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ABSTRACT 

The fracture of brittle solids in monotonic compression is reviewed from 
both the mechanistic and phenomenological points of view. The fundamental 
theoretical developments based on the extension of pre-existing cracks.in 
general multi-axial stress fields are recognized as explaining extrinsic 
behavior where a single crack is responsible for the final failure. In 
contrast, shear faulting in compression is recognized to be the result of an 
evolutionary localization process involving en echelon action of cracks and 
is termed intrinsic. The mechanistic models are related to the 
phenomenological developments in dilatational plasticity that have been 
applied widely in concrete technology. The state of understanding of 
fracture in compression in rocks, concrete, cemented carbides, 
ultra-high-strength steels, and fiber-reinforced composites is reviewed in 
some detail, both from the point of view of fundamentals as well as 
technological applications. Experimental verification of models is 
discussed, and possibilities for nondestructive detection of extrinsic flaws 
and for monitoring damage evolution by acoustic emission are enumerated and 
evaluated. 
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PREFACE 

Fractures have been found, upon launch, to occur in  the control housing of 
the Copperhead missile developed by the U.S. Army. Although the full 
details of such fractures were not available to the committee, it  was 
learned from two unofficial technical reports and from private communication 
with Army scientists that the fractures must have occurred in compression 
and most likely were initiated from locations around cut-outs provided for 
the protrusion of control fins. The procedure for dealing with the problem 
by Army scientists was to treat it very conservatively as having resulted 
from the extension of pre-existing cracks that have been subjected to shear 
under the overall axial compression of the control housing. This was 
accompanied by a stress analysis of the control housing under flight loads 
and the experimental determination of the critical Mode I fracture 
parameters of the specific alloy of the control housing. Finally, crack 
inspecti on maps (CIMAPs) were developed. 

Considering other possible ramifications of the problem and to take a 
broader perspective, the problem was brought to the attenti on of the 
National Materials Advisory Board (NMAB) of the National Academy of Sciences 
which formally established the present committee for the purpose of 
reviewing the problem of fracture in compression of brittle solids both 
generally and as it applies to the Copperhead missile system. 

The committee met three times to consider and discuss the problem of 
fracture in compression in  a broad way, starting from fundamental mechanisms 
to phenomenological approaches developed to deal with the problem in a 
number of brittle solids and including considerations of technological 
applications. On the basis of these considerations the committee identified 
two separate behavi or patterns in compressive fracture. The first is an 
extrinsic behavior pattern resulting from large cracks, comparable with the 
si ze of the part, amenable to normal approaches of fracture mechanics and 
dealt with adequately earlier. The second is an intrinsic behavior pattern 
resulting from the accumulation of dormant microcracks and culminating in 
terminal shear faulting that has been analyzed previously as a constitutive 
instability not amenable to treatment by normal procedures of fracture 
mechanics. It is likely that the failure of the control housing of the 
Copperhead missi le falls into this second category. 
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1 

CONCLUSIONS AND RE COMMENDATIONS 

CONCLUSIONS 

Brittle solids such as rocks, concrete, glass, ceramics, ultra-high-strength 
metallic alloys with very limited tensile ductility, and certain composites 
(e. g. , cemented carbides) become very sensitive to flaws in tension but 
exhibit compressive strengths that are several-fold higher. Such solids 
fracture in compression in one of two qualitatively and mechanistically 
different forms. I n  an extrinsic mode of fracture, large pre-existing 
cracks comparable with the dimensions of the part can extend under uniaxial 
compression or constrained compression when the displacement of the crack 
surfaces in shear provides opening displacements at the crack tips 
sufficient to initiate opening mode cracks roughly at right angles to the 
shear plane. In this mode of fracture, the cracks extend across planes of 
local maximum principal tension and curve in a direction parallel to the 
maximum principal axis of compression, to result in the splitting of the 
part. In an intrinsic mode of fracture, the pre-existing cracks or weak 
interfaces are very much smaller than part dimensions, and the microcracks 
that form from them remain small and dormant. The accumulation of such 
microcracks and their grouping, en echelon, finally results in a shear fault 
that extends when a critical loading condition is met. Measurements have 
shown that the specific fracture work in such shear fault extensions is from 
one to three orders of magnitude larger than the critical tensile fracture 
work in Mode I or plane strain fracture toughness, as is explained on 
page 6. Hence, failure by shear faulting in the intrinsic mode is a 
separate phenomenon and cannot be modeled accurately with data collected 
from Mode I fracture experiments. Certain composites with unidirectionally 
aligned fibers undergo a failure mode by kinking that is very similar to 
shear faulting in brittle solids compressed parallel to the fiber axis. 

In intrinsic behavior, the accumulation of microcracks prior to the 
onset of a shear fault imparts to the solid an apparent plastic behavior 
with strain hardening. I n  this behavior the inelastic strain that results 

1 
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2 

from microcracking has a dilatational component, and the apparent 
"hardening" is caused by exhaustion of weak interfaces. Formally, the 
behavior can be represented by standard procedures developed for plastic 
solids that exhibit pressure dependent yielding and dilatant plasticity. 
The "polarization" of the solid by the organized microcracking process 
imparts to the solid "vertex" behavior whereby the generalized plastic 
potential surface develops a corner that enhances the development of a shear 
fault. Although faults are planes of catastrophic failure in homogeneous 
stress fields, in inhomogeneous stress fields such as those existing in 
problems of tool penetration, curvilinear shear faults can grow quite 
stably. Such problems are therefore amenable to solution by extensions of 
slip line field developments well known in plane plasticity. 

The phenomenology of apparent plasticity in brittle solids due to 
microcrack accumulation has been developed extensively for concrete but the 
mechanistic processes have not been widely researched and apparently are of 
little interest. On the other hand, the mechanisms of microcrack 
accumulation leading to the development of a shear fault by en echelon 
action of such cracks have been studied in some detail in rocks by 
microscopy and acoustic emission. A few similar studies exist for the 
kinking mode of failure of aligned composites in compression. Very few 
corresponding studies have been undertaken for the failure in compression of 
cemented carbides or ultra-high-strength steels (only one such moderately 
detailed study on cemented carbides was uncovered by the commmittee). 

Since the relatively simpler extrinsic behavior results from 
pre-existing large cracks comparable in size with the part dimensions, their 
detection by nondestructive evaluation (NDE) techniques is readily possible, 
making the prediction and prevention of extrinsic fracture in compression 
achievable. In intrinsic behavior, however, the natural flaws that produce 
microcracking are of the order of microstructural dimensions and are 
ubiquitous. This makes their detection not readily possible by NDE 
techniques, but such detection is of little relevance since the terminal 
failure by shear faulting is ultimately governed by the main microstructural 
entity. 

There are many applications of compressive fracture that are 
technologically important, ranging from rock machining operations and 
stability of mine shafts to microstructural stability in composites. These 
applications traditionally have been handled by simple extensions of plastic 
yield criteria such as that of Coulomb and Mohr. More modern and 
sophisticated techniques now are available, but they have not found wide 
application in the technical field. 

There have been very few known instances where fracture in compression 
by shear faulting has been responsible for failures in ultra-high-strength 
alloy structures. The Copperhead missile casing might be a specific example 
of this type. This report describes formalism and procedure for dealing 
with such fractures in brittle materials that should be directly applicable 
to metallic alloys, provided the relevant parameters such as the shear 
fracture energy are determined experimentally. 
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3 

RECOMMENDATI ONS 

Fundamental Mechanisms 

The following studies should be useful in developing a better quantitative 
understanding of the intrinsic fracture process in compression: 

1 .  Monitoring of sources of acoustic emission to trace the evolution 
of microcracks clustering in conjunction with relevant macro properties to 
establish constitutive parameters necessary for bifurcation analysis. 

2 .  Determination of proper parameters relating the critical state of 
initiation of localization to be used in continuum models of localization. 

3. Holographic observation of the early phases of localization in 
laboratory samples. 

4. Computer modeling of microcrack interaction leading to the 
development of a nucleus for a shear f ault. 

5 .  Adaptation of results of bifurcation analyses to obtain bi-axial 
criteria for fracture in compression. 

6. Analysis for continuum bifurcation in transversely anisotropic 
materials. 

7. Relation of NDE signatures to compressive failure in brittle solids 
and structures to identify the scale of the fault nucleus. 

8. Effect of environments on the local fracture processes in both 
extrinsic (large crack), and intrinsic (en echelon micro-crack accumulation) 
fracture in compression. 

Applications 

The following studies or developments should be useful in achieving better 
control of compressive fracture in technological applications: 

1 .  Analysis of damage growth in nonhomogeneous stress fields as in 
chip formation in rock machining. 

2 .  Development of modified plane plasticity slip line theory 
approaches .to deal with shear localization problema in inhomogeneous strain 
fields. 

3 . Initiation of laboratory studies of compressive fracture in 
ultra-high strength steel and in cemented carbides to study the mode of 
fracture and to measure relevant fracture energy parameters. 

4. Study of the effect of increased matrix plastic resistance on the 
compressive strength of fiber-reinforced composites. 
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OVERVIEW OY FRACTURE IN COMPRESSION 

Fracture on the atomic scale is always a tensile phenomenon in which 
separating displacements are necessary in a solid to achieve separation of 
parts. In most structural alloys the fracture process involves the 
nucleation and plastic growth of voids to final linkage, producing 
separation of parts of the solid where high stresses may only be reached 
during interface separation while the plastic expansion of cavities occurs 
under prevailing plastic flow stresses. This so-called ductile fracture i s  
not of interest here; this report is concerned only with fracture in brittle 
solids with no or very limited capacity for plastic deformation under normal 
usage. In such materials, separation of parts requires, at least in very 
local regions, the attainment of the cohesive strength of the solid by 
concentration of stress. Since the time of Griffith (1920), it has been 
appreciated that the strength of brittle solids in tension is governed by 
crack-like flaws that act as stress concentrators. These cracks may be 
present intrinsically due to the failure of weak heterogeneities or weak 
interfaces by differential thermal expansion or they may result from 
mechanical damage. The condition of propagation of such cracks in brittle 
solids is the subject of linear elastic fracture mechanics (LEFM) pioneered 
by Irwin (1957). Crack propagation occurs when the Mode I stress intensity, 
KI, for the tensile opening of a crack reaches a critical value, KIC• 
known as the fracture toughness. Kic is a material property and is 
governed by the elastic and cohesive properties of the solid. A vast body 
of literature exists now for the computation of the Mode I stress intensity 
factors KI for parts of given shape having cracks of known length and 
subjected to an external stress (Tada et al. 1972). On the other hand the 
material parameters that affect the critical stress intensity factor Kic 
in both homogeneous and heterogeneous brittle solids also are quite well 
understood in principle even though specific cases are still the subject of 
much present research. Thus, the phenomenology and mechanisms of the 
fracture of a flawed brittle solid in tension are clearly understood and 
procedures for dealing with the problem are well established. 

5 
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That brittle solids also can fracture in compressive loading is less 
well known in structural mechanics but is a familiar problem in civil 
engineering where large concrete and earthen structures are widely used 
under gravity loading and in rock mechanics where controlled fracturing is a 
procedure in excavation and resource recovery. Griffith, who pioneered the 
understanding of brittle fracture in tension, also was the first to 
elucidate brittle fracture in compression (Griffith 1924). In a solid 
containing cracks of many orientations, local tensile fracture can be 
achieved in triaxial compression when shear stresses produced by unequal 
compression displace surfaces of cracks against frictional forces and 
produce tensile stresses near the tips of such cracks (Figure la). When 
locally critical conditions are achieved at the tips of such sheared cracks, 
extension occurs parallel to the direction of maximum compressive stress and 
across the direction of the minimum compressive stress (Figure lb). In this 
type of fracture, the sliding crack faces clearly act as a jack to pry apart 
the vertical crack as they release the local shear stress. In truly brittle 
solids of infinite extent under simple compression (i. e., without a 
transverse compressive stress), the secondary cracks typically can grow to 
about 10 to 15 times the length of the initial crack (depending on whether 
the crack face friction i s  large or small) before the local shear stress 
across the crack faces i s  released to the level of the frictional traction. 
The presence of transverse compression limits the growth of the secondary 
cracks to only a few multiples of the initial crack length. Thus, the local 
fracture of the part due to the jacking action of the sliding interfaces of 
pre-existing cracks can result in overall fracture of the body only when the 
initial cracks have lengths comparable with the dimensions of the body. 
Whenever the body is very much larger than the length of the pre-existing 
cracks in it, the jacking action of the sliding crack faces cannot produce 
overall fracture in the part. In such cases the sigmoidal extension of the 
worst microcrack is followed by the extension of other isolated microcracks 
under increasing compression. This may occur first qJite homogeneously over 
the body and is the source of the "apparent plasticity" of brittle solids 
and the dilatational component of strain superimposed on the overall 
volumetric compression. Eventually, however, interactions occur between 
sigmoidal cracks resulting in their clustering en echelon as illustrated in 
Figure 2a where three microcracks are shown to have lined up to increase the 
overall shear compliance inside the dotted contour. The shear compliance 
can increase further under increased compression as additional microcracking 
events become preferentially added at the tip regions P and P' due to the 
concentration of shear stress there. This develops the nucleus of a shear 
fault instability that spreads over large distances as shown in Figure 2b. 
The exact size of the critical nucleus where a load drop begins will be 
sensitive to microstructural detail and has not been fully investigated. 
When the zone spreads across the part, the processes inside the dotted 
contour become quite complex since much fragmentation is produced under the 
large relative displacements that lower the shear resistance of the plane 
and catalyze the instability further to produce concentration of translation 
under dropping external stresses. The overall faulting behavior of the 
solid produces a characteristic pattern of macroscopic mechanical behavior 
that is idealized in Figure 3, where all compressive stresses, compressive 
displacements, and strains are represented as positive as is the custom in 
the field of compressive behavior of brittle solids. Figure Ja shows a 
somewhat idealized "typical" mechanical response of a brittle solid 
undergoing shear faulting. The region of high compliance during initial 
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F IGURE 1 Extrinsic fracture in compression initiated from a large crack 
comparable in size to the dimensions of the part: (a) stresses are 
concentrated at the ends of a shearing crack and (b) microcracks extend 
from the shear crack parallel to the principal compression direction. 
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FIGURE 2 Development of intrinsic fracture behavior by initiation and 
propagation of shear fault in compression: (a) the beginning of en echelon 
action of adjacent microcracks producing a zone of increased shear 
compliance and (b) the idealized spread of the high compliance zone across 
the part resulting in a shear fault. 
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FIGURE J Signatures of microcrack accumulation and evolution of a nucleus 
of a shear fault: ( a) dependence of compressive volumetric strain on net 
compressive stress (01 - O J), showing the increased inelastic dilatation 
due to microcracking along path AB and the unloading upon faulting along 
path BC and (b) dependence of net compressive stress (ol - OJ) and 
dilatation 6 on Compressive displacement Ul• 
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loading that results from the closure of pre-existing cracks and pores is 
not shown for clarity . The line OA represents the compressive response of 
the intact solid to increasing maximum compressi�e stress bias, (Ol -
OJ)• At point A dormant sigmoi dal microcracking begins and a measurable 
component of superimposed dilation becomes observable. First, 
quasi-homogeneous microcrack filling of the part and then interactive en 
echelon associations of microcracks occur between A and ». Recent acoustic 
emission measurements have indicated that the filling of the sample with 
mi crocracks is never quite random in even the very early stages, and that 
associations among mi crocracking events begin very early in the process. 
Near the point B, a nucleus of a faulting zone has fully developed and 
spreading of the fault zone occurs between B and C under dropping 
compression. At C, a fully active zone of shear faulting bas developed. 
Figure Jb shows a more expanded version of this behavior where the 
compressive stress bias (01 - OJ) and the developing inelastic 
di�atational strain e are plotted as a function of compressive displacement 
u1 in the direction of the maximum principal compressive stress. 

Given the above description of failure in compression of brittle solids 
it is useful to distingui sh two different failure processes even though both 
depend ultimately on tensile separation of material on the atomic scale. 
The first process of failure involves the sigmoidal extension of a single 
crack arising from the jacking action of a single set of pre-existing crack 
interfaces and will be called extrinsi c fracture. In this form of fracture, 
the process is initiated by a large pre-existing crack-like flaw that 
extends unambiguously by satisf ying a critical Mode I stress intensity 
criterion to eventual splitting of the structure. This basic feature 
remains unaltered whether the interfaces of the pre-existing crack are 
frictionless as imagined by Gri f f ith (1924) or are subject to friction as 
modeled more realistically by McClintock and Walsh (1962). In both cases, 
knowledge of the geometry and the loading condition and information on the 
Mode I fracture toughness Kic are sufficient to describe the process of 
crack extension. The second form of fracture, which occurs in tougher 
brittle soli ds under transverse stress, begins with the en echelon 
interaction of sigmoidal cracks to form a nucleus for shear faulting and 
will be called intrinsic fracture. It is differentiated from extrinsic 
fracture in that the f ault nucleus does not pre-exi st but develops gradually 
by the accumulation of microcracks and in that its spread in shear in the 
plane of the initial nucleus does not obey a Mode I fracture toughness 
criterion. In fact, experimental evidence suggests that the effective 
fracture energy, now in an in-plane shear mode (Mode II), can be several 
orders of magnitude higher than the tensile fracture toughness KIC (see 
the discussi on of effective toughness in shear fault propagation 1n 
chapter 4). 

Under very large superposed pressures, most brittle, crystalline 
inorganic solids can undergo true plastic deformation by dislocation glide 
even at low temperatures. Such plasticity has been observed in many rocks 
based on laboratory experiments and on transmission electron microscopi c 
work on rock samples revealing deformation that must have resulted from 
crustal motions in earlier geologic times. Much of the laboratory work on 
compression under superposed pressure of jacketed rock samples indicates 
that the samples probably have undergone only "apparent plasticity" by 
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extensive stable microcracking. In glassy solids true plasticity under very 
large pressures is also possible albeit by mechanisms not involving 
dislocation motion (Argon 1980). 

The remainder of this report will review qualitatively the state of 
information on both extrinsic and intrinsic brittle fracture in compression 
in engineering applications. Fracture of rocks, concrete, fibrous 
composites, cemented carbides, and of ultra-high-strength steels with very 
low fracture toughness will be covered. Only fracture under monotonically 
increasing compressive loading where the eventual f racture is of the 
extrinsic or intrinsic type will be considered. Application areas for the 
basic criteria for fracture in compression in both structural design and in 
manufacturing processes such as rock machining will be discussed; however, 
fracture occurring under repeated compression (e.g. , in railroad rails, ball 
and roller bearings, and rolls of large rolling mills where the fracture is 
in the nature of contact fatigue resulting from cyclic crack growth) will 
not be considered. Rolling contact fatigue problems are comparatively well 
understood and the reader is referred to standard references on the subject 
such as Harris (1966). 
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THEORET ICAL DEVELOPMENTS 

INTRODUCTION 

The theoretical developments of brittle fracture in compression follow two 
complementary approaches. In the first, the mechanistic approach, the 
compressive strength of brittle solids is explained through the stress 
concentrations that sharp pre-existing cracks produce under different modes 
of compressive loading. The emphasis is on the elucidation of the mechanism 
baaed on the local extension of isolated cracks by the same criterion that 
makes brittle cracks propagate in tension. In very brittle materials of 
finite dimensions under compression where the extension of a single crack 
gives rise to extrinsic fracture behavior, these developments are 
satisfactory. These mechanistic models will be reviewed below followed by a 
discussion of bow they can be extended to explain the behavior of tougher 
brittle solids under substantial transverse stress where fracture does not 
result from a large, single pre-existing crack but rather from the 
progressive sympathetic interaction of a number of small neighboring cracks 
leading to the development of a shear fault nucleus and intrinsic fracture. 
Since such interactions can be handled at beat only through evolutionary 
computer aodela where the results become sensitive to the details of the 
aodela, other asymptotic and partly phenomenological, constitutive aodela 
become useful to understand the overall envelope of behavior and they also 
will be reviewed. 

MECHANISTIC MODELS FOR ISOTROPIC SOLIDS 

Extrinsic Fracture 

The aodern theoretical developments of fracture in compression baaed on 
mechanistic aodela began with the pioneering work of Griffith (1924) who was 
the first to consider the effects of cracks in brittle solids subjected to 

13 
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compression. Based on Griffith' s  theory and subsequent extensions of it 
(McClintock and Walsh 1962, Nemat-Nasser and Horii 1982, Sib 1973), the 
process to be described is known to result in extrinsic failure. 

If a brittle solid contains a family of flaws of all orientations that 
can be idealized as penny-shaped cracks of the same radius, final fracture 
can result under an unequal set of triaxial stresses by the extension of 
these cracks. In most cases the two extreme principal stresses govern the 
behavior. When the algebraically largest principal stress is t ensile, 
fracture occurs from a crack perpendicular to it, regardless of the presence 
of a transverse compressive stress if that stress is numerically smaller 
than three times the tensile strength. When the magnit ude of the transverse 
compressive stress becomes numerically larger than three times the aagnitude 
of the tensile strength, the character of the fracture changes as crack 
extension initiates from slanted cracks that are subjected t o  shear 
displacements against the crack wall friction caused by t he difference 
between the two extreme principal stresses. These shear displacements 
concentrate stress at the crack tip and begin to extend the crack when the 
critical stress intensity condition, KIC• is reached there. The crack 
then propagates across the direction of the algebraically largest principal 
stress. As the transverse compressive stress increases, the required 
largest principal stress for fracture decreases continuously and even 
becomes compressive as shown in Figure 4. The compressive strength of such 
a solid should range between 8 times the tensile strength for no crack wall 
friction to somewhat higher values with increasing crack wall friction. The 
mechanism of this mode of fracture is clearly the splitting of the entire 
body parallel to the largest principal compressive stress and perpendicular 
to the algebraically largest stress, which is the smallest compressive 
stress under triaxial compression (see Figure 1). This overall failure mode 
is possible only in parts that have dimensions a few time s  the size of the 
initial crack. This is because the shear stresses on the initial crack are 
relieved with only small amounts of relative translation producing a small 
and limited opening wedge for the secondary cracking process. Simple and 
straightforward estimates show that the secondary cracks cannot extend more 
than about 10 to 15 times the initial crack length under ideal conditions 
and that both crack wall friction and transverse compressive stresses reduce 
this extension to only a few lengths of the initial crack. Except in very 
small and extensively precracked samples, this will be too short an 
extension to constitute failure of the part. This form of fracture in 
compression will be called extrinsic fracture because whenever it is found 
to govern in substantial size bodies it will be due to the presence of a 
very large and noncharacteristic crack that is of the order of the part 
dimensions itself. 

There is general agreement that in extrinsic fracture the secondary 
cracking initiates and eventually terminates when locally the critical 
stress intensity criterion for Mode I is met. There is, however, some 
controversy about whether or not the direction of secondary cracking and the 
path of the secondary crack are governed by a critical cohesive strength 
criterion as is implied by Griffith (1924) and specifically used by 
McClintock and Walsh (1962) or are governed by a requirement of maximum 
elastic strain energy release as proposed by Sib (1973). In most cases, for 
a Poisson ' s  ratio around 0.3, the paths of the secondary crack are too 
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similar to distinguish between the two criteria, but more substantial 
differences should exist for larger or smaller Poisson's ratios. This point 
will be examined further in chapter 4 when the experimental evidence for 
various mechanisms is reviewed. This is of little practical importance, 
however, since extrinsic fracture is rarely observed outside the 
laboratory. A possible exception may occur in the exfoliation fractures and 
in rockburata as discussed by Nemat-Naaaer and Horii (1982). 

Intrinsic Fracture 

The pre-existing cracks or weak interfaces that govern the strength of 
brittle solids in tension and that might be instrumental in producing 
fracture in compression usually are very small in relation to the dimensions 
of the part. In such instances, all slanted cracks that can be made to 
shear against their crack face friction under unequal triaxial compression 
will be sigmoidally extended parallel to the maximum principal compressive 
stress by the wedging action of the slanted crack interfaces as these 
displace to relieve the local shear stress. This gives rise to measurable 
dilatational strains but no fracture. With increasing· compression 
additional slanted cracks are progressively "polarized" by extension into 
the direction of principal compression. These microcracking events 
initially are uncorrelated but eventually become correlated as new cracking 
events are added in the vicinity of already clustered microcracks where 
stresses become concentrated by the increased compliance of the clustered 
crack region. The correlated accumulation of microcracks eventually leads 
to the formation of a shear fault nucleus that spreads laterally under 
decreasing stress (see Figures 2b, 3a, and 3b). 

Kachanov (1982) has attempted to develop a physical theory of inelastic 
behavior of rocks baaed in part on the outlined mechanism of sigmoidal 
microcracking in brittle solids in compression. Kachanov treats two stages 
of inelastic behavior: frictional sliding of pre-existing microcracks, and 
the sigmoidal extension involving stable growth. In each case the cracks 
are assumed to be noninteracting and the contribution from each crack to the 
overall inelastic strain is determined from the analysis of a penny-shaped 
crack in an infinite elastic body subject to remote stressing. As in the 
McClintock and Walsh model, Coulomb friction between the two faces of the 
initial microcrack is assumed and must be overcome if relative sliding is to 
occur. The amount of sliding on a given crack is inherently a 
path-dependent process in that the amount and sense of sliding depends on 
the history of stressing to reach a given stress state. Thus, inelastic 
behavior resulting from sliding and crack propagation is generally 
path-dependent and, like plasticity, can be described only for arbitrary 
stress histories by incremental relations. However, just as in the physical 
theory of plasticity, Kachanov shows that there is limited path-independence 
for stress histories that do not depart too much from proportional loading. 
Since Kachanov'a model does not involve the modification of the applied 
stress field by crack sliding and subsequent microcrack extension, 
consecutively correlated cracking is not modeled and the inelastic 
deformation never reaches the all-important condition for shear faulting. 
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There are no theoretical studies of the development of shear faults by 
the preferential and correlated clustering of microcracks, en echelon, under 
compression. The corresponding problem of damage clustering in biaxial 
tension has been modeled by McClintock and Mayson (1976) to clarify the 
effect of variability of local strength on the mode of damage accumulation 
leading to an eventual tensile fracture instability. There is some need for 
repeating a similar analysis based on the statistical aggregation of 
sigmoidal microcracks under unequal triaxial compression. As will be 
discussed below, considerable progress has been made, however, in dealing 
with the problem of shear faulting by developing phenomenological 
constitutive laws that describe a terminal envelope of behavior making use 
of the inelastic properties of dilating and pressure-dependent continua. 

MECHANISTIC MODELS FOR ANISOTROPIC SOLIDS 

The process of intrinsic fracture culminating in the development of a shear 
fault under compression has been,prominently observed.in fiber composites in 
the form of kink bands. The mode of failure initiated by correlations of 
local simple shear processes into a band with boundaries perpendicular to 
the shear direction was observed first by Mugge (1898) in compressed 
crystals of disthene ana more recently by Orowan (1942) in zinc single 
crystals. The latter elucidated the geometrical aspects of the failure and 
labeled it as kinking. The process as such is well known in crystal 
plasticity. It received some early theoretical attention by Frank and Stroh 
(1952) who provided estimates of stresses around partially formed kink bands 
that serve to propagate the bands. Kinking also has been known as an 
important mode of failure of wood since early days of aviation when that 
material was used widely for lightweight aircraft structures. In more 
recent times compressive failure by kink band formation has re-emerged as an 
important problem in the compressive failure of aligned fiber composites and 
even as an internal failure mode in highly oriented single polymer fibers. 
Kinking in fiber composites is accompanied by fiber fracture at the kink 
boundaries, and therefore has been recognized as a damage mechanism that 
both limits the compressive load-bearing capacity of the material or 
structure and substantially enhances the failure susceptibility in the 
presence of subsequent tension. 

The initial analysis of the kinking phenomenon in fiber composites by 
Rosen (1967) was based on the premise that failure occurred by in-phase or 
out-of-phase buckling in unison of parallel fibers in an elastic matrix of 
lower modulus. This elastic analysis was found to give buckling stresses 
that were far too high. The discrepancy could not be reduced significantly 
by considering imperfections (Budiansky 1983) in this microstructural 
buckling analy sis. 

The analogy of the fiber kinking process to the development of kink 
bands in hexagonal metal crystals has suggested that the formation of kink 
bands must involve inelastic deformations in the matrix initiated locally at 
regions of small fiber misalignment. This mechanism has been analyzed 
approximately by Argon (1972) and more elaborately by Budiansky (1983). 
Both emphasized the high imperfection sensitivity of the process of band 
nucleation where the compressive strength is found to be directly 
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proportional to the shear yield strength of the matrix and inversely 
proportional to the angle of misalignment between the axes of the fibers and 
the axis of the maximum principal compressive stress. Although it is clear 
that the angle such kink bands make with the compression axis or with the 
direction of fiber alignment must depend on the internal shear strain inside 
the band, the fiber diameters, and the fracture strength of the fibers, the 
state of understanding of what governs the observed inclinations of bands is 
not satisfactory. The strong dependence of the compressive strength on the 
misorientation of the fiber bundles with the axis of maximum principal 
compression makes the compressive strength very orientation-sensitive and 
puts emphasis on the improvement of the shear strength of the matrix in such 
composites. 

PHENOMENOLOGICAL MODELS 

De"formation Theory 

In phenomenological theories for isotropic materials, whether based on total 
deformation or on defo�tion increments, the conditions of deformation must 
depend on invariants of the stress tensor. Of these, the first invariant, 
Jl• is proportional to the negative pressure component of the stress 
tensor whereas the second invariant, J2, represents a scalar measure of 
deviation of the stress state from a pure negative pressure and, thus, 
defines a deviatoric stress or effective stress that initiates and maintains 
inelastic deformation. In physically based theories of inelastic material 
response, the constitutive behavior of the material involves connections 
between the total deformation or the deformation increment with the negative 
pressure and the effective stress or, stated more abstractly, the two 
invariants of the stress tensor. 

In a deformation theory, the most general relation between strain and 
stress for the restricted class of stress responses called monotonic 
proportional loading, the total strain is a function of the negative 
pressure and the effective stress with the coefficients of proportionality 
being themselves functions of the negative pressure and the effective 
stress. With metals for which the negative pressure has a negligible 
influence on y ield and where the plastic strains are incompressible, the 
constitutive relation depends only on the effective stress. In the J2 
deformation theory of such materials, the coefficients f and g, prescribing 
the dependents of the total strain on the negative pressure and effective 
stress, are inversely proporti onal to the elastic bulk modulus K and the 
secant modulus G8 of the pure shear stress-strain curve, respectively, 
where the latter becomes the elastic shear modulus in the elastic range. 

For compressive proportional load ing of brittle and semi-brittle 
materials, the most systematic analysis of experimental data has been 
carried out for concrete. Kupfer and Gerstle ( 1973) analyzed data on 
biaxial tests and found that the coefficients f and g for a particular 
concrete were K8 /3 and G8 /2, respectively, when K8 (the secant modulus 
of the curve of dilation versus mean stress) and G8 (as defined above) 
were assumed to depend only on the effective stress ae• The functional 
dependence of K8 and G8 on ae found by Kupfer and Gerstle (1973) is 
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illustrated in Figure 5. The experimental data are represented 
schematically as the dashed curves ; the increased volumetric and shear 
compliance illustrated is interpreted to come from microcracking. 

Subsequent to Kupfer and Gerstle ' s  work, a cooperative study involving 
seven laboratories was undertaken (Gerstle et al. 1980) to explore the 
effect of different test procedures on the proportional loading data. A 
single concrete was prepared in one laboratory and then was tested at the 
same age in each of the laboratories. Both biaxial and triaxial data were 
obtained, enlarging the span of the proportional loading histories. The 
earlier constitutive response proposed by Kupfer and Gerstle (1973) was 
found to be inadequate to correlate data from the enlarged span of 
proportional loadings. In particular, it was found that there was a 
coupling between volumetric strain and sufficiently large effective stress 
even when the mean stress was zero, indicating that dilation was produced by 
shear. 

These efforts to describe proportional compressive loading of concrete 
illustrate the difficulty of representing dilatational microcrack 
"plasticity" by simple phenomenological forms. Bazant and Tsubaki (1980) 
have proposed more elaborate functional forms to extend the range of 
validity of the simple constitutive relation between strains and the two 
invariants of stress. Similar phenomenological attempts to describe the 
proportional loading response of rocks do not appear to have been made. 

In analyzing shear banding it is necessary to express the response of 
the material in a given state in incremental form. Generalizing from the 
def ormation theory, it is possible to state a differential constitutive 
connection between strain rates and stress rates where the incremental 
moduli relating them depend on the effective stress and negative pressure 
through the coefficients f and g introduced above and their first partial 
derivatives. These incremental moduli are useful in connection with the 
analysis of the onset of shear bands. 

Incremental Theory 

There have been many developments in recent years proposing incremental 
constitutive relations for brittle solids such as concrete and rocks (e.g., 
Anand 1980, Bazant and Kim 1979, Nemat-Nasser and Shokooh 1980 ) .  Most of 
these involve pressure-dependent yielding and inelastic volume change but 
otherwise have features in common with the flow theories of metal 
plasticity. In the form of the relation proposed by Rudnicki and Rice 
(1975), the problem is handled as a generalization of the classical 
Prandtl-Reuss relation to which the development returns when the pressure 
dependence of yielding and the inelastic dilatancy are suppressed. In this 
general ization the yield condition is considered to be pressure dependent 
(Figure 6) and the material is considered to have a dilatant response during 
loading but a typically elastic response during unloading. With either the 
deformation theory or the incremental flow theory as outlined above in 
connection with concrete, the object is to model the quasihomogeneous 
response of the material prior to localization. When localization occurs as 
in the shear faulting process in brittle substances under compression, the 

Copyright © National Academy of Sciences. All rights reserved.

Fracture in Compression of Brittle Solids
http://www.nap.edu/catalog.php?record_id=19491

http://www.nap.edu/catalog.php?record_id=19491


( a )  

\ 
I \ l I I J I I I 

0 ---------...... 

20 

( b ) 

0 ..._ ________ _,. 

FIGURE 5 The reduction of : (a) shear stiffness Gs and (b) bulk 
stiffness Ks with increasing effective stress a e • both normalized with 
the behavior of the initial intact solid, for a typical brittle solid such 
as concrete before the eventual shear fault instability. 
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FIGURE 6 The increase in "plastic" shear resistance, O e• with pressure, � m• in a typical concrete where the apparent "plasticity" arises from an 
1ncrease of microcracks with increase in shear. The scale factor C0 is 
t he uniaxial compressive strength of the unconfined concrete (Chen 1982). 
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mechanical response of the material becomes inhomogeneous, or it bifurcates 
into a region of a "band" in which deformation intensifies and a "matrix" in 
which deformation decelerates, stops, and is often followed by unloading. 

Formation of Shear Bands 

Given a constitutive description of the material for compressive deformation 
histories such as those described above, it is necessary to ask at what 
point in any given history will homogeneous deformation terminate and give 
way to nonhomogeneous deformation, increasingly localized into banda. The 
onset of localized banding does not necessarily constitute final failure of 
a material element, but it presumably is at least the beginning of the 
primary failure process under compressive loading. Here the concern is with 
intrinsic localization expected to occur in any material element that 
reaches a critical deformation state. 

&udnicki and �ice (1975) have considered in detail the conditions for 
shear band formation or so-called bifurcation of deformation in shear under 
imposed uniaxial compression. In this development the width of the 
localization band cannot be specified but is recognized to be governed by 
the principal scale of the microstructure, which is usually the grain size. 
The analysis assumes further that the constitutive behavior of the material, 
in what will become the shear band, is the same as that operati ng outside 
the band at the onset of the localization. Thus, the onset of the banding 
does not need to be ascribed to the appearance of a new mode of 
microstructural deformation not already active in the homogeneous regime. 
Whether this is actually the case for the materials that exhibit band 
formation remains to be establ ished by experimentation. Of course 
deformati on in a fully developed band will almost certainly bring into play 
additional microeventa such as microcrack coalescence in compressive 
fracture of brittle solids, as idealized in Figures 2a and 2b, that is of 
interest here. 

The analysis of Rudnicki and Rice (1975) begins by assuming that total 
loading is present both inside and outside the band in the increment 
following the onset of bifurcation so that the same incremental moduli are 
operational everywhere at that stage. The analysis then proceeds by 
searching in the deforming continuum for possible planar zones of 
undeterminable width across the borders of which a J ump in the velocity 
gradient can be admitted under no j ump in tractions. For a shear band in a 
nondilating material the direction of displacement increment across the 
border of the band must be inextensional and, therefore, parallel to the 
plane of the border of the band whereas in dilating material this direction 
can have a component out of the plane. 

The st rain at which shear banda are first predicted to emerge depends 
very strongly on the incremental moduli used in evaluating the condition of 
bifurcation described above. In metals when porosity does not develop, the 
analysis predicts that shear bands wi ll not occur, except possibly at 
exceedingly large strains or in a state of plane strain compression ( or 
tension) even zero or slightly negative strain hardening rates will not 
precipitate shear bands. On the other hand, predictions for the onset of 
shear banda using incremental moduli from deformation theory do indicate the 
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pos s ibi l ity of band occurrence at strain leve l s  that are at least 
qual itat ive ly in accord with experimental observat ions . Bifurcat ion under 
total loading condit ions is  pos s ible as long as t he shear in the band 
deve lops  gradual ly with cont inuing overall  straining . As the band forms , 
the deformat ion deviates more and more from proport ional loading and the 
total load ing cond i t ion ceases to  be met .  Mos t  l ike ly , calculat ions of the 
onset of shear band ing based on deformat ion theory modul i  provide a lowe r 
bound to the ir ac tual occurrence , a s suming t hat init ial material 
nonuniformi t ie s  are not p laying a s igni f icant role . 

The analy se s re ferred to above t reat the shear localizat ion as a volume 
phenomenon in which the onset of the instabil ity can be hastened by init ial 
imperfec t ions . S ince imperfec t ions are l ike ly to be more pronounced on a 
f ree surface , init iat ion of  shear banding from a f ree surface is  l ikely . 
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EXPERIMENTAL VERIFICATION OF MODELS 

MACROCRAClCS IN MODEL MACROSAMPLES 

A number of inve s t igators ( Erdogan and S ib 1 963,  Brace and bombolakis 1 963 , 
McCl intock 1 964 , Hoek and B ieniawski 1 966) have performed experiment s on 
t ransparent rec tangular p l ates of plexiglas&  or p l ate g lass  containing large 
init ial through-the-thickne s s  cracks making different angles with the 
spec imen edges . The se plates were subj ec ted t o  c ompre s sion in the p lane of  
t he p late to obtain the s igmoidal frac ture pred ic ted by Grif f i t h  ( 1 9 24) . 
The observat ions we re qua l itat ively in support of  the predic t ions in that 
t he secondary frac ture s that init iated from the t ip regions of the 
pre-ex ist ing large c rack were perpend icular to the surfaces of the plates 
and propagated eventual ly into the d i rec t ion of  compre s s ion, sp l i t t ing the 
samp le into two p iece s .  Apart f rom some measurement s made by irdogan and 
S ib ( 1 963) of the init ial ang le of inc l inat ion o f  the secondary c racks with 
the p l ane of  the init ial crack in plexig las& samples tested in tension and 
measurement s of rat ios o f  compre s sive st rength to tensi l e  s t rength in the 
precracked p late glass  samples of  Hoek and B ieniawski ( 1 966) , no comp lete 
set s of measurement s were made to permit a quant itat ive comparison of  t he 
experiment s with the theory of Gri f f i th ( 1 924) or i t s  mod ific at ion by 
Mc Cl intock and Wal sh ( 1 962 ) to  account for the crack face fric t ion. In 
sp ite o f  the se de f ic ienc ie s ,  however, the qual itat ive agreement s of t he 
observat ions with the predict ions of Grif f ith ' s  mode l o f  c rack extension 
ari s ing from the shear d i sp l acement of crack faces under compression i s  
good . N o  laboratory observat ions appear to have been made of the behavior 
of very large t ransparent plates containing smal l through-thickness  
prec racks , to ind icate i f  suc h c rac ks can propagate large dist�nce s  to  
produce ove ral l fai lure o f  the plates  in compre s s ion. Since such 
experiment s have been pe rformed in much more comp lex rock samples with weak 
grain boundarie s , this def ic iency is not cons idered serious . 
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MECHAN ISTIC STUDIES OF K.OCK SAMPLES IN COMPRESS ION 

Without doubt , rocks have been the most  thoroughly stud ied britt le 
substanc es  in c ompre s s ive load ing with and without superpo sed t ransverse 
pres sure . The mos t  def init ive mechanis t ic s t udies of inc remental monotonic 
load ing have been performed on rocks to fol low the evo lut ion of the stable 
mic roc rac king process  leading eventual ly to the deve lopment of a 
quasi lent icular nuc leus of  enhanced shear compl iance that triggers a 
te rmina l shear fault .  The ove ra l l  phenomeno logy and microst ruc tural details 
of the failure process  in compre ss ion wil l  be d i scus sed in c hapter 5 ;  here 
the focus wi l l  be only on the port ion of the stud ie s  pertaining to t he 
veri f icat ion of the mechanist ic mode l s  of frac ture . 

It  is  important to  note that rocks encompas s a large fami ly of c omplex 
and often hete rogeneous inorganic material s with a ve ry large range in 
inherent p l ast ic resistance at low tempe ratures . Only those in which 
intrins ic d is locat ion p l a s t ic ity is  neg l ig ible or absent in the range of 
intere s t  are c ons idered here . It should be not ed t hat rocks norma l ly 
contain,  even in the ir virgin state , a large dens ity of mic roc racks . These 
can be due e ither to  f rac tures occurring at  ear l ier  t ime s during the 
" asc ent" of t he rock to t he earth ' s surface due to geologic proces ses , or to 
weak interfaces  in sed imentary rocks . In add it ion , gra in boundaries very 
often are plane s of weaknes s  in polyc rystal l ine roc ks . Thus , it is  c lear 
that l aboratory samples of polyc ry stal l ine rocks al ready are extensive ly 
prec racked or weakened along many randomly oriented interface s ,  with the 
prec racks having a spec t rum of d imens ions roughly in the range of  the grain 
s i ze of t he rock .  

A thorough study by Had ley ( 1 9 7 6 )  showed that in virgin granite two 
type s of init ial discont inuit ies are prevalent in grains roughly of am 
s i ze : pores o f  d imens ions le s s  than about 5 �m and aspec t rat ios of 
0 . 1 to 1 and mic roc rac ks of a length of about 1 00 �m and aspec t rat ios 
ranging f rom l o-4 to 1 02 . The presence of the se prec racks is best 
ind icated by the large init ial uniaxial c ompre s s ive comp l iance of t he rocks 
t hat dec rease s sharply upon app l icat ion of compre s s ive s t re s s  or pressure to 
the leve l  of the comp l iance of an unc racked so l id samp l e .  Rec ent stud ie s 
(Bat z le e t  al . 1 980 , Kranz 1 9 7 9 ,  Tapponnier and Brace 1 9 7 6 ,  Wong 1 982b)  
us ing t he scanning elec t ron mic roscope ( SEM) to fol low the inc remental 
evo lut ion o f  the mic roc racking process  and d i latancy deve lopment have 
provided a good p ic ture of the spec i f ic mechanisms . In most  of these 
stud ie s  ident ica l ly prepared but d i fferent samp le s  were c ompre s sed in t he 
pre sence of substant ial transverse pres sure and ret rieved at different 
s t ages of compres s ion a long the load ing path to f inal ins tabil ity ( path A-B 
in Figure 3a ) , f o l l owed by sec t ioning , pol i shing , and scanning e l ec t ron 
mic roscopy . Observat ions showed t hat the mic roc racks due to comp re s s ion 
could be d i s t ingui shed from the pre-exist ing ones by the i r  orientat ion and 
by t he i r  be ing sharp t ipped and re lat ive ly s t raight . Compre s s ion-induced 
c rac ks general ly l ie within an ang le of 15 degrees with t he compre ss ion 
axi s .  Using a test ing machine having part icu larly high st if fne s s ,  Wong 
( 1 982b)  obtained for SEM obse rvat ion complete suites of granite samples 
deformed s t ably through the po st-fai lure reg ion (path B-C in Figure 3a) . 
The se SEM observat ions revealed a complex set of processes lead ing to f inal 
local izat ion in this  re lat ive ly isotrop ic rock with low init ial porosity 
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( about 1 percent ) .  The incept ion o f  local ized ehear faul t ing extending over 
two or more grain• vae accompanied by the fol lowing mic roetruc tural 
proce e ee e : ( 1 ) geometrical inetabil ity of e lende r lamellae in grain• 
eegmented by paralle l mic roc racke , ( 2 ) rotat ion and c ruehing of "joint 
bloc ke "  formed by cracke emanat ing from pore e  in plagioc laee graine , and ( 3) 
l inking of damage by kinking in biot ite graine . Examinat ion of eample e 
after failure ehowed l inking of thie damage into ehear zonee at angle • 
favorably oriented for ehear dieplacement , apparent ly , even in the pre eence 
of fric t ion . Such obeervat ione have e e tabl iehed that the mic roc racke due to 
compre e e ion can init iate from pre-exieting mic roc racke found at earl ier 
t imee in the l ife of the rock,  from pore e 1 and from weak grain boundarie e 
and interphaee boundarie e .  The wedging open of theee microcracke appear• to 
be governed not only by the e l id ing d i eplacement e of the facee of 
pre-exieting microc racke inc l ined to the princ ipal compreeeion direct ion, 
but a l eo by e f fec t ive miefit deve loped under etre e e  due to elaet ic 
inhomogene itiee between different phaeee .  A detailed etatietical etudy of 
obeerved mic roscale orientat ions carried out by Wong ( 1 982c ) has given eome 
eupport to the preeence of the sigmoidal c rack extension proce s s  predicted 
by Griff ith ( 1 924) . There have been no unaabiguoue observat ions of thie 
proce s s  in rocks comparable to those reported in laboratory eamples of 
transparent glaes plate s .  

A large number o f  measurement s have been performed on the compre s s ive 
etrength under transverse pree sure of a variety of brittle rock eample s to 
test the c riterion of Griffith ( 1 924) and i t s  mod ificat ion by McCl intock and 
Wal sh ( 1 962) to account for crack face frict ion. These measurement• are 
shown in Figure 7 together with the pred ict ions of Gri f f ith for fric t ionlees 
prec racks and those of Mc Cl intock and Wal sh for precracke with a coe f f ic ient 
of fric t ion of unity (dash-dotted l ine ) ; the difference between the 
princ ipal compres s ive strese , Gl • and the conf ining preesure , a3• 
normalized by the compress ive strength of c0 of the unconf ined eamplee is  
plotted against the normal i zed confining pres eure a3J c0 • Clearly , 
Griff ith ' s  pred ict ion which ignores the c rack face frict ion, ie rather poor 
whereas the pred ic t ions based on McCl intock and Wal sh ' s mode l give an 
overe e t imate . As already c larified in chapter 3 , it  ie  nov quite c lear that 
the s igmoidal extens ions of the precracks under c rack face f rict ion could 
not pose ibly be more than one or two init ial crack lengths before the shear 
stress ac rose the init ial precracke is re l ieved to the leve l  of the 
fric t ional res i stance and , thue , cannot conetitute overa l l  failure . Hence , 
it i s  surprising that the mode l  of McCl intock and Wal eh ( 1 962) , based on a 
s ingle crack,  with a choice of a coe f f ic ient of frict ion of sl ight ly leee  
than unity , can g ive reasonably good agreement with the experimental 
result s ,  all of which were based on the deve lopment of ehear fault ing .  A 
possible explanat ion of this ie  the rather uniformly and extensive ly 
weakened nature of the init ial statee of the rock samp le• making a l l  volume 
element • have precracke of rather s imilar lengthe and effect ive ly only a 
narrow distribut ion of s t rengths . In thie way the cond it ion to initial ly 
achieve s igmoidal microc rack extens ion leade  in quick succession to the 
interac tion of a large dens ity of addit ional microc racks and the deve lopment 
of a large zone of increased ehear compl iance . 
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FIGURE 7 Re lat ion between compress ive strength and confining pre ssure for a 
aeries of rocks tested at room temperature (Ohnaka 1 9 7 3) . 
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EVOLUTION OF SOURCES OF SHEAR FAULTING 

Monitoring the evolut ion of sources of shear faul t ing by repeated sec t ioning 
in inc remental stres sina experiment s is subj ec t to large scatter s ince each 
spec imen is de stroyed in the process of examinat ion . Pas s ive visualizat ion 
of mic roc racks by rad iography or ul trasonic probing usua l ly doe s not provide 
the required resolut ion and it is d i f f icult to separate the " s ignal"  from 
the background "noise . "  On the other hand , monitoring the acoust ic emiss ion 
from the compre s sed samples  by mul t iple probes pe rmi t s  the determinat ion of 
the spatial corre lat ion of s ignal s emanat ina from microc rackina event s .  

�ecent techno logical advancement s in acoust ic emis sion (AE) have 
' provided too l s  posse s s ina suf f ic ient bandwidth and dynamic range to al low 
studies with considerab le spat ial d isc riminat ion. Ear ly experiment s wit h  AE 
estab l i shed s imilari t ie s  between AE s igna l s  in smal l laboratory compres s ion 
samples  and earthquake ac t ivity ( Schol z 1 968a ) . Mogi ( 1 97 2a )  demonst rated 
that d i f ferent rock types produce diffe rent AE s igna l s . In more detai led 
stud ie s ,  Mogi ( 1 968) and Scho l z  ( 1 968b )  began to detec t the locat ion of 
microc rac ks in a compre ssed rock sample . Bailey and co-workers ( 1 979) , 
Byerlee and Lockner ( 1 9 7 7 ) , Lockner,  Wal sh and Byerlee ( 1 9 7 7 ) , Lockner and 
Byer lee ( 1 980) , Rothman ( 1 9 7 7 ) , and Sondergeld and Estey ( 1 98 1 )  have 
at tempted to examine the spat ial distribut ion of AE hypocenters during 
various stages of compre s s ion. The observat ions of the se inve st igators 
support t he mic rostruc tural stud ie s  d i scus sed above and show that exis t ing 
imperfec t ions are l ike ly sites of AE ac t ivity . The mic rocracking is  found 
to intensify in the ne ighborhood of · the previous s ites and i s  often 
persistent in a local ity unt i l  f inal failure . Component sites of AE 
ac t ivity in a general local izat ion s ite , howeve r ,  are found to move around , 
and once local stress  can be re l ieved , new centers of concent rated ac t ivity 
are observed , indicat ing the deve lopment of more than one f ina l local izat ion 
nuc leus . Acoust ic emiss ion occurs in rocks also under pure hydrostatic 
load ing ,  t ransverse pre s surizat ion, or uniaxial compres s ion with or without 
t ransverse pre s surizat ion . 

Sonderge ld and Estey ( 1 982) have studied focal mechani sms of AE event s 
in some detai l .  A focal mechanism is  charac terized by an equivalent set of 
point forces posit ioned at the hypocenter of an AE event consistent with the 
recorded far f ield mot ions . The general f ind ing has been that a mic roc rack 
event s ignature was d i s t inc t ly not just  a d i latat ional source but more in 
the nature of a double-coup le source cons istent with a s l ipp ing mic roc rack .  
I n  a l l  cases but particularly under uniaxial compre s s ion, c lustering o f  
event s occurs with st rikingly s imilar focal mechani sms i n  a c luster as shown 
in Figure 8 .  The se s imilaritie s  in the focal mechani sms in a c luster 
suggest strong ly that mic rocracking is either en eche lon and/or in the form 
of episod ic c rac k extens ions in the regions of the c lusters . 

Spec tral analysis  of AE event s has been used in the pas t  by many 
inve s t igators ( e . g . , Graham and Alers ( 1 9 74) ) and has se rved to monitor 
c hanging processes . Asc ribina the changes to spec i f ic proces se s  or change s 
in proce sse s  is  a difficult but , with some care , not an unsurmountable 
task.  Despite the smal l dimensions of AE event s ,  they posse s s  a l l  the 
charac ter and variabil ity documented in studie s  of  earthquake s .  In 
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FIGURE 8 Focal mechanisms for acoust ic emiss ion event s recorded during the 
uniaxial deformat ion of Westerly granite . The intereec t ing c irc les 
represent modal p lane s for P-wave s .  The orientat ion of  s l ip planes has been 
prese rved . Note that event s which spatia l ly c luster have s t rikingly eLDilar 
focal mec hanisms ( Sonderge ld and Estey 1 982 ) .  
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part icular , the event e cannot be regarded ae point eource e  e ince they have 
length and the failure proceee  i e  not ine tantaneoue , but rather can be 
desc ribed by a c racking ve loc ity and a rise t ime . The accuracy of acouet ic 
probing technique s for detec t ion of  flaws and monitoring of the deve lopment 
of nuc lei of shear localizat ion is diecue eed in more detail in chapter 8 .  

DEVELOPMENT O F  S HEAR  LOCALIZATION 

There have been no definit ive experiment s carried out on britt le eubetancee 
with microstruc ture in which the cond i t ione of shear fau l t ing and angles of 
ehear faul t s  have been measured and compared with theory . In view of thie , 
the corre sponding proces s  of shear local i zat ion in dilatant plas t ic sol id s 
wi th a pre ssure dependence of the plas t ic re s istance wi l l  be ex .. ined . Even 
though no frac ture usually resu l t s  from such shear local izat ion the stre s s  
cond i t ione and other general feature s  of  the proceee are expec ted to be 
qual itat ive ly ident ical to shear fau l t ing in britt le sol id s .  

Anand and Sp itzig ( 1 980 , 1 982) have conduc ted the most careful 
comparisons of theory and experimental observat ions on the emergence of 
shear band s .  They invest igated three materia l s : a high-strength maraging 
steel ; the polyme r ,  poly styrene ; and a soil , Leighton Buzzard sand . 

· 

Inelas t ic d i latat ion i s  neglec ted in the s tee l and the po lymer but not the 
sand . There is a smal l  but unimportant pressure sens it ivity of  y ie ld in the 
case o f  the stee l , but an important pre s sure dependency ie  accounted for in 
calcu lating the bifurcat ion c ond i t ion for the other two materia l s .  Tes t e  
we re carried out i n  pl ane strain compre s s ion with data for the sand coming 
from teste  by Arthur and co-workers ( 1 9 7 7 ) . For each material the s t rain at 
which shear bands first set in was ascertained and the ang le made by the 
band with the compres s ion axis  was noted . In the case of steel , the onset 
of the shear band s d id not re sult in any dramat ic change in the 
load-de f lec t ion behavior of the spec imen. However ,  the spec imens of the 
other two material s  d i sp layed a peak in the overa l l  load-de f lec t ion curve at 
or short ly after the shear bands first emerged and from that point onward 
overal l s t rain softening occurred . 

Anand and Spitzig ( 1 982) spec ialized t he bifurcat ion condit ion of 
Rudnic ki and Rice ( 1 9 7 5 )  to plane strain compress ion. In general , the 
inc remental modul i  for this re stric ted c lass of  deformat ions involves four 
history-dependent material parameters : the di latancy parameter e .  g iving the 
rate of di latat ion with shear ; the pre s sure sens it ivity parameter �. g iving 
the rate of riee of the plastic ehear re e i etance with pre eeure ; the tangent 
modulus Et , governing plane e t rain compress ive inc rement s ;  and the 
inc remental shear modulus Gt for shearing at 45 degree s to the compress ion 
axis . For the s tee l the value a s s igned to Gt was of c ruc ial importance in 
the theore t ical predic t ion.  Anand and Sp itzig ( 1 982 )  used the measured 
c rit ical s t ress  at the onset of banding together with the theoret ical 
formula for this etre e e  to infe r the value of Gt • They found a value that 
was be low even what a deformat ion theory would pred ic t and , thus , probably 
unreal i s t ical ly low.  Furthermore , the measured s t rain at t he onset of 
banding was be low t hat pred ic ted theoret ical ly . It  i s quite l ike ly that a 
etrong imperfec t ion sens it ivity to init ial  material inhomogene i t ies  may 
exp lain both d iscrepanc ie s ( Hutchinson and Tvergaard 1 981 ) . 
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For the po lystyrene and the soil  the inc remental shear modul i played a 
leas  c ruc ial role in the theoret ical re sul t s ,  and the emphasis in the 
comparison with exper�ental observat ions was on the angle of inc l inat ion of 
the band a to the compre s s ion ax i s .  For a l l  three materia l s  the theore t ical 
pred ic t ions for this ang le were in rather good agreement with that observed 
experimental ly .  

There have been no corre spond ing laboratory experiments on t he faul t ing 
loc a l izat ion of bri t t le rocks or concrete to compare with the pred ic t ions of 
the theory of Rudnicki and Rice ( 1 9 75) . On the o ther hand , mic rostruc tural 
aspec t s  of the ini t iat ion of the mic rocracking proces s  among grains in rock 
samp l e s , lead ing to c lustering of such c racks and estab l ishment of a nuc leus 
for shear loca l i zat ion , have been invest igated qual itat ive ly in great detail 
and have been re lated to t he features of the compres s ion stre ss-strain 
curve . ( The se observat ions wi l l  be d i scussed in c hapter 5 . ) 

EFFECTIVE TOUGHNESS IN SHEAR FAULT PROPAGATION 

As d i scussed above , the e iamo idal extens ion of ind ividual microcracks i a  a 
Mode I fracture problem ,  albeit on a mic roscopic scale where , however ,  the 
c r i t ical fac tor ia  the Mode I frac ture toughne s s  Kic• When compre s s ive 
frac ture resu l t s  from the deve lopment of a shear fau l t  ( init iated by the en 
ec he lon ac t ion of many mic roc rac ks fol lowed by fragmentat ion , etc . ) ,  
however ,  much larger amount s of energy diss ipat ion become necessary and the 
effec t ive f rac ture energy G can be expec ted to be of a much larger 
magnitude . Wong ( 1 982c )  baa e s t imated t he shear frac ture energy of  Westerly 
granite from pos t-fai lure de fo�t ion behavior and baa found it to be in the 
range of 2-5 • 104 J/m2 . This f igure compared we l l  with earlier 
measurement s on s �ilar rock but was from 1 to severa l  orders of magni tude 
lower than other est imates baaed on se ismic data and the l ike .  The 
corre sponding frac ture energ ie s for Mode I loading obtained by Brace and 
Wa l sh ( 1 962 ) and Atkinson ( 1 979) , on t he other hand , range only between 
1 and 1 02 J/m2 . This conf irms the expec tat ion and ind icates c learly 
t hat informat ion obtained from Mode I frac ture ene rgy measurement s has 
l i t t le pred ic t ive value for the case of compre s s ive frac ture involving shear 
fau l t ing . 
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COMPRESS IVE FRACTURE IN ROCKS 

PHENOMENOLOGY AND MECHANISMS OF ROCK FRACTURE 

Int roduc t ion 

An understand ing of rock frac ture ia of fundamental importance to several 
branches of engineering and earth sc ienc e .  Spec ific examples are : ( 1 ) the 
avoidance of fai lure in underground excavat ion for mining , ene rgy s torage 
c averns , and nuc lear waste isolat ion ; ( 2 ) t he analy s i s  of s l ope instabil ity 
in dame , in t ransportat ion of rocks , quarry and mine p i t a ; ( J) t he 
evaluat ion of cutabil ity or durab il ity of rocks and the des ign of cut t ing 
and drill ing too l s ; and ( 4 )  hydraul ic f rac turing for rec overy of o i l , gas , 
and geotherma l  energy . The s t rains invo lved in suc h app l icat ions are 
re lat ive ly sma l l ; there fore , one ia princ ipa l ly concerned with the brit t le 
behavior of rock.  In the earth sc iences , an understand ing of brit t l e  
frac ture ia c ruc ial to the geologic faul t ing prob lem.  There are a l so a 
variety of geolog ic phenomena ( e . g . , mant le convec t ion and fold ing o f  
st rat i f ied rock) , the interpretat ion of which binges o n  a n  understand ing of  
the duc t i l e  and semi-brit t l e  behavior o f  rocks . 

A wide spec t rum of  l oad ing c onf igurat ions are encountered in both 
eng ineering prac t ice and tec tonic processe s .  Failure in either a tens i l e  or 
a shear mode ia possible .  Examp les of the former inc lude fl exure of a mine 
roof , hydraul ic frac turing , and magmat ic int rusion. Owing t o  the dominant 
inf luence of gravitat iona l overburden , the princ ipal a t reaaea in rock maaaea 
are frequent ly all compre ssive . In this lat ter case , shear frac ture occurs 
when the deviatoric atreaaea have become c ritical . A "faul t "  ia  formed ( by 
c lustering of microc racking proce sse s )  wit h s imultaneou s re lease of a t reaa  
by re lat ive s l ip on the shear band . 

One of two approaches usual ly ia taken in the study of c ompre ss ive 
f rac ture in rock and both have cont ributed s ignificant ly to current 
understand ing .  The first ia an "app l ied mechanic s "  approac h c ommonly 
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used for engineering de e ian and qual itative ana ly e i e  of aeoloa ic faul t ing .  
The frac ture process  is  taken a s  a diecrete event without s ianif icant prior 
de format ion and without warning . The only phy e ical quant ity of interest is  
the peak s t res e , which ie of interest as  an upper bound on eolut ione of 
boundary va lue problema . Fundamenta l s  of this approach are covered by 
Goodman ( 1 980) , Hoek and Brown ( 1 980) , and Jaeae r and Cook ( 19 79 ) . A recent 
report by the Nat iona l Re search Counc i l ' • U . S. Nat iona l Committee for Rock 
Mechanic s ( 1 981 ) a l s o  touc he s on this subj ec t .  The second approach is a 
"materia l s  sc ience" one that supp lement s e tandard defonut ion tests  with NDE 
and mic roscopy , aimina at a fundamental understanding ot the microscopic 
mechani sm.  The evolut ion of mic roe t ruc ture is treated ae  a cont inuoue 
p rocess culminat ing in the c oalescenc e  of mic rofieeure s to form a 
thorouah-ao ina fault . Such an approach was adopted by Patereon ( 1 9 7 8) in 
his extens ive review of  rock frac ture . 

Bac!tground 

Rock is undoubted ly one o f  the materia l s  for which frac ture behavior under 
compree s ive stresses has been s tud ied most  thorouahly . In comparison with 
other materia l s  such as metals  or ceramic s , rocks have several d i e t inct ive 
charac teri s t ic s : 

1 .  The term " roc k" inc ludes a areat variety of  material type e .  Granite 
can behave in a brit t le manner up to a conf ining pressure o f  1 GPa whereas 
carbonate rocks become p l ast ic a t  moderate pres eures of  about 1 00 MPa . 
Extene ive crystal  plast ic ity i s  observed in roc k sa l t  at moderate stre e e 
under room temperature whereas most quart z-bearing roc ks do not ehow 
s ianif icant d i s locat ion ac t ivit ie s  up to a temperature of 400 ° C .  

2 .  Even in a virain s t ate , rocke are permeated wi th pore s and 
mic rocavit ies  that were formed during the incept ion of the rock and are 
re lated to brit t le fracture during geoloaical mot ions in early t imes . The 
poro s i ty and microcavity morphol oay are as important --or even more vita l 
with regard to rock propert ies--as t he mine raloaic compos it ion i t se l f .  
Col lec t ive ly the microcavit ie s  cause a nonl inear dependenc e of  strain , 
ul t rasonic ve loc it ies and attenuat ion c oeffic ient • on e t ress , a st rong 
pree sure dependence of frac ture s t rength ,  a variabil ity and scat ter in test 
re sul t s , and probably a scale e f fec t into the pred ic t ion of mec hanical 
behavior . 

3 .  Roc k has a finite hydrau l ic c onduc t ivity , which imp l ie s  that the 
void space forms an interconnec ted network. There is  petro l ogical and 
geophy s ical evidence that roc ke poss ibly are saturated with water t o  a dept h  
of tens of kilometers . Pore f luid also  p lay s a s ignif icant role i n  
eng ineering appl icat ions f o r  energy resource recovery or dam cone t ruc t ion . 
The effec t  of pore f luid on fracture behavior can be e ither mechanical 
through pore pres sure d iffus ion or c hemical throuah s t re s s  corros ion. 

Experimental Technigue 

The c onvent iona l t riaxial test  of j acketed cy l indrical spec imens ( compre s eed 
axia l ly under transverse pre s sure ) was pioneered by von Karman ( 1 91 1 )  and i s  
by far the most  popular technique for laboratory meaeurement o f  temperature-
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dependent mechanical behavior of  rock.  Nearly al l such apparatus for rock 
mechanic s operate within the 1 GPa pre s sure range , and , even within this 
range , most have been re stricted to pressure s of between 300 and 500 MPa . 
The adaptat ion of triaxia l apparatus for use at  e levated temperature s is 
re levant mainly to stud ie s  in the duc t i le f ie ld , but there recent ly have 
been at least two stud ies on bri t t le frac ture at temperature s up to about 
1oo • c  ( Friedman et al . 1 9 7 9 ,  Wong 1 982a) . 

No informat ion on the effec t o f  the intermediate princ ipa l stre s s  i s  
furnished by the c onvent ional t riaxial te st , but Mogi ( 1 9 7 2a )  performed a 
thorough invest igat ion of this e f fec t by "true " triaxial test ing on cubic 
samples . A l imited amount of data from tors ional te s t ing a l so we re reported 
by Hand in and co-workers ( 1 960 and 1 967) . 

Most of  the rock s t rength data available are on cent imeter-s i ze 
cy l indrical samp les . In one except iona l study S ingh and Huck ( 1 9 7 J )  
pe rformed t r iaxial tests  i n  a laboratory c e l l  o n  granite and l imes tone 
cy l inders up to 0 . 9 in. d iame te r .  Several laboratories ,  however ,  current ly 
are deve l op ing large-sc ale test ing fac i l i t ie s  ( Nat ional Sc ience Foundat ion 
1 981 ) . Neve rtheless , most  of t he truly large-scale tes t s  are performed in 
the f ie ld . A sy stemat ic in-s itu invest igat ion of the s ize e f fect vas made 
in South Africa by Bieniavski and van Herdeen ( 1 9 7 5 ) , to he lp de s ign the 
pil lars in coal mines . Prat t and co-workers ( 1 9 72) performed laboratory and 
in-situ tests on quart z d iorite with spec imen d imensions of  up to J m.  

The Ef fec t o f  Confining Pres sure and Temperature on S t rength 

Because o f  its  f i ssured s t ate , t he brit t le s t rength o f  mos t  roc ks shows a 
strong pres sure dependence .  It  is  not uncommon t o  achieve a tenfold 
inc rease in s t rength by a smal l  increment in mean s t re s s , as is  shown in 
Figure 7 .  As we di scus sed earl ier in chapter J ,  depend ing on the s igns o f  
the princ ipal stre s se s ,  a sample can f a i l  in tens ion or in shear . Here 
however ,  only shear frac ture that occurs when the princ ipal s t re s se s  are a l l  
compre s s ive ( Figure 9 )  is c onsidered . The fracture ang le i s  de f ined to  be 
t he ang le between the shear faul t ing surface and the maximum princ ipal 
compre s s ive s t ress a1 • 

Mos t  o f  the empirical fracture c ri teria d i scus sed ear l ier are formulated 
from convent iona l triaxial test data with the imp l ic i t  assumpt ion of the 
independence of  the phenomenon on the intermed iate princ ipal s t ress 02 ·  
Kogi ( 1 97 2a ) , however ,  c onc luded from h i s  "true" triaxia l te s t s  on cubic 
samples that this is only an approximation .  He found that when the minLDum 
comp re s s ive s t ress  OJ i s  kep t  constant , an inc rease in 02 resul t s  in an 
inc rease of 01 at failure ( Figure l Oa )  and , furthermore , that the frac ture 
ang le dec rease s with inc reasing o2 when OJ is  f ixed ( F igure lOb) . The 
fracture surface , however , alway s c onta ins the o2 d irec t ion. Duc t i l ity 
also is found to decrease with an inc rease in o2 • S LDilar conc lus ions 
were drawn by Hand in and co-workers ( 1 960 and 1 96 7 )  from tors ion te s t s  on 
hol low cylindrical spec LDens . 

The e f fec t of a temperature increase is  to dec rease the frac ture s t re s s  
(Friedman et  al . 1 9 7 9 )  and to s tabil ize the pos t-fai lure behavior 
(Wong 1 982a) . In general , in compari son with pre ssure , t emperature has a 
re lat ive ly sma l l  effec t on the brit t l e  frac ture of d ry  rocks . 
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F IGURE 9 ke lat ionebip be tween shear and normal etresees and princ ipal 
s t ressee at failure ranging froa tene i le to uniaxial compre e s ion to 
compre ssion under a confining pre seure ( Hoek and Brown 1 980) . 
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FIGURE 1 0  The dependence o f  t he compre s s ive s t rength al on transverse 
compre s s i ve stre s s  a2 f o r  d i f ferent leve l s  o f  the third princ ipal 
compre s s ive s t ress OJ ( <a2 ) ( a ) , and the dependence of t he f racture 
ang le e between t he shear fault  p l ane and the d irec t ion of princ ipal 
compre ss ion , on the princ ipa l s t ress  difference ( b ) , from teste  in t r iaxial 
compre s s ion (Mog i 1 9 7 2b) . 
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The Effect of Pore Fluid 

Experiment s on sed imentary rocks by Hand in and co-workers ( 1 963) and on 
c rystal l ine rocks by Brace and Mart in ( 1 968) show that if  the aa.ple is 
"drained , "  Terzaghi ' a  princ ip le of e f fec t ive s t ress should apply to frac ture 
( Jaeger and Cook 1 9 79 ) . If pore f luid dif fus ion is re lat ive ly s low ( i . e . , 
so that pore pres sure i s  no longer unifona) ,  i t  i s  necessary to take into 
account the mic rocavi ty deformat ion and penaeabil ity . Theories for such 
so-cal led poroe laa t ic behavior have been deve loped pri.arily in pet roleum 
eng ineering (�iot 1 941 ) and have been reviewed by Ric e and Cleary ( 1 9 76) . 

If  the interst i t ial fluid i s  not inert re lat ive to the mineral 
cons t ituent s of the roc k ,  the pore fluid can exert a chemica l  e f fec t in 
add it ion to the pure ly mechanical one d iscussed above . An evident weakening 
e f fec t in water-saturated samples baa been observed in calc ite by Rut ter 
( 1 9 72 ) and in quartz by Scho l z  ( 1 968c ) . The obse rved behavior is usua l ly 
att ributed to s t ress corros ion c rac king (Atkinson 1 982) . Mizutani and 
co-workers ( 1 9 7 7 )  inve s t igated the s t rengthening e f fec t of a sample when 
placed in a high vacuum s imilar to the lunar environment ( F igure 1 1 ) . A 
l imited amount of available data indicate that the s t ress corros ion c racking 
effect is reduced by an increase in pressure ( Kranz 1 980) or a dec rease in 
temperature (Kranz et al . 1 982) .  

' 

The Effec t of S ize 

The s i ze e f fec t in frac ture is of part icular importance in rock mechanic s 
because of the large span in dimens ion between laboratory spec imens and rock 
mas ses involved in eng ineering pract ice . The e f fec t for uniaxial 
compres s ion baa been invest igated to some extent . Figure 1 2 i s  a summary of 
publ ished data on several re lat ive ly weak rocks tes ted in-s itu.  The rat io 
of f ie ld to laboratory s t rengths can be as high as 1 0  as the s i ze of the 
samples correspondingly dec rease s .  The avai lable data ind icate that there 
is a c ri t ical  s i ze of about 1 m above whic h there i s  no further dec rease in 
s t reng th.  Thi s ,  howeve r ,  vas l ike ly af fec ted by the d i f f iculty of carry ing 
out testa  on samples of larger d imens ions , and by the usual careful 
se lec t ion procedure of the samples that were ac tua l ly tested .  

Because o f  the lac k  o f  data on larger samples o f  hard rocks , a s imilar 
minimum s t rength baa not been demonst rated (Brace 1 981 ) . In fac t , 
Hodgson and Cook ( 1 9 70) conc luded f rom their tes t a  on a hard competent rock 
that no s ize effec t is evident . It al so of ten baa been sugges ted that s ize 
effec t s  should be leas at a higher conf ining pre ssure ( Paterson 1 9 78) , but 
this idea is e s sent ial ly untested . 

One approac h to interpret the s ize ef fec t is  to adopt a weakest  l ink 
mode l ,  a variant of We ibul l ' a  theory (Weibul l 1939)  whic h assume s  that 
f rac ture of a sample occurs when the weakest e lement fa i l s  or the worst  
c rack grows . As  al ready discussed in  chapter 3 ,  the "intrins ic " compress ive 
st rength of  rocks invo lves the growth and coalescence of many c racks to a 
fault  nuc leus that then spread s .  On the other hand , in roc ks that contain 
an uncharac teris t ical ly large ext rins ic prec rac k ,  a shear fault  can be 
ini t iated from it  earl ier ,  short-c ircui t ing the evolut ionary nuc leus 
format ion proces s .  On this bas is , no important s ize ef fec t is expected in 
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FIGURE 1 1  Dependence o f  c ompre s s ive st renath on t he vapor pressure of  water 
in an isolat ion chamber ;  the ac tual pres sure fe l t  by the growing c rack is  
l ike ly to be cons iderably higher (Kizutani e t  al . 1 9 7 7 ) . 
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F IGURE 1 2 Dependence of compress ive a t renath of roc ks on s i ze (Brace 1 981 ) . 

rocks containina a narrow dist ribut ion of prec rac k l enatha when they are 
tes ted on a scale muc h larger than these c racks but a size e f fec t is 
expec ted in rocks containina a fami ly of extrins ic precracka muc h l arger in 
size than the mic ros truc tural scale when t hey are tested on a scale within 
the s ize range of these extrins ic c rac ks . 

The Mic romechanic a of Fau l t ing 

Ac t ive research in the past two decades has deepened underatand ina of the 
ine l as t ic deformat ion processes l ead ing to the format ion of  a termina l shear 
faul t .  A brit t le rock tested in triaxial compress ion wi l l  show d i l atancy 
when the different ial s t re s s  (al - a 3 ) reache s one-third to one-hal f  the 
peak value . Usual ly d i l atancy and pressure dependence o f  the frac ture 
stress  go together . The pres sure dependence becomes ve ry sma l l  only when 
d i lat ancy disappears (Brace 1 9 78) . S ignif icant inc rease in void dens ity is 
due princ ipal ly to ine l as t ic s t rain in the rad ial d irec t ion , which Brace and 
co-workers ( 1 966) have at tributed to s t ress-induced mic roc rac·ka extend ina 
para l l e l  to a1 • Other physical me a surement s inc lud ina shear wave 
biref ringence (Bonner 1 9 74) , attenuat ion ( Lockner e t  a l . 1 9 7 7 ) , e lec trical 
re s i s t ivity (Brace and Orange 1 968) , and permeabil ity ( Zobac k and Hyerlee 
1 9 75)  have corroborated this interpretat ion. Sc ho l z  ( 1 968d ) demons trated 
that acous t ic emiss ion ac t ivity sharply inc reases with the onse t of 
di latancy . Mog i ( 1 978)  conc luded f rom his s t rain measurements in "true" 
triaxial tes t a  that the ine last ic d i l atat ion is l argest  in a direc t ion 
para l l e l  to the leas t princ ipal compre s s ive s t ress a 3 , as can be expected 
f rom the mic roc rack extens ion mode l s . 
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Soga and co-workers ( 1 9 7 8 )  performed measurement s on an init ial ly 
isot rop ic rock s t re ssed in a pre ssure ves sel with a window for ho lographic 
interferometry .  The three-dimens ional s t rain measurement s ind icated a 
gradual evolut ion of homogeneous , t ransverse ly isotrop ic deformation 
culminat ing in shear local izat ion as the different ial s t re s s  reach ita  peak 
value . S imilar conc lus ions a l so were reached by Lockner and Byerlee ( 1 980 )  
and Sonderge ld and Estey ( 1 981 ) o n  the basis  of the c lustering of acoustic 
emission sources (as  al ready d i scus sed in chapter 4) . 

Direc t Observat ion of the Damage Mic rost ruc tures 

Progre ss in the d i rec t observat ion of mic rocavitiea and mic roc racks in rock 
has been hampered by the d i f f iculty of d if ferent iat ing between t he orig inal 
microcavit iea and the art ifac t s  introduced during the preparat ion of the 
thin sec t ions . Brace and co-workers ( 1 9 7 2 )  sugges ted that the art ifac t s  c an 
be minimized by a surface preparat ion procedure with ion-mi l l ing as the 
fina l step and that the f ine detai l s  can be resolved under the scanning 
elec t ron mic roscope ( SEM) down to a scale of 10-2 pm. Extensive SEM 
stud ies s ince then on rock types such as granite , gabbro , d iabase , 
quart zite , and sandstone have provided a de tailed picture of mic rocavi ty 
morphology ( Richter and S immons 1 9 7 7 ) . It  suf f ices for t he d i scus s ion of 
mec hanical behavior to separate the mic rocavit iea  into two categorie s : the 
almost equid imens ional pores and the l ent icular , s lot-l ike c rac ks . As 
al ready touched on brie f ly above , a thorough SEM study by Had ley ( 1 9 7 6) 
showed t hat in a virgin granite , the pores of aspec t rat io ( rat io of  opening 
to leng th) 0 . 1 to 1 are general ly with d imens ions leas  than 5 pm and that 
the c rcka typical ly have aspec t rat ios of 1 0-4 to 1 0-2 and lengths leas ·  
than 1 00 pm, which is about one-tenth the grain s i ze .  

Ueve lopment of S tress-Induced Mic roc racks and Shear Local izat ion 

Rec ent SEM stud ies (Bat zle et a l . 1 980, Kranz 1 9 7 9 ,  Tapponnie r and Hrace 
1 9 7 6 ,  Wong 1 982b )  have provided a good pic ture of the mic romechanic a of 
d i latancy . Except for the recent work by Bat z l e  and co-workers ( 1 980) , 
whic h was performed in-situ under uniaxial compres s ion , moa t  s tudies 
cons idering more complex s tre ss f ie lds are on samples ret rieved from the 
pres sure ve sse l after be ing subj ected to s t res s .  Mic rost ruc tural changes 
also can be caused by pressure and temperature cyc les  ( Sprunt and Hrace 
1 9 74) , but they are minor re lat ive to those induced by compre s s ion. Unl ike 
those in the virg in samples , the s t ress-induced c racks tend to be 
sharp-t ipped and re lat ive ly st raight . They have the s t rongly preferred 
orientat ion sugge sted by othe r  phy s ical measurement s discus sed above , and 
moat of them are t ranagranular , seldom c ros s ing over grain boundaries . 

Tapponnier and Brace ( 1 9 7 6 )  conc luded that dilatancy is  primarily a 
consequence of two type s of c racking : the widening and extens ion of 
pre-exist ing d i scont inuit ie s  ( e . g . , grain boundaries , c racks , and pores ) and 
the init iat ion and propagat ion of c racks at s i tes with high cont rast  in 
elas t ic modul i  ( e . g . , at transve rse grain boundarie s between d i f ferent 
mineral s ) . 

A conc lus ion common to a l l  the SEM studies is that the s t ress-induc ed 
c racks are in general a resul t of Mode I growt h in tens ion , as wou ld be 
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expected from the mic roc rack extens ion mode l s  driven by the shear offset of 
pre-exist ing c racks . The compre ss ion-induced c rac k orientat ion baa a highly 
anisotrop ic d istribut ion and is most ly at low angles ( i . e . , less  than 
1 5  degree s )  to 01 ,  a l though Wong ( 1 982b )  baa reported a numbe r of c rac ks 
inc l ined at higher angles to a1 in granite samples deformed under pres sure 
and higher temperature than in previous work. There have been no report s of 
apprec iable Mode II or I l l  growth of pre-existent mic roc racks in the samples 
prior to the onset of a shear faul t . 

A c ont inuum de script ion of the mechanical behavior of a compl icated , 
po lyc rystall ine materia l suc h as rock probably i s  adequate only over a 
cont inuum e lement large enough for t he effec t s  of grain sca l e  inhomogene ity 
and anisot ropy to average out . The SEK observat ions show that the mineral 
quart z ,  comprising about one-third by volume of the granite , baa l �ited 
part ic ipat ion in the local izat ion process in the initial  post-failure 
stage . In other words , local ized de format ion extend ing over a cont inuum 
element with grains of a l l  maj or minera l  type s is not observed unt i l  the 
sample has been deformed we l l  into the post-fai lure stage . In this l imit ing 
sense , the SEK observat ions agree with the theoretical  pred icat ion of the 
loca l i zat ion analy s i s  out l ined in chapter 3 for fric t ional , d i l atant 
materials . Such analyses ( e . g . , Rudnicki and Ric e 1 9 7 5 ,  Rudnicki 1 9 7 7 )  
pred ic t that the onset o f  localizat ion under ax isymmet ric compress ion should 
occur when the sample has been deformed we l l  int o the s t rain-softening stage . 

APPLIEJJ PROBLEMS IN COMPRESS IVE FRACTURE OF ROCKS 

Int roduc t ion 

One of the most  �portant prac t ical app l icat ions of frac ture of britt le 
sol ids in compres s ion i s  the penetrat ion of too l s  into roc k.  Spec i f ic 
examp l e s  inc lude percuss ive and rotary dril l ing ,  drag bit d r i l l ing , and 
p l oughing or pl aning of roc k format ions (e . g . , coal ) .  In spite of the 
ext reme commerc ial importance of tool penetrat ion into britt le rock ,  det a i l s  
of the penetrat ion mechani sm s t i l l are poorly understood . Muc h of the pas t 
work in this area has been d i rec ted toward semi-emp irical d r i l l ing mode l s  
often spec ific t o  a part icular format ion. Al though such mode l s  have 
eng ineering ut i l ity , they general ly are not consistent with recent 
deve lopment s concerning the cons t i tut ive behavior of roc k  and are not based 
on the mechani s t ic processes described above . Hence , the ir range of 
app l icab i l ity is  quite l imited . Here , current prac t ic e  in phenomenological 
theorie s for tool penetrat ion into rock and attempt s  at deve lop ing 
mechanis t ic mode l s  for chip format ion wi l l  be reviewed . 

Quas istatic tool pe ne t rat ion tests  ( Hartman 1 95 9 ,  Evans and Murre l l  
1 9 58,  Singh and Johnson 1 96 7 , Re ichmuth 1 963 , S ikarakie 1 966) have 
e s tab l i shed the feature s of the penetrat ion mechanism. Figure 1 3  repre sent s 
a typic al set of force-penetrat ion traces  of  wedge-shaped too l s  into 
charcoal grey granite . As the t race s  suggest , the process  occurs in a 
repet it ion of two d i s t inc t phase s .  The f irs t i s  a c rushing phase in which 
the forces on the tool inc rease monotonical ly .  Hydros tat ic s t resses in the 
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vic inity of the tool t ip are extreme ly h igh and the material under the t ip 
es sent ial ly is  c rushed in the reg ion of  very high contac t pressure s .  The 
c rushed material behave s in an almost  p l as t ic fashion. Stresses are 
t ransmit ted through the c rushed zone to the virgin material be low. As the se 
s t resses in the surround ing material inc rease ,  a mac rofrac ture zone is  
ini t iated and , with subsequent load inc rease , eventual ly grows to form a 
c hip under dec reasing tool forc e  to complete one d i sc rete step . The cyc les 
now repeat under inc reasing tot al  force as the contac t area between the tool 
and the rock inc rease s .  A typ ic al dri l l ing s ituat ion may see 2 to 4 suc h  
cyc les p e r  blow. The cyc lic  behavior a l so i s  observed i n  drag b i t s  
(Whittaker and Szwi lskie 1 9 73) . This above cyc l ic penetrat ion behavior 
app l ies to rock at low conf ining pres sures . At high conf ining pres sures 
( e . g . , in deep dri l l ing ) , rock becomes outward ly more duc t i l e  with smooth,  
monotonic force-penetrat ion curves ( Cheatham and S ikarskie 1 9 7 3 ) . 
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B IT PE NETRATION ,  INC H E S  

FIGURE 1 3  Charac teri s t ic force-penetrat ion curves f o r  charcoal grey granite 
by 2 . 5  em wide wedge s (Re ichmuth 1 963) . 

General Theore t ical Model s  for the Fau l t ing "Plast ic ity"  o f  Rocks 

The proce ss  of chip format ion in rock machining as  out l ined above involves 
the repeated app l icat ion of local shear fault ing in the rock under the 
concent rated pre s sure o f  the tool . The mechanic s and mechanisms of t he 
evolut ion of microc racking processes  lead ing to the format ion of a shear 
fault nuc leus in a homogeneous compre ss ive s t ress  f ie ld under conf ining 
pressure app l ies  local ly in the rock that is to be chipped , albeit  in this 
case the local s t ress f ie ld i s  highly inhomogeneous and the shear faul t s  
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make up curved surface s .  In such s ituat ions more formal phenomenolog ic a l  
theories c learly are c a l l ed f o r  to deal with the problem o n  the bas is  of  a 
cont inuum without repeated ly coming to grips with the detai l s  of taul t ing .  
The cons t i tut ive local ization mode l  o f  Rudnicki and Rice ( 1 9 7 5 )  that 
deve lops condit ions of shear local izat ion by t reating the brittle rock 
undergoing microc racking as if  it were a pressure sensit ive , somewhat 
di lat ing p last ic cont inuum serves as a guide . This  sugge s t s  that probleas 
of this type should be amenable to analysis  by the s l ip l ine f ie ld method of 
the mathemat ical theory of p lane p l as t ic ity , general ized to deal with 
p l ast ic cont inua exhibi t ing pres sure dependence o f  the plas t ic resistance 
and di latancy and inc lud ing , i f  necessary , vertex phenomena on y ie ld 
surfaces that are known to make the material more prone to local izat ion of 
deformat ion . A number of at temp t s  have been made to mode l the behavior of 
granular materia l s  such as so i l s  (Drucker and Prager 1 952 , Szc zepinski 1 9 7 1 , 
Dre sc her et al . 1 967 , Mroz and Szymanski 1 9 7 9 ,  Spencer 1 982 , Anand 1 982 ) .  
These have been app l ied with vary ing degree s of success in inhomogeneous 
problems such as indentat ion of a hal f  space of sand or soil  but have not 
found app l icat ion to correspond ing problems of mac hining or chip format ion 
in rocks . 

Spec if ic Mode l s  for Chip Format ion 

Some part icular theore t ical mode l s  fol lowing s l ip l ine p last ic ity approaches 
have been deve loped spec i f ical ly for the purpose of deal ing with chip 
format ion in roc ks by the wedge indentat ion proce ss . Figure 14 shows a 
schemat ic two-d imensional view of a wedge pene t rat ion mode l deve loped by 

F O R C E  

CRUSHED ZONE 

AN G L E  OF' BE DDIN6 PLAN E (FOR ANISOTROPIC RE SUL.: 

F IGURE 14 Ideal ized mode l of the pene t rat ion of a too l wedge into roc k .  
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Paul and S ikarakie ( 1 965) . The p l ane s t rain mode l has assumed symmetrical 
d i s tort ions and an init ial local  pene t rat ion by c rushing that is l inear with 
the app l ied force . It assume s  further that the chips are planar b locks and 
that they move out of the way when the Coulomb�ohr c riterion of a pressure­
dependent p l as t ic res is tance can be c ounterac ted . The model demonstrates 
that for proper chip format ion the wedge ang le e shown in Figure 14 mus t  be 
leas than a g iven amount , determined by the fric t ion ang le be tween wedge and 
rock and the pres sure dependenc e of the p last ic res istanc e that governs the 
Coul omb-Mohr criterion . The mode l is c apable of pre sent ing an upper bound 
outer envelope to the force-penetrat ion behavior of a wedge as g iven in 
Figure 1 3 . The model has been extended to the symmetrical penetrat ion of 
anisot rop ic rock by Benj umea and S ikarakie ( 1 969 ) and to t i l ted app l icat ion 
of the wedge by McLamore ( 1 9 7 1 )  • 

The s imple wedge penetrat ion mode l described above i s  not ful ly 
cons i stent with the ac tua l  phenomenon. Al t iero and S ikarakie ( 1 9 74)  have 
stud ied this  in some detai l on mode l s  made of p l as ter of Paris to  better 
unde rstand the complex proces se s  of vert ica l sp l i t t ing ( extens ion f rac ture ) , 
c rushing , and chip format ion in the brittle substanc e .  On the bas is of 
their obse rvat ions S ikarakie and Al t iero ( 1 9 7 3 )  analyzed the wedge 
pene t rat ion proces s as a quarter apace loading problem where the f ree 
surface and the vert ica l  sp l it t ing de l ineate the quarter apace boundaries as 
shown in Figure 1 4 .  The normal and frict ional load ing of the interface 
between the roc k and the wedge then is cons idered in detail , the s t ress  
dist ribut ion in the rock is  ca lculated , and the Coulomb�ohr c riterion is  
app l ied to determine the point where the f rac turing wi l l  begin. The growth 
direct ion of the c hip was assumed to fo l low along the s t eepest s lope of the 
Coulomb-Mohr func t ion . This c learly i s  somewhat arbitrary and instead the 
genera l i zed s l ip l ine f ie ld approach d i scussed above should have been used . 

Other Appl icat ions of Rock Fracture 

There are many other app l icat ions of rock f rac turing of industrial 
intere s t .  The problem of hydraul ic f rac turing o f  great interest in 
improvement of  o i l  recovery from oil -bearing rock bed s is  primari ly a 
problem of  tens i le frac turing of rock under a large we l l-bore pres sure and 
the oppos ing conf ining pres sure s of the surrounding roc k albe it made 
comp l icated by the f l ow processes of pore f l uids .  This and other s imi l ar 
frac turing problema are out s ide the scope of this report . Problema of mine 
shaft fai lure s  and lateral  d i spl acement of  large earth works such as dams 
and embankment s are direc t appl icat ions of compres s ive frac turing of rock 
and so i l  f l ow,  both obeying the general framework of shear fau l t ing theories 
referred to above and to be d iscus sed further in chapter 6.  The framework 
for the so lut ion of such problema thus exists  and some al ready have been 
solved while others s t i l l  await  solut ion . 
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COMPRESS IVE FRACTURE IN CONCRETE , CEMENTED CARB IDES AND 
ULTRA-HIGH STRENGTH METALS 

FRACTURE IN CONCRETE 

Genera l Back&round 

Without doubt , conc rete is the technologica l ly mos t  important brittle 
material . It s  importance in stat ionary s t ruc tural app l icat ions i s  perhaps 
ove rshadowed only by steel with which it  compe tes and on which it often 
re l ies for improved overa l l  propert ies . In spite of i t s  wide spread use and 
large amount s of engineering re search and development to make i t a  properties 
reproduc ible , the mic ros t ruc ture and behavior of concrete is s t i l l  
inadequately unders tood . Al though bas ic conc rete c onsists  of Port land 
cement , water , and aggregates that are wide ly avai lable , the making of 
conc rete with superior propert ie s require s  adherence to st rict procedure . 
For a general treatment of the propert ies of conc rete , i t a  ingredient s ,  the 
procedure for i t s  preparat ion , and i t s  use , the reader i a  re ferred to 
standard treat ises suc h as that of Nevi l le ( 1 9 7 5 ) . The s tatus of  re search 
on cement and conc rete in the United States has been reviewed recent ly by 
the Nat ional Re searc h  Counc il  ( 1 980) . Only the problem of the compress ive 
st rength of unre inforced conc rete wi l l  be cons idered he re . 

Phenomenology of the Compress ive S t rength of Conc rete 

It has now been we l l  established that the s t rength of a properly prepared 
conc rete wi l l  cont inue to rise with curing t ime at room temperature . Thi s  
rise i n  s t rength cont inue s with dec reas ing rate ove r a period of years . The 
most rapid change in s t rength ia l imited , however , to t he f irst 90 days . 
Because of this , i t  is  general prac t ice in evaluat ing the properties of 
conc rete to re ly on standard ized tests on samples with 7 day c ure or 28 day 
cure ; in typical cases the lat ter strength ia expec ted to be 50 percent 
higher than the forme r .  

47 
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The development of poros ity and mic rocrackin& due to d i fferent ial 
shrinkage durin& cure make s conc rete an unrel iable material in tens ion and 
necess itates its  re inforcement with s tee l in struc tura l  appl icat ions where 
the stee l  is  expec ted to impart tensile  s t renat h .  In usual prac t ice , a 
tens i le s t �enath of no more than 4 to 5 MPa can be expec ted . In paral le l 
with the general expec tat ion concernina brit t le sol ids the uniaxial 
compress ive strenath of conc rete is 6 to 8 t ime s  higher than its tens i le 
st rength.  Under a lateral conf inina p ressure , however ,  the compress ive 
strenath of concrete inc rease s dramat ical ly , as shown in Figure 1 5 .  A 
corre spond in& inc rease in s t rength a l so is observed in the compres s ive 
strength of neat cement and mortar , ind icat ing that the strenath-reduc ing 
mic roc racks and f i s sure s are present even without aggregates . In Figure 1 6  
data on the dependence o f  the compress ive strenath o f  conc rete on a latera l  
pre s sure are p lotted , normalized with the uniaxial compre ss ive s trenath and 
with the lateral pres sure be ing normal i zed in the same way ( Lowe 1 9 7 9 ) . 
Comparison of Figure 1 6  wi th Figure 7 for rocks shows the s imilarity of t he 
f rac ture behavior of conc rete and of  rock .  Further , in t h i s  instance , too , 
the biaxial f rac ture theory of Griff ith as mod if ied by Mc Cl intoc k and Wal sh 
to account for c rack face frict ion g ives a good bas i s  for a scal ing law. 

De tai led experiment s on the phenomena that accompany the eventual 
frac turing of concrete in compre s s ion have indicated that , as with rock , the 
precursor phenomena of mic roc racking ac ros s  the d i rec t ion of smal lest 
compre s s ive s t ress  and into the d irec t i on of  princ ipal compress ion begins at 
around 50 to 7 5  percent of the u l t imate compress ive ins tabil ity stress . The 
beg innings of these mic roc racking event s have been s tud ied with both 
measurement of the ve loc ity of  sound in the t ransverse d irec t ion and with 
u l t rasonic pul se echo techniques ( Nevi l le 1 9 75) . These invest igat ions have 
shown that such stable mic roc rac kin& occurs earlier in conc rete with coarse 
aggregate grave l havina smooth surfaces than in cement s emp loying aggregate 
in the form of c rushed rock with j agged surface s .  The use of aggregate of 
different surface roughness , however ,  inf luences  the tens i le or flexural 
st rength and the compre ss ive s t renath in the same manne r ,  ma intaining a 
direc t proport ional ity be tween flexura l s t rengt h  and compre ss ive s t renat h.  

The f ina l fracture of conc rete in compress ion with or without lateral 
pres sure is by shear local izat ion. Because of the uniformly porous and 
c racked init ial state of conc rete , however , it is c ommon that a s ingle 
spec imen develops more than one local izat ion nuc leus , result ing in mul t iple  
shear p l ane s and f ragmentat ion during the final ins tab i l i ty .  In  view of 
this , the f ina l frac ture process often is referred to as c rushing in the 
conc re te l iterature . 

Inelas t ic Behavior of Conc rete 

The early onset of mic roc rackin& in conc rete g ives t he material cons iderable 
apparent ine l as t ic behavior with apparent work hardening that is of 
cons ide rable concern and importance in s t ructural enaineerina app l icat ions 
re ly ing on the use of re inforced conc rete.  As a re sul t , the subj ect bas 
been researched phenomenological ly in cons iderab le detail . The 
phenomenolog ica l  mode l s  for this inelas t ic behavior of  conc rete , deve loped 
af t e r  the style of the phenomeno log ical theories of plast ic ity u s ing the 
invariant s of the s t ress  tenso r ,  were discus sed in c hapter 3 .  The subj ec t 
has been t reated extens ive ly for many years with s tud ie s rang ing in 
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FIGURE 1 5  Inc rease o f  compress ive s t rength o f  a typical conc rete with 
lateral stres s ; a s imil ar behavior exi s t s  for neat cement and mortar as 
we l l ,  ind icat ing that the s t rength-limi t ing weak interfaces are not j us t  a 
resul t of aggregates ( Nevi l l e  1 9 75) . 

Copyright © National Academy of Sciences. All rights reserved.

Fracture in Compression of Brittle Solids
http://www.nap.edu/catalog.php?record_id=19491

http://www.nap.edu/catalog.php?record_id=19491


so 

• 
4 

u, 
• 

Co � 
• Crush i nQ fa i l u re A 

3 0 
• 

• B .. Resu l ts ta ken f rom 
0 • 

0 c 
2 • • reference 3 

' A 
0 0 ., 

0 X reference 4 

0 
• .. � 

1.0 2.0 
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without conf ining pre s sure ( Lowe 1 9 7 9 ) . 

Copyright © National Academy of Sciences. All rights reserved.

Fracture in Compression of Brittle Solids
http://www.nap.edu/catalog.php?record_id=19491

http://www.nap.edu/catalog.php?record_id=19491


Sl 

soph i s t icat ion f raa the uae of the Coulo.b�ohr c riterion to those involving 
the deve lopment of concepta of preaaure-depeadent plaat ic reaiatance and 
d i latancy . Some of these development• have been au..arized by Hs ieh and 
co-workers ( 1 980) . Current c ivil engineering prac t ice for deal ing with the 
apparent p last ic ity of concrete is  deac ribed in detail by Chen ( 1 982) .  

In moat instance s  the current prac t ice , which i s baaed on f i t t ing the 
obse rved ine last ic behavior by parame terized foraa of pre aaure-dependent 
y ie ld surface s ,  give s adequate and useful re sul t s  but provide s  only minimal 
fundamental understanding .  In this sense there i s  a parallel  to the 
s i tuat ion exist ing between the formal mathemat ical theory of plas t ic ity and 
the mechani s t ic theory of c ry stal plastic ity for plaatic f l ow and strain 
hardening baaed on dis locat ion interac t ions . In real ity , however ,  the 
s i tuat ion in concrete must be far a i.p ler.  Al though the inelas t ic strains 
in conc rete are produced by the shearing of interfaces and the opening up of 
mic roc racks t hat genera l ly are equivalent to the int roduc t ion of generalized 
d i s locat ion dipo le s , there is no long range mot ion of the se d ia locat iona and 
the topology is  uncomp l icated . Furtheraore , the hardening ia a reault  of 
exhaust ion of weak sites  for mic roc racking , not of  mutua l blocking of 
extend ing mic roc racks . The terainat ion of inelas t ic behavior by shear 
faul t ing in conc rete can be mode led by the modified biaxial frac ture theory 
of Griff ith as a l inearized scal ing law on the baai a of the c lose para l le l  
between Figure s 1 6  and 7 .  Aa theae f igure s ahow , however ,  the ac tual 
frac ture s t rength in compre s s ion rises leas  than l inearly with confining 
pre s sure . Furthermore , as diacuaaed earl ier ,  the theory of McCl intoc k and 
Wal sh ( 1 962 ) is baaed on mic roc rack extens ion whi le the te rminal instabi l ity 
is a re sult of en eche lon ac t ivity of adj acent mic rocracks . The theoretical 
mode l of Rudnicki and Rice ( 1 9 75)  that t reat s the faul t ing as a const itut ive 
bifurcat ion problea, even though mechaniat ical ly more appeal ing ,  is not we l l  
enough deve loped for operat ional use in prac t ice . 

FRACTURE IN CEMENTED CARB IDES 

Cement ed carbide s ,  (e . g . , tungsten carbide ) bound togethe r  with a duc t i le 
mat rix of coba l t  are typical , highly f i l led , hard , cut t ing tool material s  
with very low duc t i l ity i n  tension but good s t rength i n  c ompre s s ion . 
Al though they might be expec ted to be ideal as mode l materia l s  for study ing 
the shear-faul t ing frac ture in compress ion in me tal mat rix material s ,  there 
have been ve ry few inve st igations into this subjec t . In one of t he few 
isolated studies of the compre s s ive st rength of c emented carbides ,  Lueth and 
Hale ( 1 9 70) tes ted 1 em d iameter cy l inders of 2 . 5  em length in simple  
comp re ss ion and observed them to fail  along a conical surface emanat ing f rom 
the periphery of  the contac t area with the compres s ion platens . · These 
inve s t igators exp lained the ir re sul t s  as having arisen from the higher 
pe ripheral contac t pre s sure that is produced when the contac t surface 
f ric t ion prevent s the demanded radial expans ion at the contac t surface while 
the center plane of the cy l inde r expand s laterally.  The f ina l frac ture was 
along t he surface of a cone with a 33 degree apex hal f  ang le along whic h t he 
shear stresses  were large s t .  A paral le l  mic roscopy study indicated that the 
frac ture progre s sed ent ire ly through the duc t ile b inder phase of cobalt . 
S inc e cobalt  doe s not undergo c leavage frac ture , the s imi larity between this 
failure phenomenon and the shear fault ing proceaa in britt le so l id s  ( e . g . , 

Copyright © National Academy of Sciences. All rights reserved.

Fracture in Compression of Brittle Solids
http://www.nap.edu/catalog.php?record_id=19491

http://www.nap.edu/catalog.php?record_id=19491


52  

rock or  concrete ) ia  only in  a aeneral ized aenae where plaat ic ahear f l ow in  
the thin duc t ile phase must be  impeded by the eventually blockina ac t ion of  
the  tunaaten carbide f i l ler  and proceed only by wideapread interface 
cavitat ion reaul t ina in d ilatancy . 

In another more aeneral study Taka&i and Shaw ( 1 982) have carried out 
tens ion and compre s s ion experiment s on a nu.ber of brit tle  aol id a  inc lud ina 
cemented carbide s .  The ir re sul t s  d iffer from moat others that are publ ished 
and can be understood only if  the flaw• a ivina riae to fracture were 
cons idered to be spherical c avit ie s  instead of c rack• with larae aspec t 
rat io . 

Furthe r study of fracture in cemented carbides , both phenomenoloaic ally 
and mechanis t ic a l ly , may be quite usefu l in deve lopina a better 
underatand ina of the corre apond ina phenomenon in u l t ra-hi&h-at renath stee l .  

FRACTURE IN HIGH STRENGTH METALS 

There are few, if  any , we l l  docu.ented reporta of f rac ture in compre s s ion of 
hiah-atrenath meta l s .  The shear local izat ion atudiea of Anand and Sp itzig 
( 1 980 and 1 982) , to which re ference was made in chapter 4 ,  have e s tabl i shed , 
for example , that in high atrenath maraaina stee l deformat ion readily 
local ize s  into shear banda in compres s ive load ina aoverned by the 
pre s sure-dependent and dilatant p last ic flow. If the d i latancy ia  due to 
duc t i le cavity init iat ion , f racture can fol low alona the surfaces of  
local izat ion. Thus , such compre s s ive fai lure s , albeit  of a duc t ile  nature , 
have the same feature s  aa those in britt le rock or c onc rete and obey very 
simi lar stre s s  conditions . Clearly , add it ional inveat iaat ions on this .ode 
of f rac ture are in order.  
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COMPRESS IVE FRACTURE IM COMPOS ITES 

F iber composites  are des igned primarily to be used in tensile load-bearing 
s t ruc ture s  where opt L.um performance require s careful al ignment of  f ibe rs in 
the d irec t ion of princ ipal tension.  Many such s t ruc tural members , however ,  
a l so are subj ec ted occas iona l ly to compre s s ive load ing where failure can 
invo lve buckl ing of the component or compre ss ive fai lure in the c omposite 
mic ros t ruc ture i t se l f . 

The behavior of f iber composites exposed to axial compre s s ive load ing 
has been exp lored in a l imited set of experimenta l  stud ie s  ( Chap l in 1 9 7 7 ,  
Weaver and W i l l iams 1 9 7 5 ,  Evans and Ad ler 1 9 78) . These studie s ,  performed 
respec t ive ly on glass/epoxy , carbon/epoxy , and carbon/carbon composites , 
have revealed a common damage mechanisa--the format ion of kinks in f ibe r 
bund le s , inc l ined to the f ibe r axis ( F igure 1 7 ) . This  kinking behavior i s  
akin to t hat observed by Orowan ( 1 942 ) during the c ompress ive t e s t ing of 
s ingle c rysta l s  of hexagona l metal s .  The kinking in f ibe r composites  i s  
accompanied by f iber f rac ture a t  the kink boundarie s ( Evans and Adler 
1 9 78) . Kinking should thus be regarded as a damage mechanism that both 
l imi t s  the compress ive load-bearing capac ity of the compos ite and 
substant ial ly enhanc e s  the failure suscept ibi l ity in the pre senc e of a 
subsequent tens i le load . 

Init ial analy s i s  of the kinking phenomenon by Kosen ( 1 9 70)  was based on 
t he p remise that failure occurred by e l as t ic buckl ing of the f ibers in an 
elast ic matrix of higher comp l iance . Thi s  e last ic shear buckl ing analy s i s  
ant ic ipates a n  inc l inat ion of  the p lane of t h e  kink to range bet�een 20 and 
50 degree s ,  depending on the kink width .  Comparison of the p red icted 
buckl ing s t re s se s ,  based on the Rosen theory , with compre ss ive strengths 
measured on glass/epoxy and carbon/epoxy sy stems reveal s a substant ial 
d i sc repancy wi th the measured strengths be ing apprec iably le s s  than the 
buckl ing s t re s s , even on we l l  a l igned sy stems . The d i sc repancy i s  
undoubted ly as soc iated with the presence of Laperfec t ions such as init ial 
fiber curvature , inte rface vo ids , and f iber misal ignment . 
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FIGURE 1 7  Examples  of fai lure in c omp ress ion by f iber kinking in a carbon 
f iber composite (Evans and Ad ler 1 9 7 8 ) . 

The imperfec t ion sens i t ivity is re lat ive ly minor in e l a st ic buckl ing 
s ituat ions and cannot ac count for the d i sc repancy . However ,  recognit ion of 
the re lat ive ly large mat rix shear s t re s se s  involved in the kinking proc e s s  
suggests  that imperfec t ion-induc ed ine l as t ic buckl ing i s  a more p laus ible 
mode of compre s s ive fai lure . An approx imate theory (Argon 1 9 7 2 ,  Budiansky 
1 983) shows read ily that the compre s s ive s t rength o f  t he composite i s  
direc t ly proport ional t o  the s hear s t reng t h  of t he p l a s t ic mat rix and 
inversely proport ional t o  t he ang l e  of misal ignment be tween the f ibe rs and 
the axis of c ompre s s ion . A substant ial inf luence of the init ial 
misorientat ion i s  evident with this mode of kinking . Spec i f ical ly , init ial 
f iber rotat ions of l e s s  t han 3 degree s p red ic t c r i t ic a l  k inking s t resses 
comparable to the compres s ive s t reng t h s  measured on compo site  sy stems . 
Misorientat ion& of this magnitude are commonly encounte red in f iber 
compos ites . I t  may reasonably be c onc luded , t here fore , that e l a s t ic /plas t ic 
kinking in the presence of  sma l l  f ibe r impe rfec t ions , manifested as initial  
f iber rotat ions or misal ignment , is  the predominant sourc e  of compre s s ive 
weakne s s  in f iber composite s .  

The spec i f ic kink inc l inat ions exhib ited i n  compos ites , a l t hough 
inc idental to the analy s i s  and interpretat ion of t he compre s s ive strength , 
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a l so require rat ionalizat ion. The observed re lat ion be tween the angle of 
shear ins ide the kink and the ang le of kink inc l inat ion is s imply 
rat ional ized by the requirement that ze ro axial s t rain mus t  be maintained 
within the kink. Howeve r ,  the spec ific magnitude of eac h ana le doe s not 
emerge f rom the s imple instabil ity analy ses used to pred ic t the critical 
stre s s . Nevertheless , a pred ic t ion of the kink angle and the kink width can 
be obtained by cons idering the bending of the f ibers within the vic inity of  
t he ini t ial  imperfect ions and analyzina the ensuing f iber frac ture . Fibe r 
bend ing generates stre s se s  that depend on both the width and ampl itude of 
the bend zone . Hence , by assoc iat ing the width of  the bend zone with the 
kink width and by al lowing f iber frac ture to occur at a c r i t ical tens i l e  
strain,  a kink width c a n  b e  computed which is i n  tolerab le agreement with 
expe rimental observat ions (Bud iansky 1 983) .  

The preced ing descrip t ion of  kinking permit s the conc lus ion that the 
res i stance of  f iber composites to  compress ive fai lure is  c ont ingent 
primarily on t he plas t ic f low charac terist ic s  of the mat rix and on local 
fiber misal ignment . The mechanical p ropert ies of the f iber only inf luence 
the re su l t ant kink geometry .  Recognizing that the strong sensi t ivity of the 
failure s t re s s  to sma l l  ini t ial f iber rotat ions exc lude s improved f iber 
al ignment as a techno logica l ly feas ible approach to compress ive strength 
enhancement , the only viable materia l s  de s ign approach ava ilable is to  raise 
the p l a s t ic f low resistance of the mat rix. However , it should be 
apprec iated that such mod if icat ions may degrade the tensile propert ies of 
the composite . 

The important inf luence of sma l l  f iber imperfec t ions al so exc lude s 
nondes t ruc t ive evaluat ion as a viable technique for the ident ificat ion of 
de f ic ient component s with large f iber mi sal ignment . For example , ultrasonic 
methods would not be capable of detec t ing suc h mi sa l ignment s because , at the 
high f requenc ies needed t o  achieve the neces sary resolut ion, the material 
at tenuat ion would be excess ive . 
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HOHDEST.RUCTIVE EVALUATION 

INTRODUCTION 

In chapter 2 two separate c l assificat ions of frac ture behavior in 
compre s s ion were ident if ied : extrinsic behavior resu l t ing ·from pre-exis t ing 
mac ro f laws having the charac ter of shear cracks that can extend in a 
s igmoidal manne r and spl it the samp le para l l e l  to  the .aximu. princ ipal 
direc t ion of compre s s ion and intrinsic behavior re sul t ing from the 
inte ract ion of ... 1 1  stab le microcracks , en echelon ,  lead ing to the 
format ion of a shear faul t .  The evolut ion of intrinsic behavior could be 
advanced , in princ ipal , by the presence of a suitab le shear fau l t  nuc leus 
that c an grow more rapidly under suitable condit ions . Thus , the suppre ss ion 
or control of such frac ture s sugge sts the detec t ion of flaws by 
nondes t ruc t ive evaluat ion techniques to e ither predic t the behavior or 
monitor the evolut ion of the failure process . 

For intrins ic behavior,  the failure proces s  s tart s with deve lop.ent of  
stable mic roc racks from microstruc tural f l aws such as weak interfaces , grain 
boundarie s ,  and mi sal igned re inforc ing e le.ents in compos ite s .  These are 
e ither abundant in nu.ber or very hard to dist inguish f rom the background at 
the s tart when the interfaces are l ike ly to be large ly intac t .  Once the 
part is defonaed and mic rocrac k extens ion begins , the process could be 
moni tored read i ly by acoust ic emiss ion direc tly in an ac t ive aode or by 
acoustic backscattering in a pass ive mode .  Thus , for int rins ic behavior ,  
although the init ial s tate o f  a previous ly unstres sed sample i s  difficult t o  
charac terize i n  a discriminat ing manner , subsequent stage s of aic roc racking 
or t he detec t ion of mic roc racks in a previous ly stressed sample is read ily 
achievable . 

For ext rins ic behavior , the sa.ple aust contain a large d iscontinuity of 
the order of the sample d i.ens ions . The detec t ion of such a large 
c rack-l ike f l aw should be pos s ible with any of a large nu.ber of 
nonde s t ruc t ive evaluat ion or inspect ion techniques .  
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ACOUSTIC PROB ING TECHNIQUES 

Acoust ic Emi ss ion 

AE i s  t he most widely used nonde s t ruc t ive method for mic rost ructural 
asse s sment in compre s s ive ly loaded bri t t le materia l s  and for ac t ive ly 
aonitoring t he evo lut ion of damage by record ing and analyzing t he sound 
emitted from the sourc e s  of fai lure .  An AE s igna l i s  an elast ic wave 
generated as a re sul t  of a sudden re laxat ion of s t ress  in a port ion of the 
aaterial by a local failure process.  The acoust ic emi ss ions are in the fora 
of more or less sharp ly def ined d i sc rete pul se s  that may have a broad 
frequency range from very low value s up to severa l  MHz.  The appl icat ion of 
AE to the study of c luste ring of damage en eche lon in coapress ive ly stressed 
rock is desc ribed in chapter 4 .  

Acoust ic Backscattering 

The pass ive evaluat ion of damage in previously s t re s sed samples c an be done 
by acoust ic bac kscattering ,  in the long wave length regime , where the 
wave length should be no smal ler t han at least 5 t imes the grain diameter or 
princ ipal mic rostruc tural d imens ion of the samp le .  At such long 
wave lengths , the at tenuat ion due to grain or mic rost ruc ture scat tering 
should be acceptably smal l ( Evans et  al . 1978)  whi l e  substant ial sc attering 
should occur f rom ind ividual mic roc racks (Kino 1 9 78) . The scattering 
amp l i tude , A,  from disc re t e  mic rocracks of dimens ion , a ,  varie s as the cube 
of a .  The large extreme of the mic roc rack distribut ion is thus read ily 
detec table . In general , ind ividual , large mic roc racks are detec ted if 
separated from ne ighboring c racks by a d i stance greater than the acoust ic 
wavelength ; otherwise , a measure of the cuaulat ive microcrack damage , within 
a local region of the material , is  obtained . Spec i f ica l ly ,  s ince acou s t ic 
scat tering re lates to the mismatch in acoust ic impedanc e  between the damaged 
and undamaged reg ion , the scattering amp l itude from a damage zone i s  
d ic tated primar i ly by the reduced e l ast ic modu l i  assoc iated with the 
mic roc rac king .  The dens ity changes are important only if apprec iable local 
di latat ion occurs . The e l ast ic modulus reduc t ion i s  d ic tated by the produc t 
of the number density of  mic roc racks and the average sc attering ampl itude of 
a typical mic roc rack (Bud ianaky and O ' Conne l l  1 9 7 6) .  Hence , regions 
containing a re lat ive ly high dens ity of large mic roc racks y ield large 
scattering amp l itudes . 

Inversion p rocedures can be used to re late the de tec ted scat tering 
amp l itude to the d imens ions of  the damage zone and t he damage intens ity . 
Both t ime doma in ( Chou e t  a l . 1 980 ) and f requency domain ( Richardson and 
Evans 1 980) informat ion can be used to deve lop interpre t ive procedures 
pert inent to microc rack damage . Good spat ial re solut ion, suitable for the 
prec i se locat ion of the damage zone , may be ac hieved using focused 
t ransducers . The acoust ic backscattering technique thus baa t he bas ic 
ve rsat i l ity and sens i t ivity needed to obtain detai led informat ion concerning 
damage accumulat ion under compre s s ive loading condit ions . 
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OTHEk NDE TECHNIQUES 

Large c rac k-l ike f l aws re sult ing in extrins ic behavior can be detec ted by a 
l arge number of nonde struc t ive eva luat ion technique s .  Some of the se 
technique s work be s t  for surface defec t s  whereas others are capable of 
d iscriminat ing f laws both on the surface and in the interior of a sample . 
The se technique s are we l l  known and wide ly used . Hence , only a l ist ing of 
these technique s wi l l  be presented here : ul t rasonic test iDf • rad iography ,  
eddy current test ing ( near-surface f laws ) , l iquid penetrant te s t ing ( surface 
f l aws only ) , and magne t ic test ing .  

FLAW DETECTION SENS ITIVITY AND RELIAB ILITY 

Flaw detec t ion sensit ivity is  governed by the phy s ic a l  l imitat ions of  the 
met hod invo lved whe reas f l aw detec t ion re l iabil ity , the probabil ity of 
detec t ion of an exi s t ing f l aw ,  a l so is l imited by the profic iency of t he 
operator . In current engineering prac t ice f l aws less  than 3 mm in length 
usual ly are not re l iab ly detec table . In a comprehens ive re l iabi l ity study 
of nonde s t ruc t ive te s t ing ,  as pract iced by the U . S .  Air Force aaintenance 
inspec tors , Lewis and co-workers ( 1 9 7 8 )  found that there was cons iderab le 
d i f f iculty in demonst rat ing a 50 pe rcent probabi l ity of detec t ing a 13 mm 
c rac k with 95 percent conf idence l imit s in simulated f ie l d  te s t s  of airframe 
s t ruc ture s .  On this basis  it  c an be conc luded that in normal prac t ice a 3 
mm long f law represent s t he smal lest  detec table s ize while a 1 3  mm long 
c rack i s  probably a more realistic l imit in routine inspec t ion under f ie ld 
cond i t ions . 

As d i scus sed in chapter 7 ,  ac t ive inspect ion tec hniques us ing AE can 
de tec t  ac t ivity from f l aws of much sma ller s ize provided that the s ignal has 
suf f ic ient intens ity and the locat ion need not be t raced too prec ise ly .  
S imi larly , the presence o f  ind ividual mic roc rac ks or c loud s o f  mic rocrac ks 
of d imens ions several t ime s that of a grain s i ze can be detected by acoustic 
backscattering . 
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