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icrocrack Nucleation in Marble

LIAM A. OLSSON*
) S. PENGT

In this study it has been found that in marble the inhomogeneous nature
of plastic flow on the scale of the grain size can result in the nucleation
of microcracks. Specimens of Tennessee marble were deformed in compression
at confining pressures of 0-46 MN/m? and at a strain rate of 10~ °/sec.
Four types of microcrack nucleation mechanisms have been identified. Types
I and 11 operate at the intersections of glide lamellae with grain boundaries.
The crack forms at a high angle to the lamellae in the type I case, and
parallel to the lamellae in the type II case. The microcrack resulting from
the operation of a type 111 mechanism forms at the intersections of lamellae;
that from a type IV is caused by a wedging action of a combination of
weak and strong grains. Mechanisms I, III and IV lead to microcracks sub-
parallel to the direction of maximum compression. Mechanism I1 produces
) a crack lying in a plane of high shear stress. Faults are composed of en
echelon arrays of subaxial cracks connected by packets of inclined twin lamel-

lae.

INTRODUCTION

rock fracture analyses, three sequential events are
it often discussed: initiation, propagation, and coal-
ence of cracks leading to the ultimate fracture. ‘Ini-
jon’ of cracks appears to refer to the beginning of
extension of a preexisting Griffith crack [2, 4, 6, 14].
hough numerous studies [for example 3, 20, 24, 29]
e revealed that rocks possess abundant microcracks
I may propagate under favorable conditions, there
vidence that cracks can be formed in a previously
ptinuous’ material [25, 30]. The process of forming
¥ cracks, referred to in the metallurgical literature
3] as crack nucleation, has been only briefly de-
ibed for rock [16]. It is clear that a rational rock
glure criterion based on microcracking should treat
¢k nucleation as the first sequential event, followed
By initiation, propagation and coalescence of cracks.
i¢ main objective of the investigation was to deter-
e whether crack nucleation mechanisms similar to
fiose that are discussed in the metallurgical literature
B2 26] may operate in some types of rock.

In this paper several mechanisms for the nucleation
microcracks in rock are described in detail. These
piechanisms, which have been observed to operate in
marble, require plastic deformation in the form of glide
amella formation prior to microcracking.

" As is well known, measured fracture strengths of
siids are generally several orders of magnitude less
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than the theoretical cohesive strength. This is primarily
because of local stress concentrations that cause crack
nucleation and spreading. Such local stress con-
centrations are usually the result of abrupt changes in
some mechanical property, such as the plastic yield
stress or elastic modulus, which can produce displace-
ment incompatibilities.

Numerous stress concentrations occur in marble
where glide lamellae are blocked by obstacles to glide.
Usually this obstacle is a grain boundary, but occa-
sionally it is another lamella. The lamellae which
formed in the Tennessee marble in this study were most
probably the result of crystallographic twin gliding
|28 ]. When a lamella forms, the shear stress is relaxed
within the lamella and i1s concentrated at the edges
[30]. One of two things may happen to relieve this
concentrated stress [26]: if the shear stress ahead of
the lamella tip, resolved onto a potential glide plane,
exceeds a critical value, then glide can be initiated in
the vicinity of the lamella tip; if on the other hand,
the resolved shear stress is not sufficiently large to in-
itiate slip, then the concentrated normal (tensile) stress
may nucleate a crack. The first possibility is illustrated
in Fig. 1. In this instance three lamellae have impinged
upon a grain boundary (a possible strong obstacle to
glide) and caused shear stress concentrations suffi-
ciently large to initiate glide in the next grain. This
paper 1s concerned mainly with the second possibil-
ity—that 1s, when crystallographic misorientation was
apparently such that the shear stress resolved onto a
potential glide plane was not large enough to initiate
glide, but the local tensile stress was strong enough
to nucleate a microcrack.
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Fig. 1. Twin lamellae causing twin initiation (arrows) across a grain
boundary. Maximum compression 1s vertical. Scale bar is 0-1 mm.

Material and techniques

To avoid some of the complexities introduced by the
presence of several minerals with widely differing
mechanical properties, the monomineralic Tennessee
marble was chosen for the study. This rock is a pinkish
gray orthomarble with grain size ranging from 0-01 to
10mm. It consists of 98:09% -calcite and 2:09, clay
minerals [27]. About 609, of the grains in the starting
material are moderately to highly twinned. No cracks
or open grain boundaries were observed at magnifica-
tions up to 450 in polished surfaces of the specimens
used.

The specimens were rectangular prisms 2:54 cm long
with 1-27 cm square cross sections. Before testing, three
of the long sides of each specimen were polished so
that the experimentally induced deformation features
could be clearly distinguished from the previously exist-
ing ones when examined under a microscope using ver-
tically incident hight. Using vertically incident light
allows one to distinguish between the preexisting lamel-
lae and those produced during an experiment.

The specimens were air-dried and jacketed in thin-
walled, plable rubber tubing, and then tested in a
closed-loop servocontrolled hydraulic testing machine
described elsewhere [19]. Tests were run at room tem-
perature, confining pressures of 0, 23, and 46 MN/m~,
and a strain rate of 10~ °/sec. One specimen at 0 MN/
m* and one at 23 MN/m* confining pressure were
loaded incrementally along the load-deformation
curve. That i1s, the specimens were first loaded to some
arbitrary level, and then unloaded, removed from the
testing machine, examined under the microscope, and

photographed. This procedure was then repeated a
additional five times on the specimen tested at 0 MN
m?, and an additional four times on the specimen testes
at 23 MN/m?. To determine the extent of grain bound
ary sliding, one side of the specimen tested incremen
tally at 23 MN/m* confining pressure was coated witl
fine parallel gold-palladium foil lines, spaced abou
80 per cm. These lines were oriented perpendicularly
to the maximum compression. Offsets in these lineg
after testing would indicate sliding on inclined surfaces
The remainder of the specimens were loaded onl
once at a given confining pressure, and then examing
and photographed. At each of the two higher confinin '.,
pressures, 23 MN/m* and 46 MN/m?, one m;.",'
was loaded to the vicinity of the yield point, one ‘i
the ultimate strength, and one to about 3%, reduction
in length. |

OBSERVATIONS

Microcrack nucleation mechanisms

The microcrack nucleation mechanisms observed 1o
operate in Tennessee marble are 1dealized in Fig. 2 a
labeled I-1V. The type I mechanism was first propose
by Zener [30] and later studied theoretically by S.tr_
[25]; a typical example from the Tennessee marble 3
illustrated in Fig. 3A. In this instance, a packet of
lamellae which intersected a grain boundary caused the
tensile stress concentration which nucleated the crack:
In general, a crack may form in the grain containing
the lamella, in the adjoining grain, or along the grain’
boundary depending on the relationships between the
calculated optimal microcrack orientation [25] and the
directions of planes of weakness—cleavage or grain
boundaries. All three microcrack orientations haw
been observed in deformed specimens of Tennessee
marble. |

The type II mechanism (Figs. 2 and 3B) was firs
suggested by Bullough in analogy with fractures in bul

e

A = glide lamello
= grain boundary

= crack

Fig. 2. Schematic diagram summarizing the principal microce
nucleation mechanisms observed to operate in Tennessee l:ii_'
Maximum compression is vertical. The single-sided arrows indical

displacement on lamellae.
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tble rafts (cited in Deruyttere & Greenough [9] and
glaborated upon by Gilman [13]). Although the basic
geometry of a glide lamella blocked by an obstacle is
identical to the type I mechanism, in this instance the
rack forms along the lamella. This type of microcrack
was infrequently observed in the marble. Because there
8 a component of compressive stress normal to the
‘glide plane in compression tests, the crack may not
actually form until removal of the applied stresses.

ence, this mechanism probably does not contribute
10 the microcracking during the actual deformation of
the marble.

. The third mechanism (Figs. 2 and 3C) is the only
one observed in Tennessee marble to create micro-
eracks that do not require the presence of a grain
“Boundary; the obstacle to glide 1s provided by other
lamellae rather than a grain boundary. Thus this
smechanism could nucleate cracks in single crystals as
as polycrystals. The light-toned lines in the large
& grain to the right in Fig. 3C are natural lamellae.
whereas the dark line trending northwest-southeast is
m experimentally produced lamella. Note that a small
fack has formed at each intersection of the newly
_ﬂ-s ed lamella with a previously existing lamella. This
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Fig. 3. Photomicrographs of the four types of microcrack nucleation mechanisms found in Tennessee marble. Maximum

compression 1s vertical, and scale bars are 0-1 mm. (A) Type I--Circle encompasses the vertical crack, horizontal grain

boundary and the inclined packet of lamellae. (B) Type II-—The north-northeast trending dark line is the cracked

lamella. (C) Type III-—The light toned lines are natural lamellae and the dark line trending northwest is an experimentally

produced lamella. The arrow indicates a typical crack nuclei. (D) Type IV-—The elliptical grain is highly twinned and
the cracks are vertical.

particular type of microcrack was not often observed
in the present study.

The type IV mechanism is comprised of a plastically
yielding grain surrounded by non-yielding grains (Figs.
2 and 3D). This has been referred to as the soft inclusion
mechanism, and 1n an earlier study [ 18] was observed
to cause many microcracks in a limestone. In a mono-
mineralic material such as marble, the difference 1n
strength between the inclusion and the surround can
be caused by distinct dissimilarities in grain size [ 5, 17]
or by difierences in crystallographic orientation [28],
among other things. The type IV mechanism also
occurs 1n areas where a weaker grain adjoins a stronger
grain and wedges a grain boundary open by its flatten-
ing or asymmetric response to the applied compression.
Figure 4 shows three photomicrographs taken of the
same area on a specimen loaded to positions on the
load—-deformation curve as indicated. The surface of
this particular specimen had been coated prior to defor-
mation with a gold-palladium foil for observation in
the scanning electron microscope. The foil broke off
the deformed areas of the underlying rock, causing
these areas to appear dark. In Fig. 4A several twin
lamellae have formed in grain 2 and the boundary
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Fig. 4. Sequential photomicrographs showing development of a type IV microcrack nucleation mechanism. Photomicro-

graphs are keyed to the load-deformation plot. Observe the propagation of a lamella (L) and progressive cracking of

the grain boundary (g.b.). Maximum compression is vertical. Grains designated 1 and 2 are referred to in the text. Tested
in unconfined compression.

separating grain | from grain 2 1s just barely visible;
it 1s not yet cracked open. In Fig. 4B there 1s much
more extensive lamella development, and the plastic
deformation of grain 2, occurring in juxtaposition to
the non-yielding grain I, resulted in the cracking open
of the boundary. An interesting observation is that the
lamellae appear to spread with increasing deformation
rather than to form suddenly at some critical stress
level. This may be seen by comparing the lamella
marked by L in Figs. 4A, B.

Grain boundary sliding has been suggested as a
mechanism for creating microcracks at grain boundary
triple junctions [7]. and at asperities on the boundary
itself [14]. To determine the extent of grain boundary
shiding 1in Tennessee marble, one specimen was coated
with fine parallel reference lines spaced about 80 per
cm oriented perpendicularly to the maximum compres-
sion, and then deformed at 23 MN/m~ confining pres-
sure (Fig. 5). Any grain boundary sliding should have
produced detectable offsets in these lines at their inter-
sections with the grain boundaries. Although the tech-
nique was sufficiently sensitive to show small de-
formations resulting from the formation of twin
lamella packets, no grain boundary sliding could be

12.0

O 0.1 0.2
DEFORMATION, mm

0.3

detected until well after the ultimate strength, at whiel
point (Fig. 5C) sharp offsets in the reference lime
become apparent. This observation is consistent il
the recent report of Bombolakis [3] who found littl
sliding on inclined surfaces in a granite in the carl
stages of deformation. Presumably, higher confini
pressure would suppress grain boundary sliding ew
more.

Microcrack nucleation mechanisms I and IV we
the most frequently observed ones in Tennessee marb
Examination of specimens compressed to differer
stress levels shows that deformation lamellae begir
form at applied stresses as low as about 30%, of i
ultimate strength. Type I cracks begin to form at abe
50%, of the ultimate strength. Finally, at about %
of the ultimate strength the type IV mechanis
become operative. Confining pressure tends to incre
the stress levels at which twinning and, hence, mie
crack nucleation start. This conclusion 1s consistent W
that of other investigators in that the stress levels
the onset of dilatancy [7, 12] and of acoustic emi
22, 27] are raised by increased confining pressure,
the unconfined compression tests, the crack nug
generated by mechanisms I and IV sometimes pro
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Fig. 5. Shding on grain boundaries and cracks as revealed by reference bands of gold-palladium foil. Bands are 0-127

mm wide. Photomicrographs are keyed to the load-deformation plot. Maximum compression is vertical and the confining

i pated axially for distances of several grain diameters

or more, leading eventually to macroscopic extension
S iractures. At 23 MN/m? and 46 MN/m? confining pres-
sure, however, the crack nucler seldom propagated
more than some fraction of a grain diameter.

Paults

B When tested in unconfined compression, the Tennes-
marble fails by extension fracturing. However, at
B¢ two higher confining pressures, 23 MN/m* and
®MN/m”, faults are developed at stresses near the
llimate strength. In a specimen tested at a confining
essure of 23 MN/m~® a type 1 crack nucleation
Bechanism was observed at low strain and again at
geral higher strains as shown in Fig. 6. At load A
g 6A) the type I mechanism was fully developed.
B the zone of deformation, in the form of inclined
gmellac and subaxial cracks, had spread out from this
|litleus in both directions to form a fault zone. In this
Blance, the crack nucleation mechanism was also in-
Mimental in initiating the fault. Quite generally, faults
plie Tennessee marble are complex tabular zones
iSisting of both plastic and brittle features. The idea-
il fault is a sequence of inclined twin lamellae alter-

.

: >
pressure 18 23 MN/m~.

nating with subaxial cracks. No specimen was com-
pressed to high enough strain to cause the faults to
lose cohesion. These faults are geometrically similar to
those observed 1n a sandstone by Dunn et al. [11].
A comparison of the present description of a fault 1n
marble to that of a fault in sandstone [11] shows that
there are two fundamental differences between faults
in these two rocks. First, the inclined elements contri-
buting to the faults in marble are lamellae or packets
of lamellae, whereas the inclined elements in sandstone
are grain boundaries. Second. Dunn et al. [11] con-
cluded that the formation of the subaxial cracks
allowed the grain boundaries to slide; this 1s 1in contrast
to the mechanism in marble where formation of the
inclined lamellae causes the subaxial cracks.

DISCUSSION

Stroh [25] developed a criterion for the type I crack
nucleation mechanism. According to his model, a crack
1s nucleated by the stress concentration at the tip of
a dislocation pile-up. Although examination of the sur-
faces of deformed specimens etched in formic acid
according to the technique of Keith & Gilman [15]
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Fig. 6. Progressive formation of a fault from a type I microcrack nucleation mechanism. Maximum compression is vertical.

confining pressure was 23 MN/m?, and the scale bar is 0:1 mm. The A marks the same point on the three photomicrographs

which are keyed to the load-deformation plot. The trend of the fault zone is indicated in (B). (A) Type I nucleation

mechanism consisting ol an inclined lamella and a vertical crack. (B) The deformation has spread out in an inclined

zone from the type I mechanism. Several new type I mechanisms have formed and a typical one is circled. (C) The final
fault consisting of inclined lamellae. axial cracks, and parted grain boundaries.

revealed a few dislocation pile-ups at grain boundaries.
the lamellae which give rise to microcracks in Tennes-
see marble invariably appeared to be twin lamellae.
Stroh’s [25] model 1s probably applicable in this case
because the stress field at the tip of a twin lamella
can be approximated by dislocation pile-ups.

Type IV crack nucleation occurred when a softer
(weaker) grain was in juxtaposition to harder (stronger)
ones. The cracks usually nucleated at the boundary and
within the hard grains, and then grew parallel to the
direction of applied load. An analysis of the stress con-
centrations owing to inclusions under various condi-
tions [ 10] reveals that for an inclusion of certain simple
geometry, the magnitude of tensile tangential stresses
at the boundary of the inclusion is inversely propor-
tional to the confining pressure and the Young's
modulus ratio of inclusion to surround. A crack nuc-
leates in the surround as soon as the local concentrated

stresses exceed the tensile strength; the stress level
nucleation 1n this instance is dependent on conf
pressure. |

The present results have some bearing on i
mechanisms of creep in rock. Scholz [23] considere
the phenomenon of stress corrosion cracking and d
rived a creep law for brittle rock; in effect, time-dep
dent microcracking causes creep. Alternatively, Sav
& Mohanty [21] argued that the time-dependent cré
king in brittle rock is due to creep, and that microft
tures relieve stress concentrations caused by pla
flow—that is, creep causes microcracking. The obse
tions presented here support this latter view ¥
regard to marble because the cracks were created
response to plastic glide. However, it is not sugges
that the mechanisms that operate in marble are &
vant to the brittle silicate rocks which Scholz [23] ¢
sidered. |
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‘Another aspect of rock deformation to which the
present results apply 1s that of dilatancy. Recently, Bell
£ Nur [ 1] proposed a model of dilatancy based on the

ulate crack width and thus dilatant strain as functions s
if shear stress. In their model, the lamella of the type
“mechanism described here 1s treated formally as a
lislocation pile-up. When the shear stress on the plane

it the tip of the pile-up coalesce to nucleate a micro-
L;” CR Q
Thus the observations presented here lead to a better

jarble and may have several potentially useful applica- 0
jons in rock mechanics problems.

CONCLUSIONS

been observed to operate in marble tested in com-

1 0perated at the intersections of glide lamellae with
rain boundaries. The crack formed at a high angle

] to the lamella in the type II. The microcrack result-

l‘ g from the operation of a type III mechanism formed

pe IV mechanism caused a crack by the wedging
-"0n of a combination of weak and strong grains.

to the direction of maximum compression;
echanism Il produced a crack lying in a plane of

e tly observed.
j' rain boundary sliding in one specimen tested at

nt until well after the ultimate strength. Faults were
posed of sequences of en echelon arrays of subaxial
¢s connected by inclined twin lamellae, or packets
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