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1. INTRODUCTION 

1.1. Background 
Analysis of a wide range of problems in the geo- 

sciences requires knowledge of the failure process in 
rock. This includes tunnel design and other engineer- 
ing applications as well as geophysical problems such as 
earthquake prediction. The empirical Coulomb failure 
criterion 

171 = c + pLi’on, (1) 

where C is cohesion, I- is shear strength and on is nor- 
mal stress, was proposed in the late 18th century and 
continues to be of great practical use. In the 1920’s, 
Griffith [48] demonstrated the importance of flawswhich 
act as stress concentrators, in controlling the strength 
of brittle materials. Using this approach, fracture me- 
chanics (e.g. [5, 171) has been highly successful in re- 
lating defect structures to fracture strength and related 
properties. Through the 1960’s, many of the advances 
in the theory of fracture and friction in rock have had 
their origins in metallurgy; a fact that has mixed bless- 
ings since plastic yielding, commonly involved in the 
deformation of metals, may be completely absent in 
room-temperature brittle deformation of common sil- 
icates such as quartz [154]. Thus, in contrast to plastic 
yielding which has little or no pressure sensitivity, a ma- 
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terial obeying the Coulomb equation (1) shows signifi- 
cant strengthening with pressure. Although a Coulom- 
bit material may deform in a manner described as plas- 
tic flow, the microscopic mechanisms of grain rolling 
or crushing and associated dilatancy, are quite differ- 
ent than those responsible for plasticity in metals. The 
same processes are likely to occur during shearing across 
a fault surface. 

Before proceeding, a point of nomenclature must 
be clarified. Internal friction, as presented in (1) 
and commonly used in rock mechanics texts (e.g. 
[66]), refers to the local slope of a failure criterion in 
shear/normal stress space: pi’ = a]~]/%,. The prime 
symbol is used to denote this local derivative. I will 
also make use of an alternate quantity, referred to as 
coefficient of friction defined as the simple ratio of shear 
to normal stress: pf = )~)/cr,. This parameter, written 
without the prime symbol, is commonly used in the 
analysis of stresses on preexisting faults and can also 
be applied to internal friction of intact rocks (referred 
to as pi). Due both to cohesion and to non-linearity in 
the failure envelopes of true rocks, it is common to find 
Pi’ < pi. 

A number of comprehensive studies and reviews of 
the general field of rock failure and rheology currently 
exist [12, 38, 50, 66, 70, 71, 78, 120, 1381. By 
contrast, the present chapter will be more limited in 
scope and will be restricted to a discussion of brittle 
failure mechanisms. It is intended to fulfill three main 
objectives: 1) an overview of recent progress in the 
study of rock failure - an evaluation which, by necessity, 
will be brief. 2) An extensive reference section is 
included to provide interested readers with an entry 
point into the relevant literature. 3) The chapter 
concludes with a number of summary plots and tables 
to provide a quick reference to the range of mechanical 
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properties that are observed for geologic materials. 
Since I consider only brittle fracture, I will be 

concerned primarily with processes occurring in the mid 
to upper crust. For many silicate rocks under these 
conditions, temperature is low enough for brittle crack 
growth to compete and generally dominate thermally 
activated dislocation flow mechanisms. Even so, over 
geologic time scales, pressure solution and other fluid 
assisted deformation mechanisms may prevent, or at 
least subdue, brittle fracture. In general, brittle failure 
is enhanced by increasing strain rate and decreasing 
temperature, although these effects are relatively small 
compared to the influence of mean stress and pore 
pressure. In the following sections I discuss some of 
the important factors that influence fracture strength, 
although additional factors not addressed in detail 
include: alteration and weathering; porosity [35, 43, 
1251, fabric, minerology, and anisotropy [45, 62, 157, 
1581; and intermediate stress [2, 1511. 

1.2. Conceptual Model of Brittle Fracture 
Process 

The following descriptions are provided as a frame- 
work for the discussion of brittle fracture. When a sam- 
ple is loaded in tension, preexisting flaws act as stress 
concentrators, intensifying the stress field at their tips. 
Since the tensile stress intensity KI increases as the 
square root of crack length [79], the largest favorably 
oriented flaw generally experiences the greatest crack- 
tip stress. If the remote stress is increased until stress 
intensity on the critical flaw exceeds the fracture tough- 
ness KIC, the flaw will grow in the plane perpendicular 
to the maximum tensile stress direction. For constant 
sample boundary conditions, each increment of crack 
growth results in a further increase in stress intensity. 
As a result, once crack growth is initiated, propagation 
continues unstably until the sample is fractured. 

A more complicated process is involved in compres- 
sive brittle shear fracture. Open pores, contrasts in 
elastic properties of adjacent minerals and weak grain 
boundaries can all act as stress concentrators in com- 
pression [121, 1521 and shearing along surfaces oblique 
to 01 is likely to play an important role in the develop- 
ment of large local stresses [4, 60, 96, 121, 1341. The lo- 
cal stresses induced near the crack tips contain a compo- 
nent of tension which leads to local tensile failure before 
the fracture toughness for failure in shear is achieved 
[79]. As a result, tensile ‘wing’ cracks grow which align 
themselves sub-parallel to the (~1 direction. Unlike the 
case of remotely applied tensile stress, two important 
stabilizing processes take place during the loading of 

cracks in compression. First, as wing cracks extend, 
stress intensity decreases, so that additional deviatoric 
stress must be applied to cause further crack growth 
[28, 30, 601. S econd, diagonal flaws which are favor- 
ably oriented to act as nucleation points for shear fail- 
ure, propagate out-of-plane (parallel to err) and cannot 
maintain the necessary shear geometry [79, 941. These 
stabilizing effects account for the factor of ten or more 
difference in compressive vs. tensile strength commonly 
observed in rocks. Eventually, crack densities become 
sufficiently large for significant crack interaction to oc- 
cur, leading to a cooperative failure mechanism involv- 
ing en echelon arrays of cracks [4, 30, 34, 60, 69, 96, 
121, 126, 1341. Finally, quasi-static fault growth exper- 
iments [92, 93, 1061 have demonstrated that following 
nucleation, shear fractures propagate in-plane due to 
their own stress field. This observation is important 
for laboratory scales since in past studies it was often 
argued that the eventual fracture plane began form- 
ing, as a region of high microcrack damage, well be- 
fore peak strength occurred. While this interpretation 
may hold for samples containing large preexisting flaws, 
it appears that in homogeneous, isotropic rocks, there 
is generally little warning regarding the location and 
orientation of the eventual fracture plane. Similar re- 
sults were reported in recent field studies [80] where 
nucleation zones for moderate-sized earthquakes were 
inferred to be less than 0.1% of the coseismic rupture 
surface area. 

2. ROCK FAILURE ANALYSIS 

2.1. Failure Criteria 

One of the basic goals of rock mechanics has been to 
provide useful methods for predicting failure strength 
and associated parameters such as strain to failure and 
the effects of porosity and elastic moduli. The large 
number of competing effects that influence the fracture 
process has precluded the development of a universal 
law which can be used in any practical way to predict 
fracture strength for an arbitrary rock. As a result, 
a variety of classification systems have been developed 
to be used as predictive tools in estimating the load 
bearing capacity of various rock types. A number of 
these classification systems, using rock quality parame- 
ters such as Deere’s RQD [31], the CSIR geomechanics 
classification [lo], and the NGI quality index Q [7], are 
described in [58]. These classification systems attempt 
to take into account such factors as rock type, joint 
spacing, joint orientation and strength of joint-filling 
material. Many attempts at developing failure crite- 
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Fig. 1. Left: Relationship between principal stresses at failure. Right: Mohr failure envelope showing 
relationship between stresses and faihne parameters. p is angle between failure surface and direction of 
maximum principal stress ur. Stresses are related by r = 1/2(ar - (~3) sin 2/3 and on = 1/2(gr + g3) - 
1/2(ar - 03) cos 2p 

ris have relied on empirical fits to data sets of fracture 
strength, although increasingly sophisticated theoreti- 
cal formulations, especially focusing on micromechani- 
cal deformation mechanisms, are also appearing. The 
linear Coulomb criterion (1) remains a simple and useful 
empirical relation. The additional assumption that fail- 
ure occurs when (1) is first met on the most favorably 
oriented plane, leads to the well known Mohr-Navier- 
Coulomb relations 

q!~ = tan-r p.i’ = 7r/2 - 2p, Pa) 

Ul = UC + [(Pi’” + 1) l/2 + &‘]%s (2b) 

where q5 is the angle of internal friction, /3 is the angle 
between the failure plane and the maximum principal 

stress direction, and gc is uniaxial compressive strength 
[66]. However, it is well known that failure envelopes 
for rocks are, in general, concave towards the 03 or on 
axis. At high pressures, strength eventually becomes 
insensitive to pressure [4], a response generally referred 
to as plastic or ductile, even though the microscopic 
mechanisms may still remain brittle for some silicates. 
Geometric relations between various stress parameters 
are shown in Figure 1. Because of the curvature 
inherent in failure envelopes of real rocks, various 
investigators have proposed non-linear failure criteria, 
most of which are empirical in nature. Representative 
criteria include the following: 

u1 = 03 + a(q + u3)b WI (3) 

01 = ~7~ + (UCT~Q + boc2) 1/z [581 (4 
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01/Q = 1 + a(a,/ay)b [1661, [I431 (5) 

Ul = 0Jl - Crs/Q)b [1401 (6) 

where ut (negative in tension)is uniaxial tensile strength. 
In these relations, the various a’s and b’s are constants 
that represent material properties of the rock and 
generally vary between rock types. Equations (3) 
- (5) are designed to model confined strength data 
and have varying degrees of difficulty with unconfined 
or tensile conditions. For example, the unconfined 
condition is described by (~a = 0; 01 = a,). In 
this case, (3) reduces to oC = a~,b. Similarly, (4) 
requires b = 1, which is overly restrictive. equation (5) 
lacks real solutions for tensile conditions. Equation (6) 
seems to provide a satisfactory compromise between 
reasonable strength predictions near zero confinement 
and observed non-linearity at higher confinement. The 
interested reader is referred to the relevant articles cited 
for additional details regarding these formulas. Other 
empirical relations have been proposed to relate failure 
strength to material properties; for example 

u, = cL(E/u)b 

uc = arjb 

WI (7a) 

[35,431 (76) 

constraints in this section. 

2.3. Damage Models 
A different approach to brittle failure analysis, re- 

ferred to as damage mechanics, has led to the develop- 
ment of a distinct class of models. In this case, failure is 
assumed to occur when a critical amount of damage has 
accumulated in the rock. Then an internal state vari- 
able D is developed that represents the degree of dam- 
age. The problem then becomes one of relating the mi- 
crocrack damage in the rock to external variables such 
as stress and strain [4, 28-30, 68, 98, 1481. The most 
promising approach has been to use fracture mechanics 
to relate local crack tip stress intensities to remotely ap- 
plied stresses [4, 301. A similar approach [83], based on 
the Ashby and Sammis formulation, has been used to 
interpret time-dependent creep. Ashby and Sammis (41 
have attempted to simplify the analysis to provide a uni- 
versal form, based on a physical model of crack growth, 
which allows the damage parameter to be expressed in 
terms of macroscopic material properties and measur- 
able microscopic quantities. As an example, they derive 
an expression (for loading at constant ga) for the nor- 
malized axial stress Sr in terms of normalized confining 
pressure Sa and damage D: 

where E is Young’s modulus, u is Poisson’s ratio and 
n is porosity. Failure strength has also been related S1 = Q[D:/~ - c5] 3’2 @a) 
empirically to geophysical logging parameters: 

uc = aeebt [loll 
CT, = a + b(SNPU) 

(84 
@b) 

where t is sonic interval travel time and SNPU is 
neutron log response. 

2.2. Continuum Models 
The transition from uniformly distributed deforma- 

tion to shear localization has been analyzed theoreti- 
cally from a continuum point of view. One example 
involves an instability, or bifurcation, that develops in 
the strain field as the result of strain weakening. Then, 
when a small region yields, in response to the applied 
boundary conditions, it becomes weaker than its sur- 
roundings and tends to continue deforming. This pro- 
cess tends to localize strain into a shear band [37, 39, 
67, 77, 119, 130, 131, 150, 1561. In principal, the local- 
ization process does not require strain-weakening. This 
is an area of active research both theoretically and ex- 
perimentally [118, 1611. Bifurcation theory deserves a 
much more thorough treatment than is allowed by space 

where D, = D/Do, Do is initial damage, and cl through 
c5 are constants. D is defined by 

D = 4/3 TT (1 + CXC)~A$ WI 

Here c is the half-length of the characteristic flaw pop- 
ulation responsible for microcrack growth. 1 represents 
the length of the ‘wing’ cracks that grow from the initial 
flaws in response to the applied load. NV is the number 
of flaws per unit volume and CY is a geometric constant. 
Do is defined by (9b) with 1 = 0. Equation (9a) gives, 
to first approximation, 

Ul = UC + a03 . (10) 

The model provides a physical interpretation to a 
and gCc, relating them to DO, pf and the crack size. 
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Because the model is linearized, it cannot predict the 
curvature inherent in true failure envelopes. However, 
it is successful at predicting gC and the low-pressure 
slope of the failure envelope for a wide range of 
rock types. It is interesting to note that a multiple 
crack numerical model [94], when restricted to a crack 
growth criterion based strictly on Klc, also results in 
a linear failure envelope (the Ashby and Sammis model 
also considers only tensile crack growth). When the 
numerical model is expanded to allow for a shear failure 
mechanism (Krrc = 15 K~c), the transition to a shear 
growth mechanism at high confining pressure produced 
curvature of the failure envelope. 

2.4. Acoustic Emission Applied to Fault Forma- 
tion 

The monitoring of acoustic emission (AE) has proven 
to be one of the more powerful tools available in 
analyzing brittle fracture (see [82] for a recent review). 
This non-destructive technique records the acoustic 
waves (generally in the 200 to 2000 kHz range) that 
are spontaneously radiated during impulsive microcrack 
growth or slip. The simplest procedure is to count 
the number of AE pulses during deformation. There 
is generally a good correlation between AE rate and 
inelastic strain rate so that the AE rate can be used 
to quantify damage accumulation occurring in the 
sample [30, 59, 84, 1421. Other studies have analyzed 
full waveforms of AE signals and, in particular, first 
motions in an attempt to infer source characteristics 
and focal mechanisms [13, 75, 115, 135, 146, 1471. 
Numerous studies have also confirmed that AE event 
amplitudes obey the power law frequency-magnitude 
relation observed for earthquakes [27, 91, 99, 137, 162, 
1671. 

The other important aspect of AE studies is the de- 
termination of the spatial and temporal variations in 
microcracking during sample deformation. In this case, 
an array of acoustic transducers, attached to the sam- 
ple, serves as a miniature seismic array. Then, from 
the arrival times of acoustic signals, event hypocenters 
can be determined. In some cases, AE locations have 
been used to follow the development of hydraulic frac- 
tures [86] and faults [25, 75, 85, 86, 1001 during pore 
fluid injection. However, most AE event location stud- 
ies have been devoted to the search for clustering pat- 
terns which would indicate the onset of fault nucleation. 
Many studies have shown microcrack clustering early 
in the loading history of rock samples [56, 91, 93, 115, 
135, 146, 153, 1651. However, much of this early cluster- 
ing appeared uncorrelated with the eventual fault plane 

and disappeared or migrated at higher stress levels. 
The early clustering is generally interpreted as repre- 
senting preexisting strength heterogeneities in the sam- 
ples. Yanagidani et al. [165] suggested that migration of 
events to the sample surface during unconfined experi- 
ments may be a stress corrosion effect in which atmo- 
spheric water vapor attacks the sample surface. A gen- 
eral consensus appears to be forming that for uniform 
loading in the absence of preexisting strength hetero- 
geneity, microcrack localization occurs late in the load- 
ing cycle, e.g., near or after peak stress in a constant 
strain rate experiment and coincident with tertiary (ac- 
celerating) creep in a constant stress experiment [56, 
87, 1151. The abruptness of microcrack localization is 
demonstrated in Figure 2 in which AE activity is plot- 
ted throughout the progressive stages from early load- 
ing, through peak stress and fault nucleation, and fi- 
nally fault propagation. In this case, the propagation 
phase was slowed down by controlling differential stress 
to maintain constant acoustic emission rate [92, 931. 

2.5. Related Studies 
To close this section I will mention a few related areas 

of study. Ongoing investigations are being conducted 
of a variety of physical properties related to rock 
fracture and pore structure. In many cases, these 
measurements are made to determine changes in pore 
geometry during rock deformation. Some of the more 
common measurements include acoustic velocity and 
attenuation [18, 49, 84, 97, 145, 1491, permeability [8, 
14, 40, 109-111, 113, 1141 and electrical resistivity [88, 
89, 107, 1081. 

3. FRICTION AND ROCK FAILURE 

A discussion of rock failure must also consider rock 
friction since these processes are so intimately connected. 
For geologic materials, fracture and friction are macro- 
scopic manifestations of the same processes: e.g., grain 
crushing, crack growth and healing, plastic yielding, 
and chemical reactions such as dissolution, precipita- 
tion and alteration. While faults often contain hydrated 
alteration products of the host rock, many of the dif- 
ferences between intact strength and frictional strength 
are related more to geometry(interlocking,welded grains 
versus cohesionless gouge) and possibly scale effects 
(highly cornminuted gouge can contain grains that are 
reduced to colloidal size). When viewed in this way, 
it is not surprising that the difference between intact 
and residual (or frictional) strength should vanish with 
increasing confining pressure [20, 651. The open pore 
structure representative of disaggregated gouge will be 


































