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Abstract

An overview of recent experimental research on acoustic emission (AE) during monotonic
and cyclic tests of a brittle rock (crinoïdal limestone) is given. The AE and the Kaiser effect in
�Brazilian� tests are described. The results of experiments performed to reveal the directional and
loading-rate sensitivity of the Kaiser effect are presented. The impact of the results on geotechni-
cal applications of AE is outlined.
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1. Introduction

Deformation of rock specimens is accompanied by acoustic emission (AE). This is usually
produced by the growth of micro- and macro-cracks, twinning processes and other structural
changes. Together with other non-destructive techniques like electromagnetic emission, ultra-
sonic velocity and electric resistivity measurements [1-3], AE allows an insight into the fractur-
ing process in rocks at mesoscale, at the early pre-failure stage.

The purpose of this paper is to give a review of our experimental research on AE in rock me-
chanics in various loading regimes. Special attention is paid to the Kaiser effect as a possible tool
for stress estimation in rocks. The Kaiser effect takes place when rock is subjected to cyclic
loading with the peak stress increasing from cycle to cycle [4, 5]. As long as the stress does not
exceed the largest previously reached value, AE activity is sparse or there is no AE at all. As
soon as this largest previously reached stress level is attained, AE activity increases dramatically.
Yoshikawa and Mogi conducted a thorough investigation of temperature and water effects on the
Kaiser effect recovery [6, 7]. The effect of sequential loading in mutually-perpendicular direc-
tions on the Kaiser effect in cubic specimens was studied by Michihiro et al. [8]. They also in-
vestigated the influence of time delay between loading cycles on the Kaiser effect recovery in
brittle rocks.

The Kaiser effect seems to be applicable for stress measurements in rocks and soils. Such
measurements are required in geological, geotechnical, mining and tunneling applications, e.g.
for a proper design of underground workings, for regional seismic forecast and monitoring the
rock mass stability in mines. First attempts of the application of the Kaiser effect for stress
measurements in rocks were made by researchers from CRIEPI (Japan) in late 1970s [9].

Practical applications of the Kaiser effect for stress measurements require a firm under-
standing of its features under various loading conditions. One of the most important questions
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concerns the manifestation of the Kaiser effect in cyclic loading regimes in which the directions
of principal axes do not coincide in successive cycles. This question is important because all
Kaiser-effect-based stress measurement techniques proposed so far imply that the specimen is
recovered in the direction of the major in-situ principal stress, σ1. This direction is never known
exactly. Very often, geological methods can provide some information on the approximate di-
rection of the principal stresses in situ. Yet a possible deviation of the real major principal stress
direction may not be excluded. To clarify what happens when the 2nd loading cycle is performed
in a different direction than the 1st cycle, a series of tests is conducted. Specimens having the
shape of thin disks are compressed along a diameter, then unloaded, rotated by an angle of θ and
reloaded along the new diameter to failure. The loading scheme employed in these tests (diamet-
rical compression of disk specimens) is usually called �Brazilian� test and is widely used in order
to estimate tensile strength of brittle rocks and concrete. Results of these tests are described in
Sec. 5.

Another important question for practical applications of the Kaiser effect is its loading-rate
sensitivity. Loading of rock in the Earth crust (in virgin rock masses or around underground
cavities) can occur with different loading rates, from relatively slow (in geological history) to
very fast (e.g. during rock blasting). The question is whether it is possible to estimate the first-
cycle peak stress value by means of the Kaiser effect in the 2nd cycle, when the loading rates are
different between the 1st and 2nd cycles? To clarify this question, a series of tests is performed on
disk specimens in diametrical compression (�Brazilian� method). Results of these tests are de-
scribed in Sec. 6.

2. Material and Equipment

Experiments are performed on a typical brittle rock, crinoïdal limestone. This low-porosity
rock (porosity <1%) has a uniaxial compressive strength of 80 to 120 MPa, tensile strength of 15
MPa, and consists predominantly of calcite. Disk specimens are prepared for the �Brazilian� tests
with a diameter of 113 mm and a thickness of approximately 20 mm.

The loading is performed on the testing machine INSTRON 1196 with a constant displacement
rate. The AE is measured by a two-channel AMS3 system (Vallen Systeme). Two wide-band
sensors of type B1025 (Digital Wave) are coupled to the specimen using a high-vacuum grease.
They are placed on the same plane of the disk, symmetrically with respect to the loaded diame-
ter. This allows an approximate linear location of AE sources in the disk. The system provides a
sampling rate of 5 MHz, with the ADC dynamic range of 78 dB. The preamplifiers have a gain
of 40 dB. The built-in band-pass filters have a frequency range from 100 kHz to 1 MHz. The
threshold level is chosen at 40 dB in all tests. Based on the AE data measured, the dependencies
of cumulative hits versus load (stress) are plotted.

3. AE in One-cycle Brazilian Tests

A typical example of an AE signal measured in a �Brazilian� test is shown in Fig. 1 together
with its wavelet transform. Two energy maxima are well-pronounced in the wavelet, at about 20
µs and 70 µs. They correspond to the direct and the reflected wave, respectively.

Linear location of AE sources has shown that about 70% of all epicenters are located in the
central zone of the disk.  The width of  this zone is about 30 mm, i.e., 15 mm on each side of the



EWGAE2002

294

(b)

Fig. 1. An example of an AE full wave (a) and its wavelet transform showing the energy distri-
bution with respect to the time and frequency (b) measured in �Brazilian� test of a limestone
specimen.

loaded diameter [10]. The concentration of AE sources in the central part of the disk is in agree-
ment with the observed fracture forms, namely that the disks split along the loaded diameter.

In some of the tests, detectable AE starts from the beginning of loading, virtually from zero
load. In other experiments, AE onset is observed at the load level corresponding to 10-30% of
the ultimate strength of the specimen. AE hit rate measured as a number of AE hits per 1 kN load
increment gradually increases with increasing load (Fig. 2b).

4. AE and Kaiser Effect in Cyclic Brazilian Tests

Cyclic loading of disks in diametrical compression is accompanied with the Kaiser effect: in
each cycle beginning from the second one, AE starts when the load approaches the largest load
value attained in the past (Fig. 3). This phenomenon is very similar to what has been observed in
many other rocks and materials usually tested in uniaxial or triaxial compression (see [11-15]
and references therein). In a �Brazilian� test, a tensile principal stress is acting in the middle part
of the disk, in the direction perpendicular to the loaded diameter. Parallel to the loaded diameter,
a compressive principal stress is acting. This implies that while load increases, the rock under-
goes a proportional loading in each point of the disk. Directions and ratio of the principal stresses
are different at different points of the disk, but stay the same in each point during the loading.
The observation thus shows that when two loading cycles are performed in proportional

Energy maxima
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regime (i.e. the ratio of principal stresses σ1/σ3 stays constant during the test), a very well-
pronounced Kaiser effect takes place.

   
Fig. 2. Load vs. time (a) and AE hit rate vs. load (b) in a �Brazilian� test of a limestone specimen.

               
Fig. 3. Load vs. time (a), cumulative AE hits vs. load in the 1st (b) and 2nd (c) loading cycles of a
disk specimen (the two curves in b, c correspond to the data measured by two AE-channels).
Peak load in the 1st cycle 40 kN. Kaiser effect in the 2nd cycle at 37 kN.
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5. Kaiser Effect Sensitivity against Principal Axes Rotation

A series of tests is carried out in order to clarify the question about the influence of the mu-
tual orientation of principal stresses in successive loading cycles on the Kaiser effect. This is
achieved by performing two-cycle experiments on disk specimens with disk rotation between the
two cycles. In the 1st cycle, a specimen is diametrically compressed to a certain load level, usu-
ally corresponding to 50-80% of the rock�s strength in a �Brazilian� test. Then the specimen is
completely unloaded, rotated by a certain angle θ and then reloaded, in the new direction. The
following values of θ are studied: 3.5°, 7.5°, 15°, 30°, 45°, 60° and 90°. AE is measured in both
cycles.

Fig. 4. AE in the second cycle in the tests with disk rotation between 1st and 2nd cycle. The value
of the rotation angle θ is shown in each graph. The peak value of the first-cycle load is indicated
by an arrow.
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Experiments show that with increasing θ, the Kaiser effect becomes less clearly pronounced.
The effect can still be recognised in the tests with θ = 7.5°, as Fig. 4 illustrates. As the rotation
angle increases to 15° or more, the Kaiser effect disappears completely. This corresponds well to
the results of the earlier simulation with a brittle fracture mechanics model (Fairhurst-Cook
model) [15-18] as well as to the boundary-element computation carried out in [19].

6. Loading Rate Dependency of the Kaiser Effect

�Brazilian� tests described in the above sections are performed with the same loading rate in
all cycles (typically 0.2 mm/min). In reality, cyclic loading of rocks may occur with different
loading rates in different cycles. For example, the loading rate in situ can be higher or lower than
that in the laboratory test. To clarify the question about the influence of the loading rate on the
Kaiser effect in �Brazilian� test, a series of experiments is performed in which disk specimens are
subjected to three cycles of diametrical loading without rotation. The displacement rates in the
first, second and third cycles are 0.2 mm/min, 5 mm/min and 0.2 mm/min, respectively. It should
be noted that the maximum displacement rate of 5 mm/min used in these tests is still much lower
than that occurring in blasting or impact processes. Typical results are shown in Fig. 5. The Kai-
ser effect in the second cycle, when the load rate is increased, is observed at the load value only
slightly higher than the largest previously reached load. In the third cycle, when the load rate is
decreased again, the opposite takes place: the Kaiser effect is observed at the load value only
slightly lower than the largest previously reached load [20]. In both cycles, the peak value of the
previous load can be estimated from the Kaiser effect with a reasonable accuracy. Further ex-
perimental and theoretical research should clarify the physics of the observed phenomena.

Fig. 5. Load vs. time in three loading cycles (a); cumulative hits vs. load in the first (b), second
(c) and third (d) cycles of diametrical compression of a disk specimen. Displacement rate in the
first and third (�slow�) cycles: 0.2 mm/min; displacement rate in the second (�fast�) cycle: 5
mm/min.

7. Impact of the Experimental Results on Stress Measurement Techniques

The results obtained in the experiments are of importance for the Kaiser effect applications
for stress measurements in rocks and brittle materials like concrete. The high sensitivity of the
Kaiser effect against a non-coincidence of the principal axes in successive loading cycles implies
that it is necessary to know a priori the directions of σ1, σ2, σ3 in order to be able to determine
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their values by means of the Kaiser effect. For example, when measuring the value of σ1, the
specimen must be oriented  parallel to the direction  of σ1.  If the axis of the specimen is inclined
to the direction of σ1 by more than ±10°, there will be no Kaiser effect. The absence of the Kai-
ser effect in this case may be misinterpreted by the experimentalist. The results presented above
show that the absence of the Kaiser effect in some directions does not indicate the absence of
stress memory in rock. It just means that the orientation of σ1 is different from the orientation of
the core specimen. To reveal stress memory, the orientation of the specimen should be parallel or
close (±10°) to the direction of σ1.

The high sensitivity of the Kaiser effect to the mutual orientation of principal axes in succes-
sive loading cycles may be used as a basis for a precise determination of the directions of princi-
pal stresses in situ. Estimating the directions of principal axes in situ is important in many appli-
cations in geology, rock mechanics and tectonophysics. The results presented show that testing a
series of specimens orientated in various directions may allow one to estimate the σ1-direction
with an accuracy of ±5° provided that a sufficient amount of rock specimens is available. The
direction of σ1 corresponds to the direction of the specimen, which shows the best-pronounced
Kaiser effect.

Varying loading rate between the cycles in the range 0.2 mm/min to 5 mm/min does not re-
sult in a disappearance of the Kaiser effect. Further study is necessary in order to estimate the
Kaiser effect applicability for stress estimation in impact and blasting processes in rocks.
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