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1. DEFINITIONS

Rock mechanics is the branch of geotechnical engineering concerned with the engineering
mechanics and the properties of rocks. In general, civil engineers deal with two types of earth
materials: soils and rocks. Geotechnology is a term used in the literature to describe both the science
and engineering of soil deposits, rock masses, and the fluids they contain.

Soils are aggregates of mineral grains that can be separated by slight mechanical means such as
agitation in water. On the other hand, rocks are aggregates of mineral grains that are connected by
strong and permanent forces.

In general, soils are the end-products of the mechanical or chemical weathering of rocks. The zone
where the rock is weathered, also called the "weathered zone", can be a few feet thick in arid areas
and several hundred feet thick in tropical (hot and humid) areas. A rock that is not weathered is
called "fresh” (weathering grade I), whereas a fully weathered rock is called a soil (weathering grade
VI1). Obviously, there is a wide range of materials in nature that fit in between those two extremes.
Some of them have properties that are more rock dominant whereas others have properties that are
more soil dominant. These materials are sometimes called rock-like soils or soil-like rocks. As civil
engineers, we need to know the vertical and lateral extent of the weathering zone, the different
grades of weathering, and the depth to the fresh unweathered rock.

A clear understanding of the difference between a soil and a rock is necessary as far as engineering
contracts are concerned. Indeed, a misunderstanding might lead to costly legal disputes. Very often
among geotechnical engineers, a soil refers to a material that can be excavated without blasting (with
a mechanical ripper for instance), whereas a rock is a material for which blasting is required for
excavation. From a behavioral point of view, we should also keep in mind that the engineering
properties (deformability, strength, permeability, etc..) of a rock mass do change as it weathers.

You should be aware that the engineering definitions of soils and rocks are not universal and are not
always accepted by geologists. For a geologist, the term "rock™ means all the material found in the
Earth's crust regardless of the degree of bonding between the mineral grains, whereas the term "soil"
is reserved for the upper part of the ground surface that is supporting the vegetation. These
definitions have also been adopted by peodologists and agronomists that are only concerned with
the upper layers of soils bearing forest and agriculture.

The communication problem between geologists and engineers exists also with regard to rock
classification. In general, geologists classify rocks into three major groups: igneous, sedimentary,
and metamorphic. Rocks are classified from a genetic point of view, i.e. how they were formed.
Each rock group is further divided into sub-groups based on the grain size, the rock texture, etc.. On
the other hand, engineers are more interested in how rocks behave in practice. They classify rocks
based on their performance in various engineering applications such as drilling, blasting, tunneling,
rock/dam interaction, etc..
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In rock mechanics and rock engineering, you should also be aware that there is a clear distinction
between "rock" and "rock mass". The term "rock” refers to the intact material, whereas "rock mass"
is used to describe the material in situ which can be seen as an "assemblage" of blocks of intact rock
material separated by discontinuities, fractures, etc... Laboratory tests are usually done on core
samples of intact rock and are therefore of limited value. On the other hand, field tests are conducted
in boreholes, galleries, etc.. and involve a volume of the rock mass. The response of a rock mass to
a test depends on both the intact rock and the discontinuities. In practice, the results of both
laboratory and field tests are integrated into rock engineering design where the main objective is to
understand the interaction of a rock mass with an engineering structure.

2. FIELDS OF APPLICATION OF ROCK MECHANICS

Rocks can be used in themselves as raw sources for construction materials (aggregates, construction
stones, decorative stones, etc..). Also, many engineering activities involve rocks either as
construction or foundation material. These include:

« Design of foundations for buildings, bridges, dams, towers, etc...

» Design of rock slopes and surface excavations for canals, highways, railways, spillways,
pipelines, penstocks, dam abutments, open pit mines, quarries, etc..

» Design of underground excavations such as tunnels, mines and other underground chambers,

« Design of structures associated with energy development such as underground nuclear
plants, repositories for storage of nuclear and chemical wastes, LNG and oil.

Although the methodology may differ from one activity to the other, all these activities have three
basic similarities. First, they all require an evaluation of the site geology, i.e. rock types, extent of
each rock unit, extent and type of weathering, etc... This is usually done by conducting detailed site
exploration and investigation using surface mapping, boreholes, trenches, or geophysical survey.
Site exploration and investigation is usually conducted in several steps (preliminary, advanced,
etc..). Second, all the aforementioned activities require an assessment of the engineering properties
(strength, deformability, permeability, etc..) of the rocks involved in the projects. This is done by
testing samples of intact rock in the laboratory and by conducting field tests. Finally, engineers need
to take into account possible geologic hazards and their impact on existing and future structures. In
general, geological hazards can be divided into hazards from geological materials (reactive minerals,
asbestos, gas hazards), and hazards from geological processes (volcanoes, earthquakes, landslides
and avalanches, subsidence, floods, coastal erosion).

3. OBJECTIVES OF ROCK MECHANICS

For most engineering projects involving rocks, the objectives of rock mechanics are essentially of
three fold:
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(i) Determine the properties of the rock and the rock mass associated with the project of interest.
These properties may be physical, mechanical, hydraulic or thermal. Not all properties need to be
determined but only those that are deemed necessary. In addition to these properties, the in situ
stress field needs to be measured as well. The intact rock and rock mass properties are usually
determined in the laboratory and in the field, respectively.

(i) Model and predict the behavior of the rock mass when subjected to the new loads associated with
the engineering structure to be built.

(iii) Finally, once the engineering structure is built and upon its completion, the third objective is
to observe and monitor its response and behavior with adequate instrumentation.

4. HISTORICAL DEVELOPMENT OF ROCK MECHANICS

Compared to the field of soil mechanics, the development of rock mechanics has been much slower.
The need for understanding the behavior of rocks has been recognized by geologists and mining
engineers at the turn of the 20th century. Several attempts to characterize and model the behavior
of rock masses have been carried out by engineers involved in the construction of tunnels in the Alps
at the beginning of this century. One has to wait until 1957 for rock mechanics to become a separate
discipline with the first treatise written by Talobre.

Unfortunately, two major disasters have contributed to the advancement of rock mechanics and have
forced the engineering profession to better understand the behavior of rock masses. One of these
disasters took place in France. On December 02, 1959, the Malpasset dam burst due to an instability
of its left abutment killing 421 people. Another disaster took place a few years later in Italy; on
October 09,1963, a major rock slide caused the Vaiont disaster killing 2600 people.

The two previous disasters triggered the creation of the International Society for Rock Mechanics
(ISRM) which organized its first congress in Madrid in 1966. Since then, other ISRM sponsored
international congresses have taken place in Belgrade (1971), Denver (1974), Montreux (1979),
Melbourne (1983), Montreal (1987), Aachen (1991) and Tokyo (1995).

Over the past 30 years, the number of engineering projects involving rock either as construction or
foundation material has increased drastically. These engineering activities have strongly enhanced
the need for a better understanding of rock behavior. As a result, a large body of literature is now
available on the subjects of rock mechanics and rock engineering.

Modern rock mechanics is an interdisciplinary field. Indeed, in order to solve rock mechanics
problems, information from other fields are needed. These include: engineering geology, geology,
mechanics, hydraulics, mathematics, physics, chemistry, and soil mechanics, among others.
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5. ROCK AS AN ENGINEERING MATERIAL

Despite its analytical aspect, rock mechanics still remains an art since the rock mechanics engineer
is faced with an engineering material of uttermost complexity for which engineering judgment and
experience are required. In general, rock and rock mass properties cannot be assigned to a design
calculation with the same degree of certainty as for other types of engineering materials such as
concrete or steel for three reasons.

First, information obtained from the testing of rock specimens or from field observations through
outcrops, trenches, boreholes, geophysics (surface and down hole), and excavations are not
sufficient to provide a complete picture of the rock mass of interest. Uncertainties are inherent when
dealing with rock masses; uncertainties in the material itself, uncertainties in data collection and
testing and uncertainties in model prediction.

Second, rock is a very complex material that can be:

« Discontinuous with micro-discontinuities (pores, microcracks) and macro-discontinuities
(joints, shears, faults) (Table 1);

» Anisotropic if its properties vary with directions as for sedimentary rocks, foliated metamorphic
rocks and regularly jointed rocks;

« Heterogeneous if its properties vary from point to point as in multilayered rock masses.

Note that rocks and especially rock masses can rarely be described as isotropic, homogeneous
continua. Thus, continuum mechanics is of limited value when modeling rocks. In addition, rock
properties can be time-dependent and scale-dependent (Figure 1). The scale dependency implies that
when modeling a rock mass, we need to take into account the relative scale of the structure of
interest with respect to the scale of the major rock mass features. The scale dependency is in both
time and space. By scaling we are concerned not only with the scaling of rock mass properties but
also the scaling of the mechanisms involved in rock mass behavior.

Third, to complicate things even more, geological processes are coupled in a strong non-linear
fashion. The processes can be mechanical, hydrological, thermal, chemical, and/or biological.

With the previous characteristics in mind, it is unlikely that rock mechanics will ever be successful
in producing a fully coupled deterministic model of rock masses. An exact prediction of rock mass
behavior is not possible. Because of the complex nature of rock as an engineering material, the
design methods in rock engineering can vary depending on the geologic environment, the rock type,
the type of engineering structure, the design loads that have to be considered, and the end uses for
which the engineering structure is intended. This is discussed more extensively in a paper by Hoek
(1991). Tables 2-5 were extracted from that paper.
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GROUP TYPICAL DISCONTINUITIES TYPICAL SCALE
/ J \ 4
Microfissures 0.2 \‘ “
Rock Type
Defects
Bedding Plane Partings .
Foliation Partings 2
Joints 20
) Minor Shears
.Detcll‘ed. Minor Seams
Discontinuity
Pattern Sheoars
Seams 200
Mojor. Shears or 2000’
Gross Crushing Zones
Discontinuity
Pattern /
‘| Regional Fault Zones 20,000 /
Induced Buckling or Spalling . .
Fractures Fractures 02-20

Table 1. Classification of discontinuities according to scale (after Brekke and Howard, 1973).
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Figure 1. Effect of scale on the type of rock mass behavior model which should be used in designing
underground excavations and slopes (after Hoek, 1983).

6. ROCK AND ROCK MASS CLASSIFICATIONS

In general, rock mass classifications can be divided into two categories: geological and engineering.
6.1 Geological Classifications

Geologists classify rocks according to how they are formed. The geological classification is
therefore a genetic one. Rocks are usually separated into three groups:

» Sedimentary rocks: rocks formed by the accumulation, compaction and cementation of
pieces of other rocks and possible organic debris;

» Igneous rocks: rocks formed by the solidification of a hot molten rock called magma. They
consist of a complex crystalline assemblage of minerals such as quartz, feldspars, micas,
pyroxenes, amphibole and olivine;

» Metamorphic rocks: rocks that are formed by transformation of existing rocks by the action of
temperature and pressure.
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In each group, subgroups are further defined according to mineral composition and texture. The
latter refers to the shape, size of the rock constituents and how these constituents are assembled
together (clastic, crystalline, porphyric, pegmatitic, etc...).

In general, the name of a rock is not sufficient to narrow down its engineering properties (see for
instance Hatheway and Kiersch, 1989). It is not because we have a limestone or a granite that we
have a strong rock. Information supplied by geologists to engineers may appear at a first glance of
limited value. This is not so in geological engineering where geological data are of prime
importance. The cooperative work between geologists, engineering geologists and engineers can
help engineers in deriving useful engineering conclusions in the early stage of a project. Long term
problems and costly remedial actions can be avoided.

The lithological name of a rock gives a range within which the engineering properties of the intact
rock should fall. This can be useful in the preliminary design stage where test data are not yet
available and preliminary decisions need to be made. Most textbooks in rock mechanics and
engineering geology have tables of compressive strength, Young's modulus, etc.. for various rock
types (Goodman, 1989; U.S. Bureau of Reclamation, 1953).

The lithological name, the age, the texture and the fabric of a rock (i.e the uniformity of the texture
within the rock) can provide qualitative information on its engineering properties. For instance,
rocks with a crystalline texture consists of highly interlocked crystals of silicates, carbonates or
sulfates. They are usually strong, elastic and brittle when unweathered (fresh). Carbonates and
sulfates may show a ductile behavior rather than a brittle behavior at medium to high temperatures
and confining levels. The engineering properties of rocks with clastic textures will depend on the
relative proportion of particles and cement and durability of the cement. For instance, a poorly
cemented sandstone will certainly show a lower strength, higher deformability and weatherability
than a highly cemented one. Foliation and bedding planes result in highly directional (anisotropic)
rock strength and deformability. Finer rock grain size leads to higher fracture strength. Older rocks
that have been buried at larger depths will show more compaction and smaller porosities. Rocks with
fine textures and rich in silica can be expected to be more abrasive and wear drilling bits and
machine cutters.

The petrographic description of the rock may give some information about minerals that could create
some engineering problems such as gypsum, montmorillonite, chert, feldspars, asbestos, etc..

The lithological name may be associated with specific features that could cause engineering
problems such as karsts in limestone formations or columnar jointing in basalt. Clay bearing rocks
are expected to be very sensitive to water and weathering and to be susceptible to slaking and
swelling. The combination of more than one rock can give properties much worse than each rock
alone; a good example would be a sedimentary rock mass consisting of multiple layers.

Finally, field observations can give information about the degree of rock mass fracturing and
weathering. How much rock needs to be excavated to reach the fresh rock? Is rock mass fracturing
going to create block stability problems or seepage problems?
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6.2 Engineering Classifications

Compared to the rock classification used by geologists, the purpose of an engineering classification
of rocks is to group rocks and rock masses with similar engineering properties. There is no such
thing as one universal engineering classification of rocks. For such a classification to exist, it would
have (i) to be simple and meaningful in terminology, (ii) to be based on parameters that can be
measured rapidly and inexpensively, (iii) to be functional for general use in solving the whole
variety of engineering problems related to rock engineering, and (iv) to be exact enough to yield
quantitative data that can readily be applied in engineering design. In general, it is not possible to
find a classification that meets all four requirements. Instead, several engineering classifications of
rocks have been proposed in the literature for more specific rock activities such as tunneling, mining,
slopes, foundations, blasting, drillability, boreability, cuttability, and weatherability. Some of these
classifications involve intact rock only whereas others involve the properties of the rock mass. Table
6 gives a list of major rock mass classifications currently in use.

Name of classification Originator Country of Applications
and date origin
Rock loads Terzaghi, 1946 USA Tunnels with steel support
Stand-up time Lauffer, 1958 - Austria Tunneling
NATM Rabcewicz, Pacher and Austria Tunneling
Miiller, 1964
Rock quality Deere, 1967 USA Core logging, tunneling
designation
RSR concept Wickham et al., 1972 USA Tunneling
RMR system Bieniawski, 1973 South Africa Tunnels, mines,
(Geomechanics slopes, foundations
Classification) (last modified, 1979, USA)

RMR system extensions

Laubscher, 1977
Ghose and Raju, 1981

South Africa
India

Mining
Coal mining

Kendorski et al., 1983 USA Hard rock mining
Serafim and Pereira, 1983 Portugal Foundations
Gonzales de Vallejo, 1983 Spain Tunneling
Unal, 1983 USA Roof bolting/coal
Romana, 1985 Spain Slope stability
Newman, 1985 USA Coal mining
Venkateswarlu, 1986 India Coal mining
Robertson, 1988 Canada Slope stability
Q system Barton et al.,, 1974 Norway Tunnels, chambers
Strength-Size Franklin, 1975 Canada Tunneling

Basic geotechnical
description

International Society for Rock General, communication

Mechanics, 1981

Table 6. Major rock mass classification systems in use (after Bieniawski, 1993).

Rock masses are so complex that very often it is not possible to take under consideration in the
design all possible stability problems related to intact rock, discontinuities, stresses and water. As
an example, Figure 2 shows the decision process in the design of underground excavations in rock
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Preliminary collection and interpretation of geological data
from historical documents, geological maps, air photographs, «
surface mapping and borehole core logs. Consideration of the ’
relationship between the rock mass characteristics and the
geometry and orientation of the proposed excavations.

In hard rock masses with strongly developed
inclined structural features, excavation
stability may be dominated by gravity falls
and sliding along inclined discontinuities.
Rock classification systems inadequate.

When stability is not likely to be dominated
by sliding on structural features, other
factors such as high stress and weathering
become important and can be evaluated by means
of a classification of rock quality.

Use of rock quality index to compare exca-
vation stability and support requirements
with documented evidence from sites with <=

similar geological conditions.

Are stability problems anticipated for
excavations of size and shape under con-
sideration ?

Design of excavations based on
operational considerations

YES I NO

with provision for minimal
[L;— support.
\V4 < Y

-

Instability due to
adverse structural
geology.

Instability due to
excessively high
rock stress.

Instability due to
weathering and/or
swelling rock.

Instability due to
lexcessive groundwater
pressure or flow.

v

Vi

Detailed geological .-
mapping of borehole
core, surface expo-
sures, exploratory

Measurement of in-
situ rock stress in
vicinity of proposed
excavations.

Slake durability
and swelling tests
on rock samples.

instailation of pie-
zometers for deter-
mination of ground-

adits and shafts. <J7

Can stability be
improved by reloca-

Rock strength tests
to determine rock
fracture criterion.

tion and/or reorien-
tation of excava- <}
tions ? . Stress analysis of
d excavation
YES propose
' NO :} layout to check on

extent of potential
rock fracture.

Vi

Design of excava-

r water pressures and
<> distribution.
Consideration of {}
remedial measures

such as pneumatic- Design of drainage
ally applied con- and/or grouting
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Figure 2. Design of underground excavations in rock (after Hoek and Brown, 1980a).
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Due to the complex nature of rock masses, rock engineers sometimes use rock mass classifications
for the design of rock slopes and underground excavations. Classifications can be seen as "black
boxes" that contain a lot of case histories. The conditions anticipated at a proposed site are compared
with experience gained on other completed projects.

In general, rock mass classifications form the backbone of the "empirical design™ approach in rock
engineering and are used quite extensively for the design of rock slopes and underground
excavations in rock. They should not be used as the sole design tool but instead along with other
analytical, numerical, and observational design methods.

Before using rock mass classifications for design it is important that the rock mass be divided into
a number of structural regions, i.e regions where the rock mass has more or less uniform features
suchas rock type, discontinuity network, fabric, etc.. Very often, the boundaries of structural regions
coincide with major geological features such as faults, dykes, shear zones, etc. The empirical design
is then conducted on each structural region.

Major classification systems used for underground excavation design include those of Terzaghi
(1946) (revised by Rose in 1982), Deere et al. (1970), Wickham et al. (1974), Bieniawski (1974),
Barton et al. (1974, 1992), and Barton (1994). The classifications of Bieniawski and Barton are by
far the two empirical methods most commonly used in rock engineering design around the world.
The classification of Bieniawski is briefly discussed below (see also Appendix).

6.3 Classification of Bieniawski

The classification of Bieniawski (also known as the Geomechanics Classification system) consists
of rating the importance of several intact and rock mass properties, separately. Detailed description
of the rock mass is therefore necessary (see Table 1 in Appendix). A Rock Mass Rating coefficient
called RMR is introduced and consists of the sum of six separate ratings as illustrated in Table 2 in
the Appendix. The ratings are as follows:

e Rating R, is related to the intact rock strength;

» Rating R, is related to the Rock Quality Designation (RQD) index which itself depends on the
frequency of the rock mass fractures (see Deere et al., 1988);

» Rating R; is related to the fracture spacing;
» Rating R, refers to the conditions of the joints (roughness, openness, filling and continuity);
» Rating R; is related to the ground water conditions;

» Rating Rq is a negative rating that depends on the orientation of the discontinuities with respect
to the tunnel section of interest.
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The total rating, called RMR, varies between 0 and 100%. For underground excavations, correction
factors can be used to account for blast damage, in situ stress conditions, and major faults and
fractures (see Figure 1 in Appendix). Depending on the final rating, five rock mass classes can be
defined from class | (very good) to class V (very poor). For each class, Table 2 in the Appendix
gives estimates of the cohesive and frictional strength of the rock mass.

Rock mass ratings are available for foundation, slopes and mining applications. Several examples
of application of the RMR rating in practice can be found in Bieniawski (1974, 1975, 1979a,b, 1984,
1993), Einstein et al. (1983), Kaiser et al. (1986), ASTM STP 984 (1988), and Romana (1993).You
should be aware that since RMR was first proposed in 1974, the individual ratings in the
determination of RMR have changed with time as more case histories have been included in the
corresponding "black box". Always use the most current set of rating coefficients.

Of practical importance, empirical equations have been proposed to determine the modulus of
deformation and the strength of rock masses once RMR is calculated. This is discussed more
extensively in Bieniawski (1993). Rock mass deformability and strength are very important
parameters in rock engineering design. They can be determined by conducting field tests (which are
expensive and time-consuming) or empirically by using empirical equations. For instance, the
modulus of deformation E,, (in GPa) of a rock mass is related to RMR as follows

E,; = 2RMR-100 )

if RMR > 50% and

EM 1 O(Rm -10)/40 (2)
if RMR < 50%. The strength of a rock mass can be determined using the failure criterion of Hoek
and Brown (1980b) which relates the major and minor principal stresses at failure as follows

0, = 0,+/m0,0,+50} (3)

where m and s are two parameters that depend on the rock type, the degree of rock mass fracturing,
and the RMR. For intact rock m = m; and s = 1. For fractured rock masses, m and s are related to the
basic (unadjusted) RMR as follows

m=m exp[(RMR -100)/28]

4)
s=exp[(RMR-100)/9]
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for smooth-blasted or machine-bored excavations in rock and

m=m exp[(RMR-100)/14]

%)
s=exp[(RMR-100)/6]

for slopes and blast-damaged excavations in rock. Typical values of m and s for various rock types
and corresponding to various RMR values are listed in Table 7, which is a modified version of that
originally proposed by Hoek and Brown (1980a).

A correlation has been proposed between the RMR and the Q rating proposed by Barton (1974). An
example is shown in Figure 11 in the Appendix where the two ratings are related as follows

RMR = 9InQ+44 @)

Other empirical equations between RMR and Q have been proposed (see for instance Kaiser et al.,
1986 and Bieniawski, 1993).

Finally, as remarked by Bieniawski (1993), "rock mass classifications were never intended as the
ultimate solution to design problems, but only as a means toward this end". Although rock mass
classifications yield conservative design recommendations, they can be powerful aids in rock
engineering as long as the database on which they are developed is good. They should be used along
with other analytical and observational methods. Also, it is suggested to use several rock mass
classifications schemes on a given project. Ultimately, the final design recommendations are left to
the engineer's judgment.
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