
1 Rock as a material

1.1 Introduction Rock mechanics was defined by the Committee on Rock Mechanics of the
Geological Society of America in the following terms: “Rock mechanics is the
theoretical and applied science of the mechanical behavior of rock; it is that
branch of mechanics concerned with the response of rock to the force fields of
its physical environment” ( Judd, 1964). For practical purposes, rock mechanics
is mostly concerned with rock masses on the scale that appears in engineering
and mining work, and so it might be regarded as the study of the properties and
behavior of accessible rock masses due to changes in stresses or other conditions.
Since these rocks may be weathered or fragmented, rock mechanics grades at
one extreme into soil mechanics. On the other hand, at depths at which the
rocks are no longer accessible to mining or drilling, it grades into the mechanical
aspects of structural geology (Pollard and Fletcher, 2005).

Historically, rock mechanics has been very much influenced by these two
subjects. For many years it was associated with soil mechanics at scientific con-
ferences, and there is a similarity between much of the two theories and many
of the problems. On the other hand, the demand from structural geologists for
knowledge of the behavior of rocks under conditions that occur deep in the
Earth’s crust has stimulated much research at high pressures and temperatures,
along with a great deal of study of the experimental deformation of both rocks
and single crystals (Paterson and Wong, 2005).

An important feature of accessible rock masses is that they are broken up
by joints and faults, and that pressurized fluid is frequently present both in
open joints and in the pores of the rock itself. It also frequently happens that,
because of the conditions controlling mining and the siting of structures in civil
engineering, several lithological types may occur in any one investigation. Thus,
from the outset, two distinct problems are always involved: (i) the study of the
orientations and properties of the joints, and (ii) the study of the properties and
fabric of the rock between the joints.

In any practical investigation in rock mechanics, the first stage is a geological
and geophysical investigation to establish the lithologies and boundaries of the
rock types involved. The second stage is to establish, by means of drilling or
investigatory excavations, the detailed pattern of jointing, and to determine the
mechanical and petrological properties of the rocks from samples. The third
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stage, in many cases, is to measure the in situ rock stresses that are present in
the unexcavated rock. With this information, it should be possible to predict the
response of the rock mass to excavation or loading.

This chapter presents a very brief introduction to the different rock types and
the manner in which rock fabric and faulting influences the rock’s engineering
properties. A more thorough discussion of this topic can be found in Goodman
(1993).

1.2 Joints and
faults

Joints are by far the most common type of geological structure. They are defined
as cracks or fractures in rock along which there has been little or no transverse
displacement (Price, 1966). They usually occur in sets that are more or less
parallel and regularly spaced. There are also usually several sets oriented in
different directions, so that the rock mass is broken up into a blocky structure.
This is a main reason for the importance of joints in rock mechanics: they divide
a rock mass into different parts, and sliding can occur along the joint surfaces.
These joints can also provide paths for fluids to flow through the rock mass.

Joints occur on all scales. Joints of the most important set, referred to as major
joints, can usually be traced for tens or hundreds of meters, and are usually more
or less planar and parallel to each other. The sets of joints that intersect major
joints, known as cross joints, are usually of less importance, and are more likely
to be curved and/or irregularly spaced. However, in some cases, the two sets
of joints are of equal importance. The spacing between joints may vary from
centimeters to decameters, although very closely spaced joints may be regarded
as a property of the rock fabric itself.

Joints may be “filled” with various minerals, such as calcite, dolomite, quartz
or clay minerals, or they may be “open,” in which case they may be filled with
fluids under pressure.

Jointing, as described above, is a phenomenon common to all rocks, sedi-
mentary and igneous. A discussion of possible mechanisms by which jointing is
produced is given by Price (1966) and Pollard and Aydin (1988). Joint systems are
affected by lithological nature of the rock, and so the spacing and orientation of
the joints may change with the change of rock type.

Another quite distinct type of jointing is columnar jointing, which is best devel-
oped in basalts and dolerites, but occasionally occurs in granites and some
metamorphic rocks (Tomkeieff, 1940; Spry, 1961). This phenomenon is of
some importance in rock mechanics, as igneous dykes and sheets are frequently
encountered in mining and engineering practice. In rocks that have columnar
jointing, the rock mass is divided into columns that are typically hexagonal, with
side lengths on the order of a few tens of centimeters. The columns are inter-
sected by cross joints that are less regular toward the interior of the body. The
primary cause of columnar jointing appears to be tensile stresses that are cre-
ated by thermal contraction during cooling. At an external surface, the columns
run normal to the surface, and Jaeger (1961) and others have suggested that in
the interior of the rock mass the columns run normal to the isotherms during
cooling. The detailed mechanism of columnar jointing has been discussed by
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Lachenbruch (1961); it has similarities to the cracks that form in soil and mud
during drying, and to some extent to cracking in permafrost.

Faults are fracture surfaces on which a relative displacement has occurred
transverse to the nominal plane of the fracture. They are usually unique struc-
tures, but a large number of them may be merged into a fault zone. They are
usually approximately planar, and so they provide important planes on which
sliding can take place. Joints and faults may have a common origin (de Sitter,
1956), and it is often observed underground that joints become more frequent as
a fault is approached. Faults can be regarded as the equivalent, on a geological
scale, of the laboratory shear fractures described in Chapter 4. The criteria for
fracturing developed in Chapter 4 are applied to faults in §14.2.

From the point of view of rock mechanics, the importance of joints and faults
is that they cause the existence of fairly regularly spaced, approximately plane
surfaces, which separate blocks of “intact” rock that may slide on one another. In
practice, the essential procedure is to measure the orientation of all joint planes
and similar features, either in an exploratory tunnel or in a set of boreholes, and
to plot the directions of their normal vectors on a stereological projection. Some
typical examples are shown in the following figures taken from investigations of
the Snowy Mountain Hydroelectric Authority in Australia.

Figure 1.1 is a stereographic projection plot of the normals to the fracture
planes in the Headrace Channel for the Tumut 3 Project. The thick lines show
the positions of the proposed slope cuts. In this case, 700 normal vectors were
measured.

Fig. 1.1
Stereographic plot
(lower hemisphere) of
normals to fracture
planes in Tumut 3
Headrace Channel. The
contours enclose areas
of equal density of
poles.
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Fig. 1.2 Rosette
diagram showing strikes
of joints, sheared zones,
and bedding planes at
the Murray 2 dam site.
The predominant dip
for each strike is also
shown.
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Figure 1.2 shows the important geological features at the Murray 2 dam site
on a different representation. Here, the directions of strike of various features are
plotted as a rosette, with the angles of dip of the dominant features at each strike
given numerically. The features recorded are joints, sheared zones, and bedding
planes, any or all of which may be of importance.

Finally, Fig. 1.3 gives a simplified representation of the situation at the inter-
section of three important tunnels. There are three sets of joints whose dips and
strikes are shown in Fig. 1.3.

1.3 Rock-forming
minerals

Igneous rocks consist of a completely crystalline assemblage of minerals such as
quartz, plagioclase, pyroxene, mica, etc. Sedimentary rocks consist of an assem-
blage of detrital particles and possibly pebbles from other rocks, in a matrix
of materials such as clay minerals, calcite, quartz, etc. From their nature, sed-
imentary rocks contain voids or empty spaces, some of which may form an
interconnected system of pores. Metamorphic rocks are produced by the action
of heat, stress, or heated fluids on other rocks, sedimentary or igneous.
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Fig. 1.3 Dips and
strikes of three joint
sets, (a) (b) and (c), at
the intersection of three
tunnels: I, Island Bend
intake; II,
Eucumbene-Snowy
tunnel; III,
Snowy-Geehi tunnel.
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All of these minerals are anisotropic, and the elastic moduli of the more com-
mon ones, as defined in §5.10, are known numerically. If in a polycrystalline rock
there are any preferred orientations of the crystals, this will lead to anisotropy of
the rock itself. If the orientations of the crystals are random, the rock itself will
be isotropic, and its elastic moduli may be estimated by the methods described
in §10.2.

There are a number of general statistical correlations between the elasticity
and strength of rocks and their petrography, and it is desirable to include a full
petrographic description with all measurements. Grain size also has an effect on
mechanical properties. In sedimentary rocks there are, as would be expected,
some correlations between mechanical properties and porosity (Mavko et al.,
1998).

A great amount of systematic research has been done on the mechanical
properties of single crystals, both with regards to their elastic properties and their
plastic deformation. Single crystals show preferred planes for slip and twinning,
and these have been studied in great detail; for example, calcite (Turner et al.,
1954) and dolomite (Handin and Fairbairn, 1955). Such measurements are an
essential preliminary to the understanding of the fabric of deformed rocks, but
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they have little relevance to the macroscopic behavior of large polycrystalline
specimens.

1.4 The fabric of
rocks

The study of the fabric of rocks, the subject of petrofabrics, is described in many
books (Turner and Weiss, 1963). All rocks have a fabric of some sort. Sed-
imentary rocks have a primary depositional fabric, of which the bedding is
the most obvious element, but other elements may be produced by currents
in the water. Superimposed on this primary fabric, and possibly obscuring it,
may be fabrics determined by subsequent deformation, metamorphism, and
recrystallization.

The study of petrofabrics comprises the study of all fabric elements, both
microscopic and macroscopic, on all scales. From the present point of view, the
study of the larger elements, faults and relatively widely spaced joints, is an
essential part of rock mechanics. Microscopic elements and very closely spaced
features such as cleats in coal, are regarded as determining the fabric of the
rock elements between the joints. These produce an anisotropy in the elastic
properties and strength of the rock elements. In principle, this anisotropy can
be measured completely by mechanical experiments on rock samples, but petro-
fabric measurements can provide much useful information, in particular about
preferred directions. Petrofabric measurements are also less time-consuming to
make, and so are amenable to statistical analysis. Studies of rock fabric are there-
fore better made by a combination of mechanical and petrofabric measurements,
but the latter cannot be used as a substitute for the former. Combination of the
two methods has led to the use of what may be regarded as standard anisotropic
rocks. For example, Yule marble, for which the calcite is known (Turner, 1949)
to have a strong preferred orientation, has been used in a great many studies of
rock deformation (Turner et al., 1956; Handin et al., 1960).

A second application of petrofabric measurements in rock mechanics arises
from the fact that some easily measured fabric elements, such as twin lamellae in
calcite and dolomite, quartz deformation lamellae, kink bands, and translation
or twin gliding in some crystals, may be used to infer the directions of the
principal stresses under which they were generated. These directions, of course,
may not necessarily be the same as those presently existing, and so they form
an interesting complement to underground stress measurements. Again, such
measurements are relatively easy to make and to study statistically. The complete
fabric study of joints and fractures on all scales is frequently used both to indicate
the directions of the principal stresses and the large-scale fabric of the rock mass
as a whole (Gresseth, 1964).

A great deal of experimental work has been concentrated on the study of the
fabrics produced in rocks in the laboratory under conditions of high temperature
and pressure. In some cases, rocks of known fabric are subjected to prescribed
laboratory conditions, and the changes in the fabric are studied; for example,
Turner et al. (1956) on Yule marble, and Friedman (1963) on sandstone.

Alternatively, specific attempts to produce certain types of fabrics have been
made. Some examples are the work of Carter et al. (1964) on the deformation
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of quartz, Paterson and Weiss (1966) on kink bands, and Means and Paterson
(1966) on the production of minerals with a preferred orientation.

Useful reviews of the application of petrofabrics to rock mechanics and
engineering geology have been given by Friedman (1964) and Knopf (1957).

1.5 The
mechanical nature
of rock

The mechanical structure of rock presents several different appearances,
depending upon the scale and the detail with which it is studied.

Most rocks comprise an aggregate of crystals and amorphous particles joined
by varying amounts of cementing materials. The chemical composition of the
crystals may be relatively homogeneous, as in some limestones, or very hetero-
geneous, as in a granite. Likewise, the size of the crystals may be uniform or
variable, but they generally have dimensions of the order of centimeters or small
fractions thereof. These crystals generally represent the smallest scale at which
the mechanical properties are studied. On the one hand, the boundaries between
crystals represent weaknesses in the structure of the rock, which can otherwise
be regarded as continuous. On the other hand, the deformation of the crystals
themselves provides interesting evidence concerning the deformation to which
the rock has been subjected.

On a scale with dimensions ranging from a few meters to hundreds of meters,
the structure of some rocks is continuous, but more often it is interrupted by
cracks, joints, and bedding planes that separate different strata. It is this scale and
these continuities which are of most concern in engineering, where structures
founded upon or built within rock have similar dimensions.

The overall mechanical properties of rock depend upon each of its structural
features. However, individual features have varying degrees of importance in
different circumstances.

At some stage, it becomes necessary to attach numerical values to the mechan-
ical properties of rock. These values are most readily obtained from laboratory
measurements on rock specimens. These specimens usually have dimensions of
centimeters, and contain a sufficient number of structural particles for them to be
regarded as grossly homogeneous. Thus, although the properties of the individ-
ual particles in such a specimen may differ widely from one particle to another,
and although the individual crystals themselves are often anisotropic, the crys-
tals and the grain boundaries between them interact in a sufficiently random
manner so as to imbue the specimen with average homogeneous properties.
These average properties are not necessarily isotropic, because the processes
of rock formation or alteration often align the structural particles so that their
interaction is random with respect to size, composition and distribution, but not
with respect to their anisotropy. Nevertheless, specimens of such rock have gross
anisotropic properties that can be regarded as being homogeneous.

On a larger scale, the presence of cracks, joints, bedding and minor faulting
raises an important question concerning the continuity of a rock mass. These
disturbances may interrupt the continuity of the displacements in a rock mass
if they are subjected to tension, fluid pressure, or shear stress that exceeds their



8 Chapter 1

frictional resistance to sliding. Where such disturbances are small in relation to
the dimensions of a structure in a rock, their effect is to alter the mechanical
properties of the rock mass, but this mass may in some cases still be treated as
a continuum. Where these disturbances have significant dimensions, they must
be treated as part of the structure or as a boundary.

The loads applied to a rock mass are generally due to gravity, and compressive
stresses are encountered more often than not. Under these circumstances, the
most important factor in connection with the properties and continuity of a rock
mass is the friction between surfaces of cracks and joints of all sizes in the rock.
If conditions are such that sliding is not possible on any surfaces, the system may
be treated to a good approximation as a continuum of rock, with the properties
of the average test specimen. If sliding is possible on any surface, the system
must be treated as a system of discrete elements separated by these surfaces,
with frictional boundary conditions over them.


