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STRESS DETERMINATION IN ROCK USING THE KAISER EFFECT

By Michael J. Friedel1 and Richard E. Thill2

ABSTRACT

The U.S. Bureau of Mines investigated acoustic emission (AE) and the Kaiser effect in six types of 
rock: St. Cloud gray granodiorite, Barre granite, Dresser basalt, Salem limestone, Berea sandstone, and 
a volcanic tuff. AE signatures were used for interpreting the rock deformation stage and for indicating 
mechanisms of failure in uniaxial compression. The research demonstrated the advantages of using the 
volumetric stress-strain curve, as opposed to the more conventional uniaxial curve, for correlating AE 
response signatures with deformation stages and fracture processes in the rock. Standardized 
experimental procedures were used for the AE monitoring. The Kaiser effect was shown to be capable 
of determining prestress levels to within a few percentage points in uniaxial compression tests. Also, 
prestress memory was shown to be retained in the rock for periods of up to at least 5 months, the 
maximum period of testing. The Kaiser effect AE technology holds promise for providing a 
comparatively inexpensive and less complex method for examining stress history in rock. However, since 
the confining stress has a pronounced influence on the Kaiser effect, it must be considered in developing 
technology for determining peak field stresses based on the Kaiser effect.

'Geophysicist.
Supervisory geophysicist.
Twin Cities Research Center, U.S. Bureau of Mines, Minneapolis, MN.
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INTRODUCTION

Knowledge of the state of stress in a rock mass is of 
utmost concern in many mining applications. Reliable 
evaluations of in situ stress are needed for mine design, 
particularly for evaluating the stability of mine structures 
to prevent failure or collapse of underground mine open
ings. In situ stress is one of the necessary parameters for 
input into models for mine design and stability analyses. 
The state of stress often is a controlling factor in the eco
nomics of mining operations, entering into the determi
nations of the size and spacing of openings, extraction 
rates and ratios, and the type and amount of support 
required.

In in situ mining operations, the state of stress controls 
the permeability of fluids through fracture systems and, 
therefore, to a large extent, the recovery of ore from the 
zones of mineralization. Moreover, the stress state is of 
paramount importance in the creation of fractures, either 
by hydraulic or explosive means, to enhance permeability 
for the recovery of minerals.

Although numerous approaches have been developed 
to determine in situ stress, none are universally applicable 
in rock and all suffer from deficiencies and limitations (I).3 
Technology is particularly deficient for determining the 
stress state at depth in remote regions that are inaccessible 
from boreholes or mine workings, or for corrosive envi
ronments, such as may be encountered in in situ leaching 
or waste disposal. Two major problems with current tech
nology are (1 ) the nature of tools and methods of access 
to the zone of stress determination in the rock, e.g., bore
hole deformation or flat jack tools, may alter the stress 
state in the process of measurement and thereby may yield 
questionable results, and (2 ) current methods determine 
state of stress at a point, whereas an integrated or aver
aged value of the rock mass stress state may be more 
appropriate for use in mining applications. Other short
comings of current stress determination methods are that 
they usually are expensive and time consuming and have 
limited capabilities, if any at all, for stress determinations 
in weak, fractured, or anisotropic rocks. Continued 
research and development of new and improved technol
ogy is necessary for more accurate and reliable determi
nations of in situ stress in difficult mining situations.

^Italic numbers in parentheses refer to Items in the list of references 
at the end of this report.

A novel approach for determining in situ stress at depth 
and in remote regions or in corrosive and hostile environ
ments is to use secondary effects of stress such as can be 
measured by geophysical methods. A recent report of the 
National Research Council, giving an evaluation of in situ 
stress measurement technology in rock (2 ), emphasizes 
that "geophysical methods most likely will be the only tools 
for evaluating stress conditions at great depths, or at sites 
where drilling is limited or precluded by economic or 
possibly design requirements, or where the installation of 
measuring devices can be expected to alter the ambient 
stress field." One of the more promising of the geophys
ical techniques for determining the state of stress in rock 
is the use of the so-called Kaiser effect, obtained during 
measurements of acoustic emission (AE) in stressed rock. 
Kaiser (3) observed that AE activity exhibited an irrevers
ible effect upon unloading and reloading metal specimens 
tested in uniaxial tension. Upon reloading a specimen, 
Kaiser noted that AE activity was substantially quiet until 
the stress level of the previous maximum applied stress 
was exceeded. This phenomenon, termed the "Kaiser 
effect," suggests that previous maximum stress levels might 
be detected by stressing a rock to the point where there is 
a substantial rate of change in AE activity. Although the 
Kaiser effect has been well established in metals, only 
limited research has been conducted in a few types of 
rocks. Most notable is the recent work of the Japanese (4
8), Hardy (9-10) at the Pennsylvania State University, and 
Holcomb (11-13) at the Sandia National Laboratories. 
Little research, however, has been directed toward devising 
methods to apply this stress determination technique to 
practical mining situations and problems.

The purposes of this investigation are (1) to verify the 
applicability of the Kaiser effect for determining previous 
stress history in several types of rock common to mining, 
(2) to compare stages of AE behavior or AE signatures in 
different rock with those previously defined by Mogi (7) or 
Boyce (14), and (3) to relate the AE signature to the 
deformation response and failure mechanisms of rock. 
The results presented in this report represent the first 
phase of research by the U.S. Bureau of Mines on utilizing 
the Kaiser effect for in situ stress and stress change deter
minations in mining applications. This work is in support 
of the Bureau’s mission to enhance mine safety, by re
motely assessing the state of in situ stress.
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EXPERIMENTAL PROCEDURES

Experimental procedures were implemented (1) to pro
vide a more standardized approach in testing procedures, 
(2) to permit discrimination between AE signals and elec
tromagnetic noise, (3) to improve the signal-to-noise ratio, 
and (4) to graphically portray AE results to facilitate data 
interpretation. Several types of crystalline and sedimentary 
rock were selected for the experimentation to represent a 
variety of types of rock encountered in mining. These 
included St. Cloud gray granodiorite, Barre granite, 
Dresser basalt, Nevada volcanic tuff, Berea sandstone, and 
Salem limestone. Several of the rocks were selected be
cause they were part of a standardized suite of rocks for 
which much property and petrographic data had been 
determined (IS).

Cylindrical cores 2.54 cm in diameter by 5.08 cm long 
were taken in a single direction in rock blocks to prevent

variation in results due to anisotropy. Specimen dimen
sions and surface end finishing conformed to guidelines for 
uniaxial testing recommended by the American Society for 
Testing and Materials (16) and the International Society of 
Rock Mechanics (17). Precisely sectioning and polishing 
specimen ends minimized the potential for noise gener
ation due to platen seating at the specimen interface or 
other frictional movements due to end-surface irregular
ities. Rock cylinders were then weighed for initial density 
determinations and, subsequently, preconditioned in a 
vacuum oven at a moderately elevated temperature of 
100° C to remove moisture and obtain a standardized dry 
testing environment for the uniaxial loading experiments. 
Specimens were stored in a desiccator until the time of 
testing.

MECHANICAL TESTING PROCEDURES

Unconfined uniaxial compression tests were conducted 
using a closed-loop, servocontrolled materials-testing ma
chine, having 250,000 lb (1,096 kN) load capacity. Spec
imens were preloaded to levels of about 7 MPa for the 
crystalline rocks and 0.5 MPa for the tuff and sedimentary 
rocks to initially seat the platens and close the loop for 
automated servocontrol. Rocks were loaded at strain rates 
ranging between 2  x 1 0 -4 and 2  x 1 0 ' 6 per second, based on 
recommendations in earlier work (14). Triaxial data are 
from the reanalyzed information presented in an earlier 
study in which test procedures were similar to those used 
in the uniaxial tests (18).

AE sensing and processing was done with a wideband 
(100 kHz to 1 MHz) piezoelectric transducer and an AE 
analyzer, modified to operate in a frequency range down 
to 100 kHz. The AE analyzer was a real-time data acqui
sition system with capabilities for storage and parametric 
display of incoming signals. The AE transducer was at
tached to an aluminum contact piece that was shaped to 
the curvature of the test specimen. This increased the 
contact area between the transducer and specimen, al
lowing for increased energy transmission into the detector. 
Aluminum has an acoustic impedance of 1.7 kg m2/s, in
termediate between that of the piezoelectric transducer 
and that of most rock. Hence, it was an appropriate 
choice for providing good transmission of energy from the

rock to the detector transducer. The aluminum front 
piece, moreover, acted as a wear plate, protecting the front 
electrode of the transducer. Silicone grease was used as a 
couplant between the aluminum front piece and the spec
imen surface to compensate for any microscale roughness 
or asperities in the contact surfaces. This again provided 
for optimum energy transmission at the transducer-rock 
interface.

The schematic for the AE detection system is given in 
figure 1. An elastic wave generated as AE in stressed rock 
is converted to an electrical signal by the transducer. This 
electrical signal is then transferred via coaxial cable to a 
60-dB preamplifier and into the AE analyzer through an 
adjustable-gain, linear amplifier, which provides up to 
21 dB additional gain in 3-dB increments. The analyzer is 
equipped with two floppy disk drives for the storage of AE 
data. Output from the AE analyzer can be displayed in 
terms of AE accumulative counts or rate for events, 
counts, or energy (fig. 2). External parametric input to the 
analyzer permits the simultaneous input and plotting of 
load (stress) or deformation (strain) data as a function of 
the AE response. Sampling rate for the parametric digital 
sampling was 1,000 samples per second. A digital oscillo
scope is used for waveform capture and transfer for anal
ysis to a computer.



4

Signal noise arose from two main sources: electro
magnetic disturbances and mechanical vibrations. "Noise" 
refers to any random or persistent disturbance that ob
scures or reduces the clarity of received AE signals. The 
electromagnetic noise comprises both steady-state back
ground noise and spurious in-line electrical transients. 
Electromagnetic noise was reduced as much as possible by 
grounding and shielding electrical components and using 
coaxial shielded cable for transmission lines. Mechanical 
vibrations predominantly occurred in a low-frequency 
range. These and 60-Hz or other low-frequency electro
magnetic noise were effectively eliminated by using a low- 
frequency cutoff analog filter to discriminate against fre
quencies below 100 kHz. The appropriate amplification 
level to provide the maximum amplification of AE signals, 
yet discriminate against transient and background noise, 
was determined by placing the detector transducer on the

platen head with all electrical components and servovalves 
of the mechanical testing system turned on. This 
presented the situation with greatest noise generation. 
Trigger levels of the AE analyzer then were set at then- 
lowest point to pass all noise transients, and amplification 
was reduced in 3-dB increments from the highest amplifi
cation setting of 81 dB, where noise saturation occurred, 
until background counts per event were less than about 5. 
The optimum gain setting was found to be 6 6  dB. To 
further discriminate AE signals from background noise 
during the tests, analyzer threshold trigger levels were 
raised above the background noise level. To discriminate 
AE signals from spurious noise, only those AE events 
having 5 or more counts (in excess of the threshold trigger 
level) and exceeding 100 kHz in frequency were used in 
the data analysis.

Rook

specimen

Load cell

Axial
variable

deformation
transducer

Lateral
variable

deformation
transducer

Piezoelectric

transducer

Multimeters

Force

Axial deformation

Lateral deformation
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Figure 1.-Acoustic emission test system.
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ACOUSTIC EMISSION SIGNATURES

Typical AE response curves for cumulative emission in 
the six rock types as a function of uniaxial unconfined 
compressive stress are given in figure 3. Several types of 
signatures or patterns are recognized in the AE response 
curves. One type of signature is defined by the overall 
shape of the AE response curve, sometimes referred to as 
the "Mogi" type of curve. This type of signature relates to 
the generalized regions of deformational response and the 
fracture process in elastic-plastic materials (fig. 4).

Mogi (7) classified the commonality in shapes of cumu
lative AE response into four distinct regions. These have 
been associated with the Bieniawski model of deformation 
response or fracture processes (fig. 4) in rocks (14). In 
region I (A-B), crack closure and/or compaction occurs, 
resulting in a positive increasing slope in the cumulative 
AE curve. In region II (B-C), the rock undergoes semi
linear elastic deformation, with a correspondingly low, 
nearly constant rate of AE. Hence, the slope of the cumu
lative AE curve in this region is low and nearly constant. 
Region III (C-D) is typified by the onset of fracturing and 
stable crack growth and is represented by an abrupt in
crease in AE activity (the Kaiser effect) with sharply in
creasing slope. Region IV (D-F) relates to critical energy 
release and unstable fracture propagation that extends to 
rupture in brittle materials or continued permanent defor
mation in elastoplastic or plastic materials by strain- 
hardening or strain-softening processes. Region IV is 
typified in the AE response curve by high rates of AE with 
steeply increasing slope. Thus, slope changes and inflec
tion points of the AE response curve can be used for 
interpretation of the general regions of rock deformation 
under compressive loading conditions. These deformation 
regions can be interpreted even more precisely using com
bined AE and elastic wave velocity (18).

In Bureau experiments, researchers observed that the 
shape of the AE curves, relating to the various stages of 
deformation (Mogi signature), was similar whether cumu
lative emission was measured as a function of time, stress, 
or strain (fig. 5). Curve shapes, moreover, also were simi
lar if different AE parameters, such as rate, energy, or 
cumulative events were used (fig. 2). Hence, signature 
analysis of these different forms of output would provide 
generally similar results when interpreted broadly in terms 
of the different stages of rock deformation or fracture.

Boyce (14) recognized that there are several variations 
of the Mogi pattern and classified four types of signature

responses for cumulative AE in rock under uniaxial 
compression (fig. 6 ). In some rocks, some of the stages of 
the Mogi model appear to be missing or undetectable. 
The type I signature with four distinct slope changes was 
classified as the "Mogi" signature. The type II signature 
was designated "unstable," relating to the absence of the 
third-phase segment (C-D) of the Mogi model. This 
implies that the material changes directly from linear 
elastic behavior into unstable crack propagation, without 
a phase of stable crack growth. The type III signature was 
designated "dense" by Boyce, referring to the absence of 
the first phase (segment A-B) of the Mogi model. The 
type III model implies that this type of rock is intact and 
dense, and therefore lacks a crack closure-consolidation 
phase in the initial stages of uniaxial stress application. 
The type IV signature lacks both the first and third phases 
of the Mogi model and is designated "dense, unstable," 
incorporating aspects of both type II and type III behavior.

In applying AE signature classification to the rock 
tested, the Bureau found that all segments (slope changes) 
of the Mogi type of signature were present to some extent 
in each type of rock (e.g., fig. 3). For some of the rocks, 
however, it appeared that certain slope segments of the 
Mogi type of curve were almost absent. These closely 
resembled the Boyce types of signatures, e.g., the Berea 
sandstone curve appeared almost linear in the CD-DF 
segment and therefore could be classified as "type 
II-unstable" in Boyce’s signature classification scheme. 
Similarly, the St. Cloud gray granodiorite curve appeared 
to closely resemble the "type Ill-dense" signature.

Several problems were noted, however, in attempting 
to use the Boyce classification. Appearance of the curve 
shape, and therefore its signature classification, was af
fected by changes in the settings of the data acquisition 
system or even the scale selected for plotting. Setting the 
trigger threshold higher or lower or changing the sampling 
rate, e.g., could cause greater or less development of cer
tain segments of the curve. For instance, by changing the’ 
sampling rate interval or the amplitude threshold, or by 
applying an initial preload to the sample, the shape of the 
AE curve could be changed to reduce or eliminate the A
B and C-D segments of the signature. These problems 
indicate there is need for standardization of the data ac
quisition and plotting parameters for use of the Boyce 
classification system.
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Because AE signatures or patterns are shown to be 
diagnostic of stress-strain behavior, the deformation pro
cess, and the mechanisms of failure in rock, computerized 
pattern recognition technology presents a viable approach 
for interpreting stress and deformation characteristics or 
mechanisms of failure in stressed rock. The pattern rec
ognition approach requires training input from the AE 
response curves or from captured AE waveforms and the 
use of artificial intelligence to obtain predictive capabilities 
on the stage of stress or deformation and the failure mech
anisms in rock (fig. 7). Some use of pattern recognition 
technology has already been reported in Canadian research 
(.24) for determining stress level in rock and recognizing 
impending failure.

Several volumetric stress-strain tests were conducted to 
confirm the correlation of cumulative AE response to 
volumetric stress-strain behavior and the deformation 
processes (fig. 8 ). For brittle rock, initial nonlinearity in 
the volumetric stress-strain curve is associated with crack 
closure and compaction. The initial deviation of the volu
metric curve from projected linear volumetric compression 
marks the onset of volume dilatation associated with the 
formation of cracks. The transition from stable to unsta
ble crack propagation occurs at the reversal in the volu
metric stress-strain curve from positive to negative slope.

Figure 7.-Acoustlc emission pattern recognition.
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These volumetric stress-strain stages coincide with slope 
changes in the cumulative AE response curve and there
fore assist in the interpretation of AE response in AE field 
monitoring situations. Currently, it is common practice to 
plot AE response as a function of the axial stress-strain 
behavior. The onset of dilatation and transition from

stable to unstable fracture propagation, however, generally 
are not as apparent from the axial stress-strain curve. 
Hence, for interpretation of AE in terms of the defor
mation processes in rock, it is recommended that AE be 
plotted as a function of the volumetric rather than the axial 
stress-strain curve.

KAISER EFFECT

Typical AE rate response for the first cycle of uniaxial 
unconfined loading for Salem limestone (fig. 9) gives clear 
definition of the deformation regions of crack closure, 
linear elastic deformation, stable fracture propagation, 
unstable fracture propagation, and failure (or postpeak 
behavior). The Kaiser effect, i.e., the point at which AE 
rate begins to increase above the background rate ob
served in the linear elastic region, is picked at a stress level 
of about 19 MPa. This apparently represents the locked-in 
peak stress to which the rock had been subjected. Peak 
stresses similarly determined for the six types of rocks in

this study are given in table 1. These results support those 
of Holcomb (11-12), Hardy (9-10), and Kurita and Fujii 
(6), who established that induced prestresses could rea
sonably be determined by the Kaiser effect. Holcomb’s 
experiments (12) also indicated that even explosion- 
induced, dynamic peak stresses might be estimated using 
the Kaiser effect, if the yield strength of the rock has not 
been exceeded. Kanagawa (25) further made comparisons 
with the conventional overcoring in situ stress determina
tion method and found that the Kaiser effect method for 
determining stress in rock cores compared favorably with



NO
NC

UM
UL

AT
IV

E 
AC

OU
ST

IC
 

EM
IS

SI
ON

 
EV

EN
TS

i l

Table 1.-Peak stress history as determined by Kaiser effect

50

Rock
classification

Name Previous peak 
stress, MPa1

Range,
MPa

Sedimentary . . Salem limestone .. 19 ±2
Do ............... Berea sandstone . . 31 ±1

Igneous........... Nevada tu f f ........... 33 ±2
Do ............... St. Cloud gray 115 ±5

granodiorite.
Do ............... Barre granite........ 136 +4
Do ............... Dresser basalt . . . . 263 ±12

'Statistical mean of 5 samples.
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Figure 9.-Acoustic emission response and its correlation to brittle deformation criteria for typical Salem limestone sample.
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in situ stress determinations made by an overcoring meth
od for a mudstone, but the results of the two methods 
varied for a granite. The reason for the difference in the 
latter, however, was explained by the fact that the over
coring technique was used after removal of considerable 
overburden in the granite, whereas the Kaiser effect deter
mination seemed to reflect stresses in situ before the re
moval of overburden.

In the Kaiser effect method, the first loading cycle often 
produces noise associated with crack closure or compac
tion that can sometimes obscure the Kaiser effect. This 
noise in the first cycle of loading, however, can be sup
pressed by subsequent unloading-reloading cycles at stress 
levels below the Kaiser effect (fig. 10), thereby making the 
onset of an increase in AE rate associated with the Kaiser 
effect more pronounced. Most noise is reduced by the

second cycle, with only slight improvement in subsequent 
cycles.

Examples of the capability of the Kaiser effect to de
termine prestressed levels are given for St. Cloud gray 
granodiorite (fig. 11) and Salem limestone (fig. 12). In 
both cases, cumulative AE was plotted directly as a func
tion of the axial stress-strain curve. The first loading cycle 
(A) prestressed the sample to a known stress level. The 
stress was held constant at this level until creep occurred. 
The sample was then unloaded (stress path B) and re
loaded along stress path C while measuring cumulative 
AE (curve D). The Kaiser effect stress is readily deter
mined from the point of intercept on the stress-strain 
curve associated with the onset in rate change in the AE 
curve.
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Figure tO.-Reduction of acoustic emission events associated with crack closure. Subsequent cycling shows an advantage to 

preloading the rock Into the linear elastic range to enhance Kaiser effect.
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Uniaxial tests conducted in several rocks at different 
levels of prestress indicated that the Kaiser effect was 
operable within the region between the previous peak 
stress and unstable yielding of the sample. Table 2 gives 
several stress determinations of prestress levels for lime
stone and granodiorite. Stress levels could be reestab
lished to within a few percentage points. At stress levels 
sufficient to cause unstable yielding, however, stress relax
ation can occur and the Kaiser effect may be absent or 
indicative of residual rather than peak stress. This is a 
subject for follow-on studies. In research by Holcomb and 
Martin (12), a Kaiser effect could not be established in a 
test specimen of tuff that was prestressed near the location 
of a nuclear explosion at a Nevada test site. Instead of an

Table 2,-Kaiser effect detection of prestress 
levels in Salem limestone and St. Cloud 

gray granodiorite

Rock Kaiser effect 
stress, MPa

Previous applied 
stress, MPa

Difference,
MPa

Salem 37.5 39.0 -1.5
limestone. 47.4 47.0 + .4

58.2 57.0 + 1.2
St. Cloud 132.0 136,0 -4.0
granodiorite. 143.0 142.0 + 1,0

285.0 278.0 + 7.0
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Figure 12-Cumulative acoustic emission events as a function of stress-straln response for Salem limestone under uniaxial 
compression. Curve A-C represents initial stress-strain path taken; curve B is subsequent stress-strain path taken to failure. Curve D 
depicts cumulative acoustic emission response during the subsequent stress-strain cycle.
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increase in AE with increasing uniaxial stress, the number 
of AE events per stress increment stayed relatively 
constant during loading and tended to decrease at higher 
stresses. It was concluded that the sample had been 
stressed to "yield" by the explosion and therefore was 
incapable of indicating the previous maximum stress to 
which it had been subjected. The above results suggest 
that an upper limit is placed on the useful range of the 
Kaiser effect and further indicate that weak rock may not 
be suitable for reestablishing regional peak stress history 
by this method if peak stresses have exceeded the yield 
strength of the rock.

An important question is whether the prestress 
"memory" of the rock is retained over periods of time or 
is only temporary. Uniaxial compression tests were con
ducted on several samples of Salem limestone that were all 
prestressed to the same level of 58 MPa. Subsequent 
stress cycles were performed on each sample to reestablish 
the prestress using the Kaiser effect after periods of 1, 3, 
and 60 days (fig. 13). Results showed that the rocks tested 
after 1, 3, and 60 days all predicted the prestress within a 
few percentage points. Thus, even after periods of up to
2  months, peak stress in the rock could accurately be 
predicted using the Kaiser effect. Another series of 
uniaxial compression tests was conducted on St. Cloud 
gray granodiorite that was prestressed to 130 MPa. 
Results showed that even after 150 days (5 months) the 
Kaiser effect was clearly present, and that peak stress 
could be estimated at 124 MPa, within ±9 pet of the 
prestressed value. For these rocks, there appears no 
evidence suggesting that the stress memory established by 
the Kaiser effect fades within short periods of time. It 
remains to be established whether peak stress history is 
retained in rock over geologic periods of time.

The Kaiser effect is known to be dependent on the 
confining or mean stress, at least in some rocks. Holcomb 
(11) observed that the Kaiser effect increased nearly lin
early by roughly 3.4 MPa per megapascal increase in pres
sure in Westerly granite for the range of confining pres
sures from 5 to 69 MPa (10,000 psi). The Kaiser effect 
stress was postulated to form a damage surface, similar to 
the failure envelope at ultimate stress. Accordingly, for 
stress states below the Kaiser effect threshold, there would 
be no extension of damage in the rock, but those stress 
states reaching the damage surface would extend it (26). 
For comparison, earlier Bureau results for AE response

under triaxial loading of St. Cloud gray granodiorite (18) 
were reanalyzed. Here, researchers differentiated between 
the "onset of emission" in those results and the abrupt 
change in rate of emission associated with the Kaiser ef
fect. Cumulative AE response was determined at atmo
spheric pressure and confining pressures of 23, 46, and 
69 MPa in conventional triaxial compression tests. The 
stress path first applied a uniform confining pressure to 
the desired test level, and then a differential stress was 
applied to the point where the Kaiser effect could be 
observed and continued through yield and failure (fig. 14). 
The results plotted for comparison with those of Holcomb 
and Costin (26) for the Westerly granite (fig. 15) show that 
the Kaiser effect "damage surface" for the St. Cloud gray 
granodiorite is more sensitive to confining pressure (has 
steeper slope). Except for the point at 46 MPa, the sur
face has somewhat of a linear trend and roughly parallels 
the failure surface (ultimate stress). The Kaiser effect 
increases roughly 7.9 MPa per megapascal increase in 
confinement. It was postulated by Holcomb (11) that 
since "ultimate failure is the result of the accumulating 
local failures, it would be expected that the pressure de
pendence of strength should be about the same as that of 
the Kaiser effect." Bureau results for the St. Cloud gray 
granodiorite tend to support that postulation; both the 
Kaiser effect and the ultimate stress have nearly the same 
dependence on confining pressure. It is further noted by 
Holcomb that since the Kaiser effect is influenced by all 
principal stresses, the total stress state may be obtainable 
from information locked in the core, but that the principal 
problem is in devising a way to separate the effects of the 
stress components if a unique stress state is to be deter
mined. More research needs to be done before the Kaiser 
effect can be used with confidence to determine in situ 
stresses. However, recent preliminary studies of the 
Kaiser effect by Hardy (10) at the Pennsylvania State 
University suggest that triaxial stresses can be estimated 
with reasonable accuracy (±13 pet) using a single uniaxial 
test. Hardy further emphasizes that there is strong eco
nomic incentive to further develop in situ stress tests based 
on the Kaiser effect, since the conventional methods based 
on stress relief technology are considerably more expensive 
and time consuming. Continued research on the Kaiser 
effect and the development of AE pattern recognition 
technology therefore appears warranted.
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Figure 13.-Cumulatlve acoustic emission as a function of stress for three Salem limestone samples. Each sample was loaded to 
rupture under uniaxial compression at various time Intervals after the Initial prestress. Curve A-B represents Initial stress path taken 
while prestress was applied. Curve A-C is stress path taken to detect Kaiser effect (for three separate samples) at time intervals of
1 (k1), 3 (k3), and 60 (k2) days following application of prestress.
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Figure 14.-Stress path used to Induce damage In St. Cloud gray granodlorlte sample to Investigate usefulness of Kaiser effect, while 
sample was under trlaxlal compression.
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Figure 15.-Dotectlon of peak stress levels by Kaiser effect, Imposed by triaxial loading a sample of St. Cloud gray granodiorlte. 
Results are compared with results for Westerly granite.
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CONCLUSIONS

The Kaiser effect has been shown to be present and 
repeatable, usually within a few percentage points for 
several types of brittle rock. The AE response curves 
display repeatable signatures suggesting that pattern rec
ognition technology can be successfully employed to inter
pret stress and deformation characteristics of the rock. 
The generalized Mogi signature (7), based on the shape of 
the cumulative response curve, displays four stages or 
regions, plus failure, that are diagnostic of the deformation 
and failure process. Although each stage was present to 
some extent in each of the six types of rock tested, several 
of the AE response curves resembled the shape variations 
classified by Boyce (14). While the latter shape variations 
are useful in some cases for indicating variations in rock 
behavior, it was found that the resultant shape of the re
sponse curve was sensitive to measurement system param
eters such as the sampling rate interval and the amplitude 
threshold, in addition to the AE response of the rock, 
suggesting a need for standardization of the recording

parameters. Signatures of AE within each deformation 
stage and captured waveforms of AE signals provide addi
tional patterns indicative of the mechanisms of deforma
tion and failure. These recently have been used with some 
success by the Canadians for indicating the level of stress 
in mine pillars. Stress-strain correlations for interpretation 
of the AE response are shown to be much more compre
hensive when the volumetric stress-strain curves, rather 
than customary axial curves, are used for comparison. 
The Kaiser effect was shown to retain "memory" of peak 
prestresses over moderate periods of time up to 5 months. 
The Kaiser effect was noted to be highly sensitive to con
fining stresses, at least in some rocks, an item that requires 
further research and consideration for the interpretation of 
in situ field stresses. Limitations of the Kaiser effect, 
moreover, need to be determined in greater detail, particu
larly for rock that has been stressed near or beyond the 
yield point.
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