that parameters to be used for

rock slope classification should be carefully reconsidered and defined to be most effective in slope stability

classification. The following parameters are discussed in this chapter:

- parameters determining the mechanical behaviour of the rock mass material: intact rock strength and
susceptibility to weathering (material properties, ch. C.3.2),

- shear strength along a discontinuity (ch. C.3.3),

- sets of discontinuities versus single discontinuities, concept of discontinuity spacing (ch. C.3.4),

- parameters that are specific to the rock mass at the location of an exposure or slope (exposure and slope
specific parameters, ch. C.3.5) and

- parameters that have an influence on slope stability, but are not directly related to the rock mass or the
slope (external influences, ch. C.3.6).

The results of the evaluation are summarized in ch. C.3.7.

C.3.2 Material properties

Material properties include the intact rock strength and the susceptibility to weathering of the rock mass.

C.3.2.1 Intact rock strength (irs)

In most existing classification systems for slope stability assessment intact rock strength is a parameter and is it
necessary to obtain the characteristic or mean value of the intact rock strength of the geotechnical unit in which
the slope is made or to be made. To assess whether and how intact rock strength should be a parameter in a rock
slope stability classification system, the following should be considered:

1 Intact rock strength is not always included in existing underground or surface classification systems as a
(main) parameter.
2 In existing underground excavation and slope stability classification systems (those which include intact

rock strength) the contribution of intact rock strength to the final rating is considerably less than other
parameters such as discontinuity spacing or condition of discontinuities.

3 Stresses in slopes will be nearly always considerably less than in underground excavation work so that
it is unlikely that the influence of intact rock strength is as important in slope stability.
4 Failure in slopes is often associated with the shear strength of discontinuities®®.
(22)

Some of the existing classification systems for slopes attribute slope failure fully to discontinuity failure if the rock mass
rating is higher than a certain preset value, e.g. if the rock mass is of a certain quality. For example, the RMR modification by
Robertson (1988, ch. B.2.4.5) assumes that slope failure is influenced by a number of parameters, including intact rock strength,
for rock masses with a low rating (RMR < 40), but for 2 high rating RMR > 40) the stability is dependent on discontinuity shear
strength only.
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5 An analysis of the influence of steps on discontinuity planes prohibiting sliding along a discontinuity plane
(appendix II) shows that the intact rock strength will not be very critical for most slopes with dimensions
as in the research area.

Summarized, this leads to the conclusions that the importance of intact rock strength in governing the stability of
a slope diminishes with increasing intact rock strength and that a high accuracy in establishing intact rock strength
is not necessary. A cut-off value for intact rock strength is used to incorporate the decrease of importance of intact
rock strength. Above the cut-off value the contribution of the intact rock strength to the stability assessment of a
slope remains constant. The limited importance of intact rock strength® does not require that sophisticated tests
are done to establish the intact rock strength. Relatively easy to execute field tests with an impact method (ch.
C.3.2.1.1) or with a 'simple means' field test (hammer, scratching, moulding, breaking by hand, etc., ch.
C.3.2.1.2) lead to intact rock strength values adequate for slope stability assessment.

C3.2.1.1 Impact methods

The Schmidt hammer determines the rebound of a piston activated by a spring. The rebound values measured on
rock surfaces have been correlated to intact rock strength. Schmidt hammer values are, however, influenced by
the material to a fairly large depth behind the surface. If a discontinuity lies within the influence sphere the
Schmidt hammer values will be affected. The Schmidt hammer is thus not considered suitable to measure rock
material strength in the field. The same applies to any other impact/rebound devices whose released energy per
surface unit area is of the same order of magnitude as the Schmidt hammer of L or N design (ch. C.3.3.3).
Equotip or other rebound impact devices (ch. C.3.3.3) might be suitable, but as these devices are only recently

applied to rock mechanics it is not yet certain whether the relationships between rebound values and intact rock
strength are correct.

C.3.2.1.2 'Simple means' intact rock strength field estimates

'Simple means' field tests that make use of hand pressure, geological hammer, etc. (Burnett, 1975), are used to
determine intact rock strength classes in the British Standard (BS 5930, 1981) (the test classes are listed in
Table 6). The ‘simple means' field tests to estimate intact rock strength following Table 6 have been extensively
used throughout the research. For all classifications multiple estimates of the intact rock strength, often more than
ten, have been made per geotechnical unit and per exposure. The values obtained were averaged. Additional to
these estimates also large amounts of unconfined compressive strength (UCS) tests® have been done in the same
geotechnical units and in the same exposures to establish the reliability of the strength estimates. If possible,
estimates and UCS tests were done both perpendicular and parallel to the bedding or cleavage®.

@) Sometimes a rock mass with a low intact rock strength (based on unconfined compressive strength - UCS tests) appears

to have failed through intact rock failure, but, on closer examination, the low intact (UCS) strength is a consequence of a large
number of (mechanical) discontinuities in the rock test specimen. Thus a shale may have a very low intact rock strength as determined
by conventional UCS testing (ch. B.3.4.1), but this is not caused by the low strength of the intact material but by the numerous
closely spaced bedding pianes.

@ For very high slopes, as in deep open pit mines, stresses can become so high that intact rock failure and shearing through
asperities can occur also for high intact rock strengths. The intact rock strength may then be more important. The slope stability
classification system developed in this research is, however, not designed for very high slopes.

@) 14 UCS tests {one test from slope 92/5/3004 and ali tests of student group 93/4) out of a total of 955 UCS tests were clearly
outliers with values from 2 to 10 times higher than those measured by other groups in the same area and unit. These UCS tests have
been excluded from the analysis.

@ 'Simple means' field tests and UCS tests have also been used for the engineering geological mapping research (see preface),
which data is included in the analyses of 'simple means' testing in this and following chapters.
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The extensive quantity of tests

. R ‘simple means’ test
allowed a thomugh a.nal.y.SlS N intact rock strength {standard geological hammer of about 1 kg)
the accuracy and reliability of
the 'simple means' field tests < 1.25 MPa Crumbles in hand
for estmaﬂgg the mmt rock 1.25 -5 MPa Thin slabs break easily in hand
strength. This analysis is pres-
ented in the foll owing chap- 5-12.5 MPa Thin slabs break by heavy hand pressure
ters. The estimated strength 12.5 - 50 MPa Lumps broken by light hammer blows
values in the g Ihs n thls 50 - 100 MPa Lumps broken by heavy hammer blows
chapter are plotted as the mid
values of the ranges of 100 - 200 MPa Lumps only chip by heavy hammer blows
Table 6. If the strength was > 200 MPa Rocks ring on hammer blows. Sparks fiy.

estimated to be on the bound-

ary between two classes the Tuple 6. Estimation of intact rock strength.
boundary value is used.

C3.2.1.3 Intact rock strength field estimates versus UCS tests

In Fig. 20a the estimated values of intact rock strength by 'simple means' field tests are plotted versus UCS test
values for all locations for which both were available, in Fig. 20b®” the differences between the UCS test values
and the estimated values as percentage of the estimated values are plotted, and in Fig. 20c the averages of
estimated and UCS values per unit. In Fig. 20 no differentiation is made for the direction of the measurements.
Fig. 20a shows that the scatter is wide and consequently only low or no correlation can be seen. In Fig. 20b is
clearly visible that the differences between UCS and estimated values do not show a normal distribution for lower
strength values. The distribution is skewed to higher values, e.g. the UCS values are higher than the estimated
values. For high strength values the distribution of the differences is more normal but the average values of the
UCS tests per estimated strength class are lower than the averages of the estimated values. A quite good
correlation is found for the averages per unit (Fig. 20c). The standard deviation of the UCS values per unit is for
most units considerably higher than the standard deviation for the estimated strength value per unit (Fig. 20d).
If is assumed that a unit has a characteristic strength distribution with a characteristic mean strength value, which
is very likely for the units assessed in the research area, then the estimated value will be nearer the mean value
of the distribution because it is an average of more tests. The UCS test value is, however, only a single value or
the average of few test values (normally less than three or four) and is likely to differ more from the mean value.
This leads to the conclusion, as expected, that the characteristic mean strength value of a unit is better determined
by a large quantity of estimated values than by few UCS tests. The skew of the distribution of the differences
between UCS and estimated values for low strength (Fig. 20b) is probably caused by the fact that samples are not
taken randomly. Samples are very seldom taken from the worst parts of a rock exposure. This is also confirmed
by an analysis of the results of intact rock strength estimation and UCS tests for granodiorite with various degrees
of rock mass weathering in the same exposure (description rock mass weathering: appendix V, Table A 20).

In Fig. 21 UCS values are considerably higher than the estimates of intact rock strength for the higher degrees
of weathering of the rock mass. The granodiorite has weathered starting from the discontinuities and often a
complete sequence of weathering is found. The weathered material and certainly the highly weathered parts, will
break from the sample during transport and sawing of the sample. The UCS test is thus done on pieces of rock
material less weathered than the average degree of weathering in the unit and therefore leads to a too high strength
value.

The difference between UCS test values and estimated values for high intact rock strength might be due to a
similar, but reversed effect. For high intact rock strength (> 100 MPa) it is often difficult to get sample blocks
out of an exposure without equipment (saw, blasting, etc.) and a tendency exists to do tests on loose blocks that
are more easily obtained. These may, however, have a lower strength. This effect is also observed in the
granodiorite for which the estimated strength of the fresh exposures is higher than the UCS strength values

@7 The averages of UCS values are the averages of all UCS values belonging to the range of estimated strength. A grouping
of the UCS values in the same classes as used for the estimate, before averaging leads to about the same values.
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Fig. 20. Estimated intact rock strength vs strength values determined by UCS tests. (The dashed lines in A and C indicate the relation
if estimated strength equals UCS strength.) (Number of UCS tests: 941)

(Fig. 21). The same effects, but for all rock units, are obvious in Fig. 22, which shows the percentages of UCS
tests falling in the ranges for the estimate of intact rock strength different from the estimated range value. For
lower intact rock strength values the UCS values are higher than the estimated values while for the higher intact
rock strength values the UCS value is lower than the estimated value.

C3.2.14 Repeatability of intact rock strength estimates

The repeatability of estimating the intact rock strength is fairly good. In the field intact rock strength has been
estimated by different students and staff members in the same exposure and in the same geotechnical unit. The
results show that the majority estimate the strength to be in the same class and a minority estimate the strength
to be in a one class lower or higher. Strength estimates more than one class different from the class estimated by
the majority were rare and could often be attributed to real variability in intact rock strength within a unit. An
argument against estimating intact rock strength by classifying following Table 6, is that it would be dependent
on the person who does the estimation, e.g. a large or physically strong person estimates the strength lower than
a small or fragile person. This has not or only rarely been observed. The class ranges are obviously large enough



58 C.3 Parameters in rock slope stability

degree of rock ,/
weathering (BS 5980:1981) B
B fresh /7
&  slighty y
=  moderatsly .,
€  highy g

g

g

average estimated intact rock strength (MPa)
8 8
1 1
%,
\\
percentage of number of UCS test values per estimated range (%)

&

///

0+~ T —& T ]
Y 80 100 150 200
average UCS (MPa)

Fig. 21. Average estimated intact rock strength vs average Fig. 22. Percentage of UCS test values falling in a range
UCS for granodiorite units with various degrees of rock mass different from the estimated range value.
weathering.

to accommodate for most physical strength differences. The possible error made by using estimation by 'simple
means' of intact rock strength is discussed in more detail in ch. D.2.1 (Table 15, note 2, page 130).

C3.2.15 Influence of degree of water saturation on intact rock strength

Some porous rocks exhibit a difference in intact rock strength depending on the degree of water saturation when
tested by UCS tests (Bekendam et al., 1993). The permeability and porosity of the intact rocks in the research area
is generally low (the porosity is generally less than a few percent) and the differences in UCS strength due to the
degree of water saturation are therefore likely also very small and less than the scatter of the test results for most
units. Only the Tgl sandstone unit (Tgl sst.) exhibits a larger porosity, is permeable, and could have shown a
strength difference similar to that found in the literature. However, the quantity of tests done on this single unit
does not allow for conclusive statements. Therefore it is not known whether a strength estimate is influenced in
the same way by the degree of water saturation as the strength value obtained by a UCS test.

C3.2.1.6 Strength anisotropy

The correlation of the estimated value of intact rock strength with the UCS tested in a particular direction could
not be proven. Only in strongly anisotropic rocks (e.g. slate) the estimate is in agreement with the results from
UCS tests. The highest strength is expected perpendicular to the cleavage direction. For the other rocks the
estimation of intact rock strength results in higher values parallel to the bedding direction. In Fig. 23 are shown,
per unit, the ratios of the strength perpendicular over the strength parallel for average UCS test values and for
average field estimated values.

Although this effect has not been studied in detail a possible (and tentative) explanation could be as follows. All
rocks included in Fig. 23 have intact rock strengths that are in 'intact rock strength estimate’ classes established
by hammer blows (> 12.5 MPa). The field estimate by hammer blows is a form of impact (dynamic) testing by
which the rock breaks due to the impact energy (e.g. hammer blow). The impact energy is a limited quantity of
energy induced into the rock in a small amount of time. Energy induced per time unit is thus high. The UCS test
is a static test by which an unlimited amount of energy is induced into the rock until failure in a relatively large
time span. The energy induced per time unit is low.

Deformation of rock is a time dependent phenomenon. It requires a certain amount of time before a stress is
converted into a deformation and vice versa. Stress and deformation are linked and it requires time to transfer
stress and deformation throughout a test specimen. In an impact test part of the energy dissipates due to crack



forming directly at the impact point. The
remaining energy travels through the
rock as a stress/deformation wave (e.g.
shock or seismic wave). This wave is
reflected at layer boundaries and at the
end of the sample. When the incident
and reflected waves are at the same
location and have the same phase, the
stresses (and deformations) are added
and may cause the rock layer to break.
In a layered sample the distance between
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layers is smaller than the length of the
sample. The wave will loose energy (due
to spherical dispersion, non-¢elastic defor-
mation, absorption, etc.) during
travelling through the rock. A wave
reflected against the end of the sample
with a longer travel distance, has thus
less energy than a wave reflected against
a layer boundary. The concentration of
energy at a certain point due to the coin-
cidence of direct and refiected waves will also be less.

This may be the explanation why a rock sample when tested (by hammer blows) breaks more easily perpendicular
than parallel to the layering and thus that the strength estimate for a sample tested perpendicular is lower than
tested parallel. It is likely that this mechanism is less (or does not occur) in very thin spaced layered material (e.g.
slate) because the rock at the impact point is easily fractured and broken whatever the orientation.
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Fig. 23. Ratio of average intact rock strength perpendicular over average intact

rock strength parallel for UCS and field intact rock strength estimate per unit

(values in brackets are the numbers of UCS tests respectively estimates).

In a UCS test the induction of energy in the sample is so slow that a stress/deformation wave will not occur. The
whole sample will be stressed and deformed. The tensile strength perpendicular to the layer boundary planes in
a layered material is normally less than the tensile strength of the material. In a UCS test of layered material tested
parallel to the layering, failure will occur due to bending and separation of the individual layers, resulting in
breaking of layers (starting with the layers at the rim of the sample). Perpendicular to the layering failure occurs
due to stress concentrations in the intact rock of individual layers. Bending of the layers and consequent
cracking/failure requires mostly less stress/deformation than breaking the rock due to stress concentrations and
thus is the measured strength perpendicular larger than parallel to the layering.

C.3.2.1.7 Conclusions

The estimate of the characteristic strength of intact rock in a geotechnical unit with a 'simple means' test,
following Table 6, is equally good as executing a limited number of UCS tests. Therefore, intact rock strength
(irs) in the classification system for slope stability ('initial point rating' system, ch. C.4, and SSPC, section D)
has been taken as the intact rock strength established with a 'simple means' test, following Table 6. The higher
accuracy that might be obtained by using UCS tests exists often only in theory. In practice the number of strength
tests is so limited in comparison to the variations in strength in the rock mass that very many simple field tests
will give a better estimate of the intact rock strength at various locations in the rock mass than a limited number
of more complex tests.

A cut-off value is used above which the influence of intact rock strength on the estimated siope stability is
constant. For the initial slope stability point rating classification system (ch. C.4) the cut-off value was set at
100 MPa. This was an engineering guess. In the SSPC system (section D) the cut-off value is optimized based on
data from existing slopes and results in a value of 132 MPa.
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C3.2.2 Susceptibility to weathering

Weathering takes place in all rock masses whether underground or on surface. On surface, however, the influence
of weathering is considerably more distinct. As it is in general not possible to determine which weathering process
caused the weathering, all processes are included in weathering and are not individually treated in the classification
systems. The different processes causing weathering are discussed in ch. A.2.4. The degree of rock mass
weathering is classified following the British Standard (BS 5930, 1981, Table A 20, appendix V).

For engineering applications in a rock

mass it is very impo t to deter- percentage adjustment for a rock mass

° Rt expected weathered from fresh

mine whether any significant future

weathering of the rock mass can be degree of 33‘;’ af;‘e' Bf;ef af;ef aﬁ:"
) : : weathering >
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processes, the variation in local cir-
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Whlf:h tests have to be executed " Note: The adjustment is appiled to the rating for the stability of the underground
Available tests describe the resistance  gxcavation of Laubscher's rock mass classification to predict the future stability. The
of rock materials to erosive or clima- degrees of rock mass weathering foliow BS 5330 (1981).

tological influence or to a particular Table 7. Adjustment values for susceptibility to weathering for classification of
use as construction material (Fookes stability of underground excavations in mining (after Laubscher, 1990).

et al., 1988, Selby, 1982). Mostly

these tests are done on relatively small samples not representative of a rock mass. Susceptibility to weathering has
been correlated with rock used as building material in existing engineering structures, e. g. buildings, gravestones,
etc.. Tests for establishing susceptibility to weathering of discontinuities in a rock mass are not available for the
same reasons. Generally, it is assumed that an increase in the degree of weathering causes a decrease of the shear
strength along the discontinuities.

Attempts have been made to quantify the influence of susceptibility to weathering on the stability of underground
excavations (Laubscher, 1990, Table 7). The percentages given in Table 7 are multiplied with the rock mass rating
calculated following Laubscher, e.g. the rock mass rating is reduced by about 50 % if a rock mass is expected
to weather from fresh to completely weathered within a half year. It should be noted that conditions in
underground excavations are considerably different and, in general, with less variation than the conditions which
influence weathering at surface.

34 36 38

Conclusions

In the 'initial point rating’ stability classification system for slopes (ch. C.4) susceptibility is incorporated in a way
similar to that by Laubscher (1990). Susceptibility to weathering is defined as the time necessary to weather a rock
mass one degree down in the British Standard definition for rock mass weathering (BS 5930, 1981) (appendix V,
Table A 20). A maximum time span of 50 years has been taken as this is about the maximum design lifetime for
engineering works. The class denoted with ' > 50 year' means that within the life span of the engineering structure

@ The weighting factors used in the slope stability classification system, both the weighting factors in the 'initial point rating’

system (ch. C.4) as in the SSPC system (section D), are optimized by referencing against existing slopes that have been subject to
one or more of the mechanisms causing weathering. Therefore the weighting factors include the influence of existing weathering of
the rock mass and a separate parameter for the degree of weathering is not necessary in the classification systems. The degree of
weathering as a parameter for correction for the influence of past and future weathering is discussed under exposure and slope-specific
parameters (ch. C.3.5.1).

@ A possible means to establish susceptibility to weathering is to determine the slake durability (ISRM, 1981a). This test is,
however, only a crude simulation of some of the processes involved in weathering.
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no significant weathering is expected. In the SSPC system (section D) susceptibility to weathering is incorporated
by establishing the expected degree of weathering at the end of the engineering lifetime of the slope (ch. D.1.6).

The amount of time is established by comparing exposures with a known time of existence within the same
geotechnical unit.




62 C.3 Paramerters in rock slope stability
C.3.3 Shear strength along a discontinuity

The orientation of discontinuities in combination with the shear strength along discontinuities determines the
possibility of movement along discontinuities. The influence of discontinuities on various engineering and mining
structures and on slope stability is extensively described in the literature (Barton et al., 1990a, Goodman, 1989,
Hoek et al., 1980, 1981, etc.). In the literature review (section B) is shown that virtually all rock mass
classification systems do include parameters that describe the shear strength along discontinuities in a rock mass.
A new-to-develop slope classification system should thus also include one or more parameters describing the shear
strength of discontinuities. Considerable differences exist in the methodologies used to incorporate shear strength
of discontinuities in the existing classification systems. A basic problem is that shear strength along discontinuities
is not fully understood. Some deterministic and empirical models do exist to calculate shear strength from
discontinuity characteristics (form of discontinuity, type of infill material, etc.), however, most of these methods
are not without criticism and do not always work in all circumstances. The literature describing shear strength of
discontinuities is extensive and often contradictory. The discussion in this chapter covers only those aspects
necessary to illustrate the problems involved in defining a relation for shear strength along discontinuities in a
slope stability classification system. The emphasis is therefore on parameters that can be determined in the field
without extensive testing.

The shear strength of a discontinuity is influenced by a number of discontinuity parameters. The discussion of the
different parameters leads to a preliminary description of discontinuity parameters determining the shear strength
of a discontinuity for implementation in a classification system. This was used in the 'initial point rating' system
(ch. C.4) and further developed and adjusted for the SSPC system (section D).

C.3.3.1 Persistence

Persistence® determines the possibilities of relative movement along a discontinuity. Discontinuities are usually
differentiated in:®" 1) persistent discontinuities; the discontinuity is a continuous plane in the geotechnical unit,
2) abutting discontinuities; the discontinuities abut against other discontinuities, or 3) non-persistent discontinuities;
the discontinuities end in intact rock (ISRM, 1978b, 1981a). This definition does not consider differences in
persistence in different directions. It is assumed that the discontinuity is persistent in any direction for the same
length. This is not necessarily true. A discontinuity might be persistent in dip direction but not persistent
perpendicular to the dip direction or vice versa (ISRM, 1978b, 1981a). The literature review showed that different
classification systems treat persistence in different ways. Some systems (Barton et al., 1974, 1976a, 1988) treat
persistence combined with roughness of the discontinuity walls while Selby (1980, 1982) combines persistence with
the classification of infill material. In his classification Laubscher (1990) includes only those discontinuities which
are larger than visible, thus those extending for a length larger than the exposure or tunnel, or those abutting
against another discontinuity. Further quantitative descriptions of persistence are few and probably not fully
satisfactory (Bandis, 1990).

The differences in the methodology to incorporate persistence in a classification system were the reason to try to
define a new implementation of persistence in the new slope classification system. In the 'initial point rating'
system (ch. C.4) the persistence is related to the height of the slope. A non-persistent discontinuity can only move
along the discontinuity if the intact rock pieces are broken through. This is dependent on the level of the shear
stresses along the discontinuity and hence related to the height of the slope®?.

@9 Persistence is treated as a discontinuity property in many of the existing classification systems and often also in the literature

(e.g. Barton, 1974, 1976a, 1988, Selby, 1980, 1982, ch. B.3.4.4).

BY  See also glossary, page 241.

“»  The number of non-persistent discontinuities in the rock masses that were used for the design of the new classification
system were, however, few and this methodology to incorporate persistence could not be tested. Therefore in the SSPC system
(section D) this approach is abandoned and the persistence is incorporated in the characterization of the condition of a discontinuity.
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C.3.3.2 Discontinuity roughness

The contribution of discontinuity roughness to the shear strength of a discontinuity can directly be measured with,
for example, a shearbox test (ch. C.3.3.8), but only for relatively small surfaces. In theory the contribution of
roughness to the shear strength of a large surface can be determined from other easily determined discontinuity
parameters, such as the friction of the material () and the measurement of roughness profiles (Patton, 1966).
This is, however, too simple for natural irregular discontinuity surfaces. More complicated theories about
roughness profiles, methods to characterize roughness profiles and relations between roughness profiles and shear
strength can be found in the literature (Bandis et al., 1981, Barton et al., 1977, Fecker et al., 1971, Grima, 1994,
Hsein et al., 1993, ISRM, 1981a, Rengers, 1970, 1971, etc.). However, many of these relations between
roughness and shear strength are hampered by scale effects (Cunha, 1990, 1993) or do not consider all
discontinuity properties that are important. In fact the determination of the contribution of roughness to the shear
strength is so complicated that exact methods for large planes can probably not exist other than by full scale shear
tests. Variation of roughness properties throughout a rock mass and the impossibility to establish the roughness
properties for discontinuity surfaces that are not exposed, complicate the matter even further. Obtaining the
properties in the required detail to make it worthwhile to apply a sophisticated methodology, is therefore mostly
impossible or impractical. The conclusion is that a relatively simple method to describe the roughness that has a
relation with the shear strength, based on as many as possible simple assessments of outcropping discontinuities,
is the only feasible method in a classification system.

C.3.3.2.1 Roughness parameters important in slope stability

The importance of the roughness of a-discontinuity partly depends upon the -stress configuration on the
discontinuity plane in relation with the strength and deformation characteristics of the discontinuity wall material
and asperities. To clearly understand the mechanisms involved, the three following theoretical situations are
distinguished. These situations apply to a discontinuity without infill (discontinuities with infill are discussed in
ch. C.3.3.4).

1 Overriding of asperities - the rock blocks on both sides of the discontinuity are not confined®® and no
shearing through asperities occurs.

2 Deformation of asperities - the rock blocks on both sides of the discontinuity are confined® and no
shearing through asperities occurs.

3 Shearing through asperities - the rock blocks on both sides of the discontinuity can be confined® or not

be confined, but shearing through asperities occurs.

1) Overriding of asperities

For a plane sliding situation the normal stress (= the weight of the block under gravity) on the shear plane is
constant in time (influences that can change the stress, such as snow, water, etc. are not considered for this
theoretical situation). If is assumed that no asperities can be sheared off, because, for example, the strength is too
high, the asperities have to be overridden for movement along the discontinuity to be possible. Then the most
important roughness parameters are the friction of the discontinuity wall material (¢,,,) and the maximum
roughness angle (i) from the datum reference plane (Fig. 24 left). The deformation characteristics of the rock
material adjacent to the discontinuity and the geometry of the asperities at other locations along the shear plane
are of no or minor importance. If ¢,,, + i, is equal to or larger than 90° movement becomes impossibie.

2) Deformation of asperities

If a discontinuity is confined and no shearing through asperities can occur, then the angle of the roughness is less
important but the geometry (in particular the maximum height) of the asperities, the amount of asperities and the
deformation characteristics will mainly determine the shear strength (Fig. 24 right, deformation is hatched).

G Formulated in the 'bi-linear shear criterion', see glossary, page 241.

G%  Confined denotes here that the rock blocks on both sides of the discontinuity are not free to move in the direction

perpendicular to the discontinuity.
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3) Shearing through
asperities

If shearing through asperities
can take place then all parame-
ters are of importance, e.g.
the strength of the asperity
material, the geometry and the
deformation  characteristics
(Fig. 25). Not only all para-
meters are of importance but
also all variations of these
parameters everywhere along
the plane where contact
between the walls will occur
during displacement.

A complicating factor is that a
piece of intact rock will often
break under stress. Where and

when a block of rock breaks is virtually impossible to establish
by analytical calculations and highly complicated in a numerical

analysis (Baardman, 1993).

Situation 3) is the common situation and nearly all shear
displacement along discontinuities is governed by a combination
of overriding of asperities, deformation of asperities and
shearing through asperities. In slopes, however, the stresses
perpendicular to the discontinuities are normally low which
reduce the importance of shearing through asperities and the

deformation of asperities.

A

p

Fig. 24. Influence of roughness on displacement without shearing through asperities (left
figure: unconfined; right figure: confined).

Fig. 25. Displacement of block (shearing through
asperities and deformation).

C.3.3.2.2 Measuring roughness

Measuring a roughness profile on an exposed plane is theoretically simple. All that is necessary is to measure the
height of the surface above and below a certain datum plane at regular intervals. There are, however, practical
problems with regard to the datum plane, the measuring interval and the three-dimensionality of roughness.

Datum plane

Fig. 26 (left) shows a single
block on a slope with the
datum plane for this particular
block. The datum plane is
established by a least squares
regression analysis of the
profile. The roughness profile
can be determined by sampling
at a regular interval, measur-
ing the distance below and
above the datum plane.
Fig. 26 (right) shows the same
block but the block contains a
(vertical) not-cemented mech-

Fig. 26. Roughness datum plane for single block (left) and same block intersected by vertical
discontinuity (right).

anical discontinuity across which no tensile stresses can be transmitted. Thus block B can move while block C
remains stable, then datum planes have to be established for both blocks and do not have the same orientation.
In a discontinuous rock mass each independent block of rock material has therefore its own datum plane.
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Measuring interval

The friction along the discontinuity plane is determined by the roughness of the discontinuity surfaces together with
the friction properties of the material. 'Roughness’ may range from the scale of atoms (e.g. irregularities in crystal
structures) up to large scale roughness of the order of metres. A uniform measuring interval is therefore not
practical and roughness measurements have to be confined to certain ranges. The measured roughness (i-angles)
depends, however, on the measuring interval and consequently also the shear strength calculated from this
roughness®.

Three or two dimensions

Most empirical shear strength relations or roughness
profiles (e.g. Barton et al., 1977, ISRM, 1978b, 1981a,
Laubscher, 1990, etc.) that include discontinuity rough-
ness are based on two-dimensionality whereas the reality
is three-dimensional. Discontinuity surfaces can be highly
irregular in three dimensions. Fig. 27 shows a series of
parallel roughness profiles measured with a laser rough-
ness meter on one discontinuity plane (Baardman, 1993).
It is clear that the profiles are considerably different and
that a shear strength calculation based on one profile will
be different from those calculated on the other profiles. A
complicating factor is that during displacement the contact -
points between two irregular surfaces can be anywhere. 0 10 ® e 40 50 80
For these reasons measurement of roughness should be

. . ” Fig. 27. Parallel roughness profiles of one discontinuity piane.
cllg’;e in three-dimensions (Fecker et al., 1971, Rengers, spacing between profiles » 1.5 cm (afier Baardman, 1993).
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The problems with defining datum planes, measuring interval and the three-dimensionality of irregular surfaces
make that measuring of roughness is highly complicated. Therefore it is not practical to include the measuring of
roughness in a classification system.

C.33.23 Estimating roughness and roughness profiles

The foregoing chapters show that a simple theory of shear strength based on material friction and measured
roughness angles is not satisfactory for natural discontinuities. The theory does not consider all parameters (e.g.
deformation, etc.) and measuring of roughness of a natural discontinuity plane is not realistic on a large scale.
Estimating the contributions of roughness to the shear strength of a discontinuity is an alternative approach. This
is easiest done if it is divided in ranges. A simple practical division can be established by the naked eye to give
(Fig. 28): 1) roughness which cannot be seen and 2) visible roughness which can be estimated by visual
comparison with standard roughness profiles®®. A large advantage of this method is that it does not need an
extensively exposed discontinuity plane. It is often enough to see traces of the discontinuity in different directions.
An example of this approach are the standard roughness profiles and the empirical relation that relates the profiles
to shear strength values that have been developed by Barton et al. (1977). Barton introduced the JRC standard
roughness profiles as a means to be able to describe roughness profiles, which are also related to shear strength:

(% Fractal representation of roughness is proposed as a solution for this problem (Carr, 1989, Lee et al., 1990, etc.). Research

showed, however, that the results published may be accidental. Fractal representation is therefore not suitable without further research
and a proper definition of the used methodology (Den Cuter et al., 1995).

©9  Visible roughness is that which can actually be seen. Light refiection characteristics (lustre) partly depend on roughness
but on a far smaller scale, and are not included in visible roughness. Measuring of roughness can be done by means of a laser-profile
meter, by photogrammetry or, for larger scale roughness with rulers, theodolites, etc.. The range for visible roughness is normaily
limited to 2 maximum. For the SSPC classification system the maximum is | m (section D, Fig. 69). Roughness on a larger scale
than the maximum, for example, large waviness in bedded rocks, implies a change in dip and hence a new geotechnical unit.
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Tpeq = Peak shear strength [12]
o', = effective normal stress on discontinuity plane
JCS = discontinuity wall compression strength
JRC = discontinuity roughness coefficient
@, = residual friction angle
A problem with the JRC roughness profiles is that they do not include stepped surfaces and require measurement
of the residual friction angle. Also, in the author's experience it is often very difficult to establish the proper JRC
number visually.
Laubscher (1990) developed a thorough set of descriptive terms for roughness of discontinuities with factors rating
the influence on the stability of underground excavations. The descriptions used by Laubscher are partly based
on the profiles published by ISRM (1978b, 1981a). The roughness is divided in roughness that cannot be seen,
but can be felt by using fingers (tactile roughness), and roughness that can be seen, which is described visually
at different scales. This set of descriptions is used in Laubscher's classification system for underground excavations
(ch. B.2.3.3). Drawbacks are that dimensions for the roughness profiles are not given, the profiles are partly
ambiguous, representative profiles for large scale roughness have not been published, and in particular the
combination of tactile roughness and small scale roughness is not clearly defined.

C3.3.2.4 Stepped roughness planes

Stepped roughness planes are planes on which asperities with sides occur for which applies that ¢ + i~angle >
90°. These asperities are normally denoted as steps on the discontinuity plane, although the i-angle does not have
to be 90°. If a step is present perpendicular to the direction of sliding then either the step has to be sheared off
before the block can slide or so much dilatancy deformation has to be possible that the block can slide over the
asperity. Steps on surfaces often prohibit sliding (appendix II). None of the empirical relations take this into
account. The standard profiles by ISRM (1978b, 1981a) and Laubscher (1990) do, however, include stepped planes
(Fig. 69, page 142, and Fig. 70, page 143).

C.3.3.2.5 Anisotropic roughness

Roughness of a surface can be anisotropic (e.g. ripple marks, striation, etc.), and thus the shear strength will be
direction dependent. Theoretically the roughness should therefore be measured in different directions. The number
of different directions that should be measured depends on the type of the roughness. For example, it is sufficient
to measure the roughness in one direction only for a regular striation; perpendicular to the striation the contribution
to the shear strength of the roughness due to the striation is maximum while parallel to the striation no influence
of the striation is present. For less regular surfaces the number of directions in which the roughness has to be
measured increases, but roughness in all directions will be again about equal for a fully irregular surface and one
measurement will be sufficient. Alternatively the roughness can be measured only in the direction in which shear
displacement over the discontinuity is expected (this direction will often be known in slope instabilities).

In practice it will mostly be sufficient to determine the roughness in one direction or in two perpendicular
directions only; parallel and perpendicular to the maximum roughness. The accuracy of roughness determination
and subsequent translation into friction angles is, in general, not high enough to justify the determination of
roughness in more than two directions.

C.3.3.2.6 Discontinuity history

The history and origin of a discontinuity have an influence on the shearing characteristics of the discontinuity. If

movement along a discontinuity has taken place in the past then two situations are possible:

1 Due to the movement asperities have sheared off completely and the roughness of the discontinuity is nil.
The roughness of the discontinuity is determined as found and thus the history is included in the
assessment of the roughness.
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2 The movement happened without shearing off the asperities or the asperities are only partially sheared off.
The resulting discontinuity has then a non-fitting roughness profile and the dilatancy necessary to allow
further displacement is lower (Rengers, 1971). In this situation testing might help to guess an accurate
value of the shear strength or an estimate can be made by which amount the necessary dilatancy (or i-
angle) is reduced due to the displacement. For example, the shear strength of a discontinuity that is not
fitting at all, is governed by the material friction only.

C.3.3.2.7 Conclusions

A summary of the different ranges 14
for roughness with wavelengths and :
amplitudes for regular forms of
roughness is shown in Fig. 28. The
boundary lines are dashed as these
are not exact. The wavelengths and
amplitudes for the roughness profiles
are an indication only. The figure is
an attempt to combine normally
occurring different types, scales, and
measuring methods of roughness and
is not expected to cover all forms of
roughness®”.
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In this research, a new empirical
relation between tactile and visible
roughness based on the ISRM
(1978b, 1981a) profiles, and the
friction along a discontinuity plane
resulting from roughness, is devel-
oped because of the problems with  0.0001 . .
existing shear strength theory and 0.0001 ¢.001 0.01 0.1 1
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rqughness as described above. For For smail amplitudes and wavelengths the roughness is of a triangular/sawtooth form
this purpose the roughness profiles of wheremim larger amplitudes ;‘r‘tg ev;uv%e:gms roughness chanvgi:s to & more
ISRM (and Laubscher) have been sinusoidal form. Lustre is not in in the boundary non-visibie to visibie
. . The
modified. Tactile roughness is to be roughness boundaries in the graph are dashed as these are not exact.

distinguished by feeling with fingers Fig. 28. Interpretation of regular forms of roughness as function of scale and angle.

and described in three classes: rough,

smooth and polished. The small scale roughness determined on an area of 20 x 20 cm® of the discontinuity surface,
should be visible and is described in three classes: stepped, undulating and planar. Representative example profiles
including scales are provided in Fig. 70°® (page 143). The vertical scale of these profiles is based on the
minimum step height required to prohibit crushing effects in steps (ch. C.3.2.1). The large scale roughness
determined on an area larger than 20 x 20 cm’ but smaller than 1 x 1 m?, is described in five classes: wavy,
slightly wavy, curved, slightly curved and straight. For large scale roughness examples of profiles with scales and
i-angles® are presented in Fig. 69 (page 142). The roughness profiles are included in Fig. 28. Values for
each roughness description that rate the influence on slope stability, have been copied from Laubscher for the
'initial point rating' system. In the SSPC system (section D) the values have been adjusted based on the data
obtained in this research.

G0 For example, stylolites in limestones or very coarse grained rocks (e.g. porphyritic granites) could plot in the region which

is indicated as 'do not normally exist’.

38 Changes between roughness profiles for the 'initial point rating' and SSPC system are only minor. Therefore the profiles

are not repeated in this chapter.

@9 The i-angles were not included in the 'initial point rating' system but have been derived from data gathered during the

fieldwork for this research (Fig. A 98, ch. D.1.2.1).
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If the roughness is direction-dependent the roughness should be assessed in two perpendicular directions. If
movement along a discontinuity has taken place in the past then the influence of this movement on the shear
strength along the discontinuity should be quantified by estimating the remaining i-angle or the discontinuity has
to be tested.

C.3.3.3 Alteration of a discontinuity wall

The discontinuity wall is the rock material directly adjacent to the discontinuity. It is the material which, if in
contact, will determine the shear strength along the discontinuity. Determining the shear strength characteristics
of discontinuities requires that the joint wall condition or joint wall strength should be established. Various authors
have commented on the influence of the strength of the discontinuity wall on shear strength (Bandis, 1990, Barton
et al., 1973a, 1973b, 1976b, 1977, 1985, Laubscher, 1990, Fishman, 1990, Rengers, 1970, 1971, Rode et al.,
1990). Often the 'quality’ (strength) of the discontinuity wall is lower than the intact rock strength (also ch.
C.3.2.1). The decrease in strength may have been caused by weathering features, brought about by chemically
charged water percolating through discontinuities that reacted with the wall, etc.. The thickness of the layer having
a lower strength may range from microscopic thickness up to many centimetres or more. In shearbox tests the
discontinuity wall strength is incorporated in the results, however, shearbox tests can only be done on samples of
limited size. Strength and thickness of the joint wall must be known to understand the shear strength test results.
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Fig. 29. Equotip rebound values on weathered discontinuity Fig. 30. UCS vs Equotip (after Verwaal et al., 1993).

walls progressively ground down to fresh rock (after Hack
et al., 1993a).

Rebound tests are a method which may be suitable to assess discontinuity wall strength. The best-known rebound
test is the Schmidt hammer“” (ISRM, 1978a, 1981a, Rode et al., 1990, Stimpson, 1965). Other rebound
measurements are based on a hammer, ball or piston which drops from a certain height on to the surface to be
measured (Equotip, 1977, Hack et al., 1993a, ISRM, 1978a, 1981a, Pool, 1981, Price et al., 1978, Stimpson,
1965, Verwaal et al., 1993). The rebound of the piston, hammer or ball after hitting the surface is dependent on
the elastic parameters of the tested material and on the strength of the material at the surface of the discontinuity.
This latter effect is caused by the crushing of surface asperities and surface material, which dissipates energy.
Most of the rebound tests reported in the literature are not developed to measure the discontinuity wall strength
but to measure the intact rock strength.

The standard form of the Schmidt hammer releases so much energy over such a large area that in most rocks a
layer of up to centimetres depth influences the measurement. The ball rebound device (Pool, 1981, Price et al.,
1978) and the Equotip device (Equotip, 1977, Hack et al., 1993a, Verwaal et al., 1993) release considerably less

“D  Different designs of Schmidt hammers for different impact energies exist. 'L' and 'N' design are most commonly used in
the field.
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energy and may therefore be better methods of establishing discontinuity wall parameters. Fig. 29 shows that the
depth of the material influencing the Equotip measurement is maximum about 5 mm and Fig. 30 shows the
correlation between Equotip rebound and unconfined compressive strength (UCS). This correlation suffers,
however, from scale effects, the Equotip testing a much smaller volume of rock than the UCS. Thus exact
correlation is unlikely to be achieved. In the development of the new classification system the quality of the
discontinuity wall has been established by using the Equotip measuring device. The Equotip was used to determine
whether the discontinuity wall had a lower, equal or higher strength than the intact rock strength. The values rating
the influence of the alteration of the discontinuity wall on slope stability have been copied from Laubscher (1990)
for the 'initial point rating’ system (ch. C.4). For the SSPC system (section D) the parameter was found not to
be necessary and the parameter is not used in the SSPC system.

C3.34 Discontinuity infill material

The importance of discontinuity infill was recognized in nearly all rock geotechnical disciplines and many different
description systems for discontinuity infill have been proposed, often as part of a rock mass classification system
(ch. B) (Barton et al., 1974, 1980, Bieniawski, 1973, 1976, 1989, Holtz et al., 1961, Lama, 1978, Laubscher,
1990, Tulinov et al., 1971, eic.). The type of infill material and whether the walls of the discontinuity will be in
contact or not during shearing, have a very strong influence on the shear strength characteristics. Types of infill
materials may considered to be either cemented, non-softening or softening under influence of water, deformation
or shear displacement. The material itself is reported to be generally of minor influence (Barton et al., 1974, 1980,
Tulinov et al., 1971). Testing the shear strength of discontinuities that include infill material is very difficult.
Proposals for testing discontinuities with disturbed infill material have been made by Goodman (1989), but only
in-situ tests are a reliable means to test shear strength of undisturbed filled discontinuities. In most situations
estimating the shear strength is therefore the only option. Because the infill<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>