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Crack growth in granite specimens subjected to cyclic uniaxial loading
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Graduate School of Energy Science, Kyoto University, Kyoto, Japan

ABSTRACT: In order to examine the fatigue process of granite, a series of Westerly granite specimens were
subjected to a cyclic loading test under the uniaxial compression with maximum 140 and 160MPa at room
temperature. The development of microcracks within the specimens stressed to different characteristic stages
was observed microscopically and their growth patterns were analyzed using image analysis technique. As a
result, with increasing loading cycles, the number and the population of microcracks within the specimen
increased. At the first stage of loading, many intragranular cracks generated. During the quasi-stable middle
stage, many microcracks preferentially elongated parallel to the loading direction and grew into transgranular
cracks. With further loading, cracks gradually widened, and some of them grew into intergranular cracks. It
was estimated that the generation and growth of these intergranular cracks induced the rock fatigue failure.

1 INRODUCTION

The demand for the long-term safety utilization of

rock structures has increased further in recent years.

It is known that degradation of rocks or rock
masses used in traditional rock structures, i.e.,
buildings, bridges, traffic tunnels, and mining gal-
leries, occurs by repeated stress changes in their
use and operation. For the stability evaluation of
many rock structures, it is important to reveal the
deterioration characteristics of rocks under re-
peated stress alternation over the long term.

It is well-known that materials deteriorate by
repeated stress change over a prolonged period and
then finally reach failure even if the changes are
lower than its static breaking strength. This phe-
nomenon is generally termed ‘fatigue’, and hap-
pens in many kinds of materials (Suresh 1998).
Needless to say, rock is no exception. Many studies
on the fatigue characteristics of rocks have been
carried out since the 1960's. Most of them stressed
rock test specimens cyclically by a loading ma-
chine. These primary studies reported that the fa-
tigue life was significantly influenced by the mag-
nitude of the applied maximum stresses (e.g., Bur-
dine 1963, Hardy & Chugh 1970). The strain be-
havior of rocks during the fatigue process was
nearly the same as for other structural materials,
such as metals and concrete (e.g., Haimson & Kim
1971). Attempts to estimate the fatigue life were
also conducted by many researchers (e.g., Costin &
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Holcomb 1981). However, the mechanical behavior
during the fatigue process has not been clarified.

In many geological engineering problems, gran-
ite is one of the most important materials to inves-
tigate. In granite, the initiation and the elongation
of microcracks play an essential role in the failure
process. It is therefore important to analyze the
growth of cracks during the fatigue process. In
recent years, for example, Akesson et al. (2004)
reported the characteristic microcrack growth pat-
tern in every constituent mineral by the micro-
scopic observation of granite specimens after cy-
clic loading. However, much remains unknown
about the fatigue process of granite, although many
studies have been conducted.

In this study, to obtain further insights into the
crack development pattern in granite during the
fatigue process, microcracks in a series of speci-
mens stressed to different stages by cyclic loading
were observed in detail applying the fluorescent
approach proposed by Nishiyama & Kusuda (1994).
For further examination, microcrack growth pat-
terns were analyzed by the digital image analysis
technique.

2 EXPERIMENTAL

2.1 Sample

Fine-grained Westerly granite from the USA was
chosen for the examination. Many rock tests have



been conducted using this rock, and its fundamen-
tal characteristics have been accumulated by many
researchers (e.g., Tapponnier & Brace 1976, Chen
&Wang 1980). The modal composition of the
tested samples was about 70% feldspars (including
potassium and plagioclase feldspar), 25% quartz,
and 5% micas (including biotite and muscovite)
and the accessories. The mean grain size was about
0.7mm. The effective porosity of the specimens
ranged around 1%.

2.2 Test condition

Cylindrical specimens 10 mm in diameter and 20
mm in length, cored orthogonal to the hardway
plane (Fig. 1), were subjected to the cyclic loading
test under uniaxial conditions at room temperature.
The specified maximum stress was 140 and
160MPa (i.e., about 70 and 80% of the estimated
uniaxial compressive strength 200MPa), and the
minimum one was 0.5MPa. The loading-unloading
cycle was 0.1Hz, and the applied load was con-
trolled to change linearly.

2.3 Monitoring sample behavior

To monitor the behavior of the specimens during
the test, axial and lateral strains, and the load were
simultaneously measured every 0.1 second inter-
vals, that is, 100 measurement data for one cycle.
The strains were detected by strain gages directly
attached to the side surfaces of specimen (Fig. 1).
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Figure 1. Size and direction of tested cylindrical specimens.

It is a well-known fact that the number of the
loading times to reach failure by the cyclic loading
test shows some variation (Suresh 1998), and our
test was no exception. However, the strain behavior
of specimens until failure was nearly the same to
all samples. Figure 2 shows the general behavior
on the strain of materials during the fatigue failure
process. In our test, the lateral strain showed a
same pattern; the strains were stable with liner

increase at first (Stage 1) and then quasi-stable with
gradual increase (Stage 2), and finally the values
suddenly increased (Stage 3) and then the sample
fractured.
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Figure 2. Outline of behavior on the strain of materials
during the fatigue failure process.

2.4 Collecting prefailure specimens for observa-
tion

In order to observe the sequence of the changes
occurring within specimens throughout the fatigue
failure process, many specimens were tested in the
same conditions and retrieved before failure.

In a series of the specimens stressed by 140
MPa, the stage in the fatigue process of the re-
trieved specimen was decided in consideration of
the strain behavior (Fig.3). While in 160 MPa
specimen, a total of six specimens, including the
intact (i.e., no-loaded) specimen and the fractured
specimen, were regarded as a series of the speci-
mens to observe the fatigue failure process (Fig.4).
The behavior of four prefailure specimens was
nearly the same as those of the fractured specimen.
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Figure 3. Behavior of maximum lateral strain of selected
140 MPa specimens. Numbers in the figure show the decided
stages.
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Figure 4. Behavior of maximum lateral strain of tested

specimens, and outline of six observed 160 MPa specimens.
Real line shows the behavior of fractured specimen.

3 OBSERVATION

3.1 Microcrack detecting method

The fluorescent method proposed by Nishiyama &
Kusuda (1994) was applied to identify microcracks
within the specimens. Microcracks are detected
based on a marked difference in brightness under
ultraviolet light irradiation, because they are fully
filled with acrylic resin mixed with a fluorescent
substance in advance. The method provides quick
and accurate identification of microcracks with an
optical microscope. Thin sections including the
axis of the specimen were prepared for the detailed
observation (Fig. 1).

3.2 Overview of the entire section

First, the crack growth on each entire section was
overviewed. As a result, many pre-existing micro-
cracks were already identified in the intact speci-
men. In the specimen at the first stage of loading
cycle, extraordinary marked growth of microcracks
was not observed compared with the intact speci-
men. However, grain boundary cracks widened
slightly in several parts and the number of intra-
granular cracks increased.

In the specimen during the quasi-stable stage
(Stage 2), the number of cracks increased signifi-
cantly compared with the less stressed specimens.
Most of these developed cracks were observed in
quartz and feldspar grains, and some grew parallel
to the loading direction. Cracks further increased
and elongated in the specimen at the third stage
near the rock failure (Stage 3). In this stage, cracks
running parallel to the loading direction, which
were estimated to develop around this stage, were
dominant, and some of these long cracks cut
through more than two grains. These long cracks
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tended to distribute near the lateral sides of the
specimen.

3.3 Long cracks parallel to the loading direction

Long cracks which could not be identified in the
intact specimen were observed in the tested speci-
mens. Most of these cracks ran parallel to the
loading direction. In the later stage, many such
cracks grew into transgranular cracks and some
cracks elongated to more than about 2mm, cf.
mean grain size about 0.7mm, and cut through
several grains (Fig. 5). They developed around
mica grain in many cases. Long cracks in quartz
parts were comparatively straight, while those in
feldspar parts sometimes elongated stepwise.

0.2mm

Figure 5. Long cracks observed in the specimen stressed to
Stage 3, 140 MPa. White parts are corresponded to cracks. Qz:
quartz, Fd: feldspar, Bi: biotite.

3.4 Microcracks in major constituent minerals

For further examination, the development of mi-
crocracks in each constituent mineral was observed
in more detail. In the specimens at Stage 1, slightly
larger numbers of short cracks were observed in
quartz grains compared with the intact specimen.



Many of these cracks existed within a grain, and
the detailed observation found that most of these
cracks tended to appear around the boundaries of
neighboring mica grains. In the specimens during
Stage 2, cracks parallel to the loading direction
were observed in quartz grains. These cracks were
longer than those observed in the less loaded
specimens, and many of them grew into trans-
granular cracks, and some grew into the inter-
granular cracks by passing through the grain
boundaries.

In feldspar grains, a great number of fine micro-
cracks were observed along the cleavages but they
existed only inside the grains, and no clear evi-
dence could be found of marked elongation of
these cleavage cracks with increasing loading cy-
cles. In the later stage of loading, two types of
crack running parallel to the loading direction were
observed: cracks with a relatively long length
grown from the grain boundary, and relatively
short cracks related to the cleavages.

On the other hand, cracks within biotite or mus-
covite grains developed little throughout the test,
even in the fractured specimen.

4 CRACK ANALYSIS

4.1 Image analysis

The features of crack growth pattern were analyzed
by applying digital image analysis technique in
more detail. Digitalized image files of the reference
area at a suitable resolution were captured with a
CCD camera attached to an optical microscope,
applying the fluorescent approach. Microcracks in
the images were automatically extracted following
the typical image analysis procedure, i.e. enhance-
ment, smoothing, thresholding, and thinning opera-
tions (Kusuda & Nishiyama 1994, Chen et al.
2001). The data on crack width could not be dis-
cussed following this procedure because the char-
acteristics of cracks were extracted by the thinning
operation. Furthermore, grain boundaries and min-
eral species of individual grains were identified by
typical observations of thin sections.

The number of extracted cracks and the length of
each crack were measured. If a crack had some
branches, the number was counted as one and its
length included the length of branches. To analyze
crack growth patterns, two parameters, crack
population by length (the sum of crack length per
unit area) and average length of crack, were calcu-
lated based on the length and the number of cracks.
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4.2 Analytical results and discussion

4.2.1 Crack direction

The crack distribution both in quartz and feldspar
grains was analyzed separately. Fine microcracks
concerning the cleavages within feldspar grains
were excluded from this analysis, because it was
estimated that they were rarely influenced to the
rock failure. Crack direction was summarized
every 20 degrees (Fig. 6). As a result, it was found
that the amount of cracks increased gradually with
increasing loading cycles and increased drastically
immediately before failure. Furthermore, after the
later half of Stage 2, crack growth in feldspar was
dominant compared with in quartz grains, and es-
pecially this tendency was remarkable for the
cracks running parallel to the loading direction.

4.2.2 Crack in quartz grain

Next, cracks in quartz around mica and cracks in
other quartz were analyzed separately. It is because
that a different crack growth pattern was observed
between quartz grains around mica grains and other
quartz grains. As a result, the amount of cracks in
quartz around mica increased drastically at the first
stage and then it stayed nearly constant until after
failure. The average crack length showed no sig-
nificant change until Stage 2 and elongated dis-
tinctly during the later stage. In contrast, in other
quartz grains, the tendency was similar to total
cracks, of which amount increased gradually with
increasing loading cycles and increased drastically
at final stage. This indicates that in quartz around
mica short cracks firstly appeared and then elon-
gated and conjugated later.
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Figure 6. Crack direction in feldspar and quartz grains, 140

MPa specimens. Loading direction corresponds to 90 degree.
(a) Intact specimen, (b) specimen stressed to Stage 3.



For more detailed analysis, cracks in quartz
grains, which stretched from the boundary of
neighboring mica grains, were manually extracted
and divided into several ranks by their length. The
length 0.3mm, which corresponded to the average
grain size of a quartz grain, was chosen for the
standard of classification. As a result, the number
of cracks less than 0.3mm increased at first but
decreased prominently during Stage 2. The number
of cracks 0.3-0.6mm long increased distinctly after
Stage 2. The number of cracks 0.6-0.9mm long
gradually increased until immediately before fail-
ure and drastically increased after failure. Cracks
over 0.9mm long were not identified until immedi-
ately before failure (Fig. 7). It was inferred that the
development of cracks over the average grain size
led to specimen failure.
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Figure 7. Correlation between cycles and the elongation of

cracks in quartz grains, 160 MPa specimens. Reference area
is about 25mm?’.

5 CONCLUSIONS

In order to examine the fatigue process of granite,
Westerly granite specimens were subjected to a
cyclic loading test under the uniaxial compression
with maximum 140 and 160MPa at room tempera-
ture, and a series of specimens stressed to charac-
teristic stages were retrieved. The development of
microcracks in the tested specimens was observed
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microscopically and their growth patterns were
investigated using the image analysis technique.
With increasing loading cycles, the number and
the population of microcracks within the specimen
increased. At the first stage of loading, many intra-
granular cracks generated. During the quasi-stable
middle stage, many microcracks preferentially
elongated parallel to the loading direction and grew
into transgranular cracks. With further loading,
cracks gradually widened, and some of them elon-
gated and grew into intergranular cracks. It was
estimated that the generation and growth of these
intergranular cracks induced the rock fatigue fail-
ure. The decrease in strength by fatigue was caused
by the increase in crack population and preferential
orientation of microcracks within the specimen.
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