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Mechanics of Micro-Damage at Contact Portion of Two Grains
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To better understand the fundamental problems of the true micro-damage in medium-
grained granite under uniaxial compressive stress, micro-damage localization, initiation
and propagation have been observed in a great detail in contact portion of two grains
such as quartz and feldspar. For this purpose, new experimental system allowing us to
observe the micro-damaging process continuously was developed. Earlier studies used
the specimens of unloaded state and it 1s difficult to visualize stress-induced
microcracks under unloading state. Thus, direct observation under loading state is very
important for understanding the true micro-damage process. The results explain well the
mechanism of micro-damage at two grains, and mechanics of the micro-damage is clari-

fied well by Hertzian fracture mechanics.
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INTRODUCTION

. Granitic rock, as a most natural, is
characterized by microstructures includ-
" ing microcracks and microcavities whose
evolution and interactio_h, ‘called the
micro-damaging process, determine mac-
roscopic, mechanical response. Granite
commonly involves complex composite
microcrack system which are caused by
different geologic processes under vary-
ing conditions (Kranz, 1983).

Microcrack studies are of increasing
interest in geophysics and engineering
geology related to underground space de-
velopment and radioactive waste dispo-
sal. Numerous recent studies have shown
that the physical properties of rocks are af-
fected not only by the constituent minerals
and their preferred orientation (Olsson,
1974;Schrodt et al, 1983;Wong, 1990) but
also by the microcracks (Bombolakis,
1973;Sprunt et al, 1974;Hadley, 1976;
Batzle et al, 1976;Richter et §.l.,‘ 1977;
Kranz, 1979a;Nemat-Nasser et al, 1982;
Sammis et al, 1986; Yukutake, 1989;Gott-

schalk et al.,, 1990;Ahrens et al.,, 1993).

Microscopic  studies of cracks in
postloaded samples have been made
using scanning electron microscope
(SEM) in order to reveal interactions

between microcracks and relationships
between the concentrated microcracks

and macroscopic failure (Friedman et
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al,, 1970;Mardon et al, 1990). For dam-
age propagation in particular, Chelmsford
granite specimens were loaded to various
levels, unloded, cut lengthwise into
halves and then observed by Peng et al.
(1972). These experimental studies have
shown that macroscopic fractures grow
from grain-scaled microcracks, which are
abundant in crystalline rocks. However,
these works have the drawback of
having been performed only under zero
stress conditions using thin or cut sec-
tions after an experiment, or under
artificially fractured conditions.

Recently, experimental observations of
acoustic emission (AE) locations during
shear fracturing in cylindrical specimens
of Westerly granite and Berea sandstone
were. conducted by Lockner et al, (1992).
By using an array of piezoelectric trand-
uceré, they recorded arrival times of AE
the

growth of microcracks during deforma-

events resulting from impulsive
tion of imtially intact rocks. These
resulrs may provide a number of impor-
tant clues regarding the process of brit-
tle shear fracturing, which are not ob-
tained by a direct observation method.
“Microcracking during complex loading
‘could result from stress concentration
around flaws such as grain boundary
microcracks, Intracrystalline microcracks
and microcavities. Therefore, a detailed

knowledge of microcracks may also sub-
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stantially improve our understanding of
damaging process, microcrack-induced di-
latancy and failure in intact rock.

To better understand the fundamental
problems of micro-damage initiation and
propagation in granite, we have ohserved
the actual micro-damage behavior during
the deformation of granite specimens.
Experimental studies of damage process
in intact medium-grained granite speci-
mens under uniaxial compressive stress
were carried out with a newly developed
experimental system. This experimentai
system allows one to observe continuous-
ly the damaging process under loading,

EXPERIMENTS

The microcrack formation and subse-
quent damage propagation examined in
this study were produced In a series of
compression tests using medium-grained
granite under nominally dried condition
at room temperature. Average rate of
loading of 0.02 MPa/s was applied in
this experiment.

Granite Specimen

All specimens were taken from a
block of medium-grained granite from
Geochang, Korea, by arranging the cut-
planes in the same direction. The speci-
mens consisted mainly of 36.5 % quartz,
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56.3 % feldspar and 7.2 % biotite. The
mean size of quartz grains, determined
by the linear intercept method, is 3500
un. The bulk density and apparent poros-
ity of the granite are 2.58 g/cm® and 0.
83 %, respectively.

The dimensions of a typical specimen
are shown in Figl. The parallel and
perpendicular degree of the end planes
of the specimen is about 4/1000 and all
surfaces were polished with 1000 grain.
emery powder for easy observation by a
stereoscopic microscope.

Experimental Procedures

The design of the specimen assembly
and experimental system is shown in

Fig.2. It consists of three subsystems a)

®

(©)

Loading area

(b)

Fig.1 Description of specimen ; a)photo-
graph of granite specimen, b)dimen-
sions of specimen, axis of compres-
sion is X,, and ¢)location of strain
gauge.
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Fig.2 Schematic diagram of experimental system : a)loading system, b)data-recording

system and ¢ )observation system.

loading system, b)data-recording system
and c)observation system. The loading
system is illustrated in Fig.3.

First, a granite specimen with a mo-
unted strain gauge was placed on a con-
cave-shaped steel block in a vessel and
various portions in the central region of
the specimen were photographed. Next,
stress was applied to the specimen by a
piston actuated through a manually con-
trolled loading pump. Axial stress and
strain were recorded in a personal com-
puter.

In order to observe directly the initia-

tion and propagation pattern of micro-
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cracks which are developed in feldspar,

pre-existing grain boundaries and mntra-

/
Stoper / 7 /
(a) B %7/
/// ///
Stainless '
steel platen
Concave-shaped
) steel block

50 mm

Fig.3 Specimen and each part assembly
of loading system.
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crystalline microracks in quartz, a stere-
oscopic microscope (Nikon,SMZ-U) with
a magnifying power of 110 times is
used. A video monitoring system was
used for continuous recording and a still

camera for intermittent recording.
Stress-Strain Relations

Axial stress versus axial and lateral
strain curves were similar for all tests.
A representative curve shown in Fig.4 is
characteriied by various stages such as
closing phase of pre-existing microcracks
(Stage 1), linear elastic phase (Stage 2),
dilatancy initiation phase (Stage 3) and
shear fracture development phase (stage

4) up to the peak strength.

200
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Fig.4 Typical axial and lateral strain ver-
8us axial stress.
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MICROSCOPIC OBSERVATIONS
OF DEFORMED SPECIMENS

Microcracks consisting of healed cleay--
ages, pre-existing intracrystalline micro-
cracks and grain boundary microcracks
were traced on stereoscopic photomicro-
graphs under gradually increased stress

at various portions of the specimen.
Pre-Existing Microcracks

Before specimens are loaded, many
healed pre-existing microcracks are ob-
served In quartz grains, and some long-
ish microcavities with blunt ends are ob-

served In feldspar (Fig.h).

Fig.s Photomicrograph showing that pre-
existing microcracks are well devel-
oped in various directions in quartz

. (Q), but those in feldspar(E) are
very few,
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From their study of the origin of

microcavities, Sprunt et al. (1974) con-
cluded that many of the intracrystalline
with high aspect ratio microcavities
might have been sites of a residual fluid
phase which remained after the crystalli-
zation of granite, and some could have
been the sites of fluid inclusion. They
also showed that long rows of bridged
microcavities with low aspect ratio were
most commonly associated with quartz
grains. These long rows of microcavities
can be described as healed microcracks
with almost completely leaked fluid inclu-
sion. They observed that, in granite,
microcracks were preferentially developed
in quartz, and most of them were

Intracrystalline, frequently starting at
grain boundaries. Therefore, these micro-
cracks might reflect the existence of pre
-existing intracrytalline microcracks, and
their systems may be considered as
micro-cracks caused by internal stress
due to change of pressure or tempera-
ture, or through mechanical loading dur-
ing their early history (Jeong et al,
1993). Some isolated low aspect ratio
microcavities within feldspar may repre-
sent healed cleavage microcracks which
are sometimes bi‘idged with rounded
ends.

In quartz grains, pre-existing intra-

crystalline microcracks are well devel-
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oped in various directions, but micro-
cracks in feldspar grains were few, The
higher microcrack densities within quartz
grains compared with adjacent feldspar
grains may indicate that the initiation of
microcracking is generally related to in-
ternal stresses or difference of volumet-
ric strains at grain scale. -

Quartz grain In granite underwent a
large volume change upon cooling from
600°C; about 4-5% compared to a value
of 1-2% for most other common silicate
minerals (Friedman et al, 1970). Thus
quartz gramn undergoes a greater con-
traction than the feldspar leading to
high tensile stresses in the quartz. There-

fore, the existence of these pre-existing

‘microcracks is mainly due to differences

in the thermo-mechanical properties of

minerals (Table 1).
Table 1. Physical properties of quartz
and feldspar

[from Skinner, 1966;Birch, 1966

Minerals a(x10° ™) K(x10'MPe) XTPa™)
5.15 3.82 26.2
1.45 4.29 23.3°

@ . thermal expansion ratio
K : bulk modulus
B . compressibility

Quartz

Feldspar

Almost all of the grain boundares in
granite used in this study, which mostly

consist of medium-grained quartz and
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feldspar, observed to be open. The dam-
age due to preparing specimens may be
more severe because of mechanical stress
during handling than before preparing of
specimen. An indicator of the damage
due to sectioning (i.e. cutting and pol-
ishing) is described in Peng et al
(1972). That 1s, if there are microcracks
which run through a few grains, the
damage may be due to sectioning, In the
specimens used in the present study,
such microcracks were absent under no

stress condition.
Micro-Damage Localization

The location of stress-induced micro-
damage initiation, growth direction and
the relationship between pre—existing
grain boundary microcracks and stress—
induced microcracks was observed in a
great detail with use of a stereoscopic
microscope which enables continuous ob-

servation during loading.

Microcrack initiation at quartz-
feldspar grain contact

Feldspar grains have cleavages of
{001} and {010} plane. These cleavage
planes generally have low bond density
or strength, and low surface energy.

Planes with defects such as microcavities
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show the lowest strength and surface en-
ergy stored In the grain. As a result,
stresses tend to be relieved on these
planes first, and the feldspar then tends
to be microcracked.

The primary stress-induced microcrack
in feldspar grains is initiated through the
defective grain boundary (Fig.6) at =
stress level of 30 MPa. At the same
time, microcavities in feldspar are linked,
and intracrystalline microcracks and non
-coincident grain boundary microcracks
pafallel or subparallel to the axial stress

direction are predominantly caused by

Fig.6 Stress-induced microcracks in
quartz(Q) and feldspar(F).



Axd, 394

tensile stress due to the Poisson effect
in nature. Furthermore, local variation in
elastic properties of different minerals or
the presence of microcracks cause the
stress to be concentrated, and the re-
mote compressive siresses are converted
to locally tensile stresses. Based on these
facts, intracrystalline microcracks nearly
parallel to the axial stress direction are
initiated from pre-existing grain bounda-
ry microcracks between quartz and feld-
spar grain. Note that the compressibility
of feldspar is lower than that of quartz
grain. On the other hand, microcracks
perpendicular and inclined to the axial
stress direction are closed and sheared,
respectively.
Displacement along grain boundary
microcracks increases as the axial strain
continues to increase. The circumference
of these microcracks fails partly and
tends to be very complex, with many

fraction.
DISCUSSION

Rock and rock masses are composed
of discrete elements of microstructures
sﬁch as different grains and microcracks.
Accordingly, instead of a simplified con-
tinuum approach, we must take Into ac-
count the discrete structural elements

and mechanical properties of various
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grains. Damage mechanics and fracture
mechanics have been recently developed
as effective methods to estimate these
materials. Where the damage propagates
from a pre-existing crack of mesoscale
or macroscale, these methods are very
effective. However, a number of studies
(e.g., Peng et al, 1972;Lockner et al,
1992) have shown that a propagation,
coalescence and increased density of mi-
crocracks cause mesoscale or macroscale
cracks, and elastic and plastic properties
of rocks are significantly affected by
changes in these microstructures. From
this standpoint, a -precise understanding
of the damage process of microscale in
rocks is very important.

In the past, most of the attempts (e.g.,
Peng et al.1972;Hadley, 1975;Kranz et
al., 1979:Lockner et al.,, 1992) to observe
damage initiation and propagation lead-
ing to shear fracture were carried out
with thin or cut section or by a SEM
. method

These studies demonstrated microcrack

observation after unloading.
damage of rock specimens only under no
loading or unloading condition.

AE

Lockner et al

Through indirect methods such as
recently
(1992) democnstrated the ability to

tard unstable fracture propagation

observations,
re-
S0
that quasistatic fault growth can be stud-

ied on a timescale of minutes to hours.
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This ability is based on the technique of
controlling stress to maintain a constant
AE rate. The brittle fracture process

was involve

experimentally found to
three stages, 1)distributed damage dur-
ing loading of the specimen to peak
2)fault

stress, and 3)fault propagation. Though

stress, nucleation after peak
the results can explain well the macro-
damage growth, the first stage in the
detailed description of micro-damage is
not demonstrated sufficiently.

To clarify the true damage process of
rnicroscalé in granite under uniaxial com-
pressive stress, we have observed the
process In considerable detail. Microscop-
ic observations revealed that incipient
micro-damage is generated from the two
grain contact portions by the elastic mis-
match and by the critical stress intensity
factor of the two grains, and the direc-
tion of micro-damages is parallel or

subparallel to the axial stress direction.
Mechanics of Micro-Damage

Since most grains are in contact with
each other, we based our interpretation
of the microcrack initiafion and propaga-
tion at the contact of grains on the spe-
cial nature of the inhomogeneous stress
field of Hertzian loading (Frank et al,
1967, Wilshaw, 1971). The radius a, as

o149
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SRR

shown in Fig.7, of the circle of contact
between spherical two grains is formed

from the Hertzian analysis:

(R

a3=%Pr|: D

27

where P is the normal load applied on

the grain, E' and E are the Young's

f

Fig.7 Hertzian loading arrangement show-
ing a schematic array of a grain
contact.



moduli of quartz and feldspar grains
respectively, r is radius of the grain, and
v and are the v corresponding values of
the Poisson ratio,

The primary stress-induced intracrys-
talline:' microcrack is initiated from the
" contact portion of two grains. While the
crack is small and normal to the contact
surface, the maximum tensile stresses
& and d, in the quértz and feldspar
grains are uniformly distributed along
th_e microcrack. Moreover, the micro-
cracking criterion is assumed equivalent
to that for a single edge microcrack in
tension (Wilshaw, 1971). The stress in-
tensity factors K and K, which are
function of the stress and the micro-

crack length ¢? and cf, are given by

K =1.126° (29" (2)
K'=1.12¢" (7cF)'"? (3)
where
— N/ Q
s_ (1—20)PF
0=t (5)

By substituting equation (4) and (5)
into equation (2) and (3), we obtain the
the of

microcracks in quartz and feldspar grain

critical forces for 1nitiation

as
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Qe _ 2ma’K%

Pcri\icul T 1.12(mH)V(1-2)) (6)
P 27’ KFic

Pcrilical - 1.12(7[CF)1/2(1_2V) (7)

In this case, we should assume In the
above analyses that the local stress field
in the vicinity of the microcrack in sole-
ly due to the elastic contact between
two grains (Zhang et al,1990). This is
a reasonable assumption In our micro-
crack Initiation analysis, since the con-
tact stress. concentration 1s highly loca-
lized and the microcrack at the initiation
of Hertzian fracture is short.

We may now evaluate the characteris-

tics for microcrack propagation. Since at
Q

critical

a ‘contact portion of two grains, P
must be equal to PI _, we obtain the

following relation:

Kfe  (1-2v) [C_F]l/z (8)

KQlc_ (1—2)/’) ' CQ
where the critical stress intensity factors -
of quartz and feldspar have been measured
by Atkinson et al.(1980) for several orien-

tations, then we take their average criti-
cal stress intensity factors 0.383 MPaym.
for K. and 0.364 MPa/m for K¥c. The

Poisson's ratios are obtained as ¥ =0.
109 and »y=0.299 by Birch (1961). By

using these values, we obtan the

microcrack propagation condition as:
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cF=3.42¢° (9

However, if open pre-existing intracry-
stalline microcracks are developed in
quartz and feldspar grains, the Hertzian
theory presented here is not applicable.

SUMMARY AND CONCLUSIONS

In order to better understand the fun-
damental problems of micro-damage lo-
calization and propagation and to clarify
the true damage process of microscale in
granite specimens under uniaxial com-
pressive stress, we have observed the
micro-damaging procedure in a great de-

tail using a newly developed experimen-

tal system which allows continuous ob-.

servation of the procedure.

The response of microcracks to com-
pressive stress is more complex than to
tensile stress. However, the mechanism
of microcrack initiation in the granite
specimen, used in this study under uni-
axial compressive stress, may be consid-
ered in the case which two grains (l.e.,
quartz and feldspar) are in contact in
the same direction with the applied axial
stress. As the contact portions are nor-
mal to the axial stress direction, pre-ex-
isting grain boundary microcracks may
close up to 30 MPa of the axial stress
level, and at the stress level of 30 MPa,
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stress-induced microcracks are initiated.

Micro-damage mechanics of micro-
crack initiation and propagation iIs ex-
plained well by Hertzian fracture me-
chanics, and the mechanism can be also
clarified by elastic mismatch of two

grains.
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