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ACOUSTIC EMISSIONS FROM
POLYCRYSTALLINE ICE

William F. St. Lawrence and David M. Cole

INTRODUCTION was related to the level of the stress applied and the
temperature at which the test was conducted

A program has been underway to study the mech- In his own research, Gold (1960) used a piezo-
anical behavior of fine-grained polycrystalline ice electric crystal frozen to his ice sample to monitor
subjected to mechanical loads. As part of this pro- the fractures which took place in the ice. Gold's
gram we have monitored the acoustic emission activity work most likely represents the first time that mod-
associated with a number of uniaxial compression ern acoustic emission techniques were used to stud,,
tests on ice samples subjected to constant loads. In ice. Gold reported that a signal was recorded each
this report we present the results of our research and time a disturbance (fracture) took place in the ice.
discuss possible relationships between acoustic sig- Working at -10°C with ice subjected to uniaxial
nals emitted from ice and its flow and fracture, compressive loads, Gold was able to observe the stress

To the best rf our knowledge no previous research limits for which his ice samples exhibited either de-
has been conducted on the acoustic emissions from celerating or accelerating creep and also the stress
fine-grained equiaxed polycrystalline ice. Columnar limit at which cracking occurred. He found that the
grained ice has been used in acoustic emission re- strain rate decreased for stresses below 1.57 MPa while
search but it is highly anisotropic, whereas fine-grained above this value it exhibited a tertiary, or accelerating,
ice tends to behave isotropically in the aggregate. stage. Gold also found that few cracks were observed
Nevertheless, we have found that the acoustic emis- for ice subjected to stresses below 0.98 MPa, that an
sion response and development of internal fractures appreciable number of cracks were detected at stresses
are qualitatively similar in both columnar grained ice of 1.4 MPa, and that the amount of cracking was
and the fine-grained equiaxed ice tested here. greatly increased at the stress levels causing tertiary

We have found the acoustic emission activity in creep. Gold tested his ice samples with the long axis
ice to be a well-behaved function of stress under a of the ice grains perpendicular to the applied load.
variety of loading conditions at constant temperature As Gold's research proceeded, he gave up his acous-
and grain size. The results from a series of constant tical fracture detection method in favor of actually
load creep tests are presented here. counting the visible fractures that occurred in each of

his ice samples. This technique avoids the problem of
recording, as separate events, the multiple acoustic

BACKGROUND signals that might emanate from the same fracture,
but it does not permit the detection of microfractures

Gold (1960) cites a paper by E. Brown (1926) or the examination of crack extension. Gold's research
who noted the presence of audible "crackling" of ice on the fracture of columnar grained ice, while only
samples subjected to compressive loads. Brown asso- partially using acoustic emission monitoring techniques,
ciated this sound with the development of cracks in is very germane to acoustic emission studies. Two
the ice. He also noted that the crackling of the ice particularly important papers on this work were

I _ _ _ _ _ _ __" "



published by Gold in 1970 and 1972. Indeed much detailed analysis of the surface area of fractures is also
of the extensive Soviet literature on acoustic emissions given.
in ice relies to a great extent on Gold's work.

The Soviet laboratory work, like Gold's, has con-
centrated on the acoustic activity associated with EXPERIMENTAL PROCEDURES
columnar grained ice subjected to constant loads
under uniaxial compression. The Soviets have dir- Ice specimens
ected their effort toward incorporating the observed The ice samples used for our work were prepared,
acoustic emission activity into a constitutive relation- as described by Cole (1979), from distilled dce-aired
ship for columnar grained ice. water introduced into a mold containing sieved snow

Zaretsky et al. (1976) published a reasonably com- crystals. The specimens had a mean grain diameter of
prehensive paper regarding acoustic emissions and 1.2 mm and a density of 0.917 Mg m- 3 . The c-axis
the deformation of ice. In this paper they indicate of the ice crystals appeared to be randomly oriented.
that the transducer used was piezoelectric in nature Some fine air bubbles with an average diameter of
but do not state the frequency range over which they 0.1 mm appeared in the center of the samples. Gen-
worked or the method they used to process -he re- erally, gas bubbles represented a very small volume
sulting signals. From persona' communication with fraction of the ice sample.
A. Fish, one of the Soviet paper's coauthors, we found During the sample molding process, fabric-based
that they generally worked in the audible region of phenolic end caps were frozen onto each specimen
the spectrum and used event-counting methods. to provide a means for interfacing the sample with the
Counting the c'amber of cycles per event (ring down test machines. The ice bonded intimately to the
count) is common in many acoustic emission investi- roughened surface of the end cap, and the difference
gations in the West. in the thermal expansion coefficients of the materials

Zaretsky et al. (1976) note that the ice they tested
showed marked dilatational effects, which are attrib- ,
uted to the introduction of fractures in the samples. |
They also report that each acoustic pulse corresponded
to the formation of a single fracture or microcrack.
They consider the amplitude of the pulse to be a
characteristic of the size of the fracture generating
it and the square of the amplitude to be proportional
to the energy dissipated. A constitutive relationship
is presented for the flow of ice under uniaxial com-
pressive loads. This equation shows that the strain
rate is proportional to the applied stress and also to
the acoustic emission activity, while it is inversely
proportional to time raised to a constant power.

Other Soviet research is reported by Gavrilo etal.
(1979), who propose that tertiary creep results from
the breakdown of intergranular bonds by microfrac-
ture. In this work, a limit stress o, coincides with
the onset of tertiary creep. This appears to confirm
Gold's (1972a and b) observations that at some crit-
ical crack density the onset of structural instability
(tertiary creep) takes place.

In a recent Soviet paper on the deformation of
ice (Zaretsky et al. 1979), a comprehensive theory of
ice deformation is presented which incorporates the
acoustic emission concepts given in their previous
work. In this paper, the value of 0.5 MPa is deter- -

mined to be the limit stress (a_). The dimensions of
the microfractures recorded by acoustic techniques
are considered and a new flow relationship which in-
corporates both the acoustic emission amplitude and
the number of events per unit volume is presented. A Figure 1. Ice specimen and elinment fixture.
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was not great enough to cause excessive strains during into a spring-loaded mounting that pressed the trans-
gradual temperature changes. Also, displacement com- ducer against the specimen with a force between 0.58
patibility between cap and specimen was ensured and and 2.7 N, depending on the extent to which the
stress concentrations were avoided. We did not detect spring in the mounting was compressed. To acous-
excessive fracturing of the ice in the vicinity of the tically couple the transducer to the specimen, a thin
end caps. In fact, we found that the visible fracture layer (about 0.1 mm) of silicon-based high vacuum
density in the vicinity of the end caps was generally grease was placed between the transducer and the
lower than that found in the sample center, specimen. Holes were cut into the membrane sur-

The ice specimens were right circular cylinders, rounding the specimen so that the transducer could
127 mm long and 25.4 mm in radius. The resulting be brought into direct contact with it. Skirts made
volume of each sample was 2.5'74x 10-4 M 3. Tie end of the same latex membrane material were attached
caps were of the same radius as the sample and 18 mm to the transducers with O-rings and sealed to the mem-
thick. brane with heavy grease to prevent material loss around

In all tests, each ice sample was covered with a thin the transducers. With this transducer arrangement,
latex membrane that prevented loss of mass due to lateral strains could be accommodated and sublimation
sublimation. The specimen end caps were bolted to prevented during long-term tests.
the base and the piston of a special jig for testing. The signal from the transducer was preamplified
The upper section of the apparatus, containing an air- by 60 dB and band-pass filtered. The -3 dB points
actuated cylinder used for constant load tests, can be for the high-pass and low-pass filters were set between
removed to allow for constant strain rate loading in 110 and 510 kHz for the high-gain system (88 dB)
a conventional testing machine. Thus, specimens were and between 105 kHz and 300 kHz for the low-gain
always mounted in the same fixture regardless of the system (66 dB). After preamplification and filtering,
type of test being performed. The ice specimen and the signal was processed through a post-amplifier and
alignment fixture with the acoustic emission trans- event counter.
ducers in place are shown in Figure 1. The two acoustic emission systems were operated

at different levels of sensitivity. The high sensitivity
Mechanical test equipment system was operated at a total amplification of 88

The constant load experiments were generally con- dB and the low sensitivity system was operated at
ducted with a pneumatic ram attached to the test 66 dB. The decibel gains correspond to numerical
fixture. For high load tests (nominal stress greater gains of 2.63x 107 and 1.64x 103, respectively.

than 2.5 MPa) an 89-kN capacity machine by Mater- The threshold level at which events are detected

ials Test Systems was used. In the creep tests, loads is set so that electronic and mechanical noise does not

were applied at the rate of 70 kPa s-1 until full load trigger the event counter when the sample is not loaded.

was reached when the pneumatic ram was used, and As a matter of expediency, this value is taken as twice

loads were applied at 1.0 MPa s-l when the MTS the level at which counts are recordel without load
machine was used. A detailed description of the application. Typically, the threshold values for the
mechanical test equipment used in these experiments high sensitivity setting (88 dB) was 1.14 V. The
is given by Mellor and Cole (1982). threshold value for the low-sensitivity system (66 dB)

was 0.8 V. These threshold values indicate that, for
Acoustic emission equipment an event to be counted, the electric signal at the out-

The acoustic emission monitoring system consisted put of the transducer had to exceed 43 uV for the
of commercially available equipment. We recorded high gain system and 402 1pV for the lower gain system.
the number of acoustic events throughout each of If any amplified signal exceeded the present thresh-
the tests as a function of time. In most tests, two old level, it was counted as an acoustic event. When
transducers were used on each sample (see Fig. 1). the time between successive threshold crossings was
Each transducer was connected to a separate acoustic less than 150 us, then the incoming signals were pro-
emission monitoring and recording system. The two cessed together as a single event. When the time be-
systems were set at different sensitivities so that some tween threshold crossings (dead time) exceeded 150
information on the amplitude distribution of the ps, each crossing was counted separately. (The 150-
acoustic events could be gained. /us event discrimination time is a parameter determined

The transducers and mountings were modified to by the manufacturer.) For our application, this time
obtain the best results possible without interfering is approximately one-tenth the duration of a typical
with the deforming specimen. The face of each trans- acoustic event, and except in certain cases of high
ducer was machined to the same radius as the ice loads, the acoustic events often occur several milli-

specimens (25.4 mm). Each transducer was fitted seconds apart.
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The transducers used in this work were commer- In calculating the stress values, we have assumed
cially available acoustic emission products with peak that the material is incompressible (i.e. Poisson's
sensitivity at 175 kHz. The calibration data accom- ratio is 0.5). This is a poor approximation for low
panying the transducer, from the manufacturer, pre- strains and a relatively good approximation for larger
sent the sensitivity in terms of dB referenced to volts strains (greater than 1%).
per microbar as a function of frequency. If we assume
that the transducer is excited at its peak sensitivity, an
estimate of the strength of the stress wave impinging ACOUSTIC EMISSION SOURCES IN ICE
on the transducer face can be obtained. Although the
absolute units of calibration may not be correct (Dun- Acoustic events and visible fracturing
egan/Endevco 1979), the sensitivities of transducers In many materials the source of acoustic emissions
when compared to each other are self-consistent, is not understood or is assumed to be a given mech.

For the high gain system, the transducers had a anism based on the best available information. In
maximum sensitivity of -70 dB referenced to 1V ice, at least one of the sources of acoustic emissions
gbar-1 at 175 kHz. The lower gain system has a is clearly associated with the development of cracks.
sensitivity of -73.6 dB referenced to 1V pbar- 1 at On a large scale, such as the calving of ice blocks
the same frequency. To obtain the sensitivity of the from glacier tongues or the propagation of a crack
transducer in terms of electrical output per unit of in lake ice, the correlation of the acoustic and visual
stress, (gauge factor) we apply the formula phenomena of fracture leaves little reasonable doubt

as to the source of the acoustic emission. Even as
E0 = ER 10(d B I20 ) (1) the scale of the fracture event is decreased (as with,

for example, the thermally induced fracture of an
where E0 is the output sensitivity, ER is the reference ice cube in a warm fluid) the correlation between
sensitivity in volts per pascal and dB is the output of the audible report and the visual observation of
the transducer. For the transducer which has a max- fracture is striking. However, as the size of the
imum sensitivity of -70 dB, the value is 3.16x 10- 3  fracture decreases or the number of fractures per
V Pa- 1 and for the -73-dB transducer, the corre- unit volume increases, the source of acoustic emis-
sponding gauge factor is 2.24x 10- 3 V Pa- 1. sions becomes less obvious.

From the above gauge factors we can consider the Both Gold (1960) and Zaretsky et al. (1979)
relative sensitivity of the high and low gain systems have assumed that there is one-to-one correspondence
in reference to the threshold sensitivity of each. Thus between acoustic emissions and fractures in ice. This
for the high sensitivity system (which counts events appears to be the correct assumption when the stress
above 43 1V) the nominal pressure threshold is 13.6 levels are such that visible cracks are produced. In
x 10- 3 Pa (43 x 10-6 V/3.16 x 10- 3 V Pa- I ) and our experiments, however, we often recorded acoustic
for the low sensitivity system (which counts events activity where no visible cracks were observed, par-
when the transducer output is greater than 402 pV) ticularly during our low load experiments (below -.2
the nominal pressure threshold is 0.18 Pa (402x 10-6 MPa). We noted that the amplitude of these emissions
V/2.24x 10- 3 V Pa- 1). In terms of the relative sen- was considerably lower than the amplitude associated
sitivities of the two systems employed, we calculate with visible fractures.
that the high gain system has 14 times the sensitivity
of the lower gain system. Source mechanisms

For most of the data recorded, the threshold and Wakahama (1964, 1965) made an extensive micro-
gain setting levels are typical of those indicated above. scopic investigation of the deformation and fracture

of polycrystalline ice. His observations were made on
Data recording thin sections (1 Ox 30x 1 mm) of ice as they were de-

In all instances the data were recorded in terms formed. In ice samples deformed at a temperature
of the total number of acoustic events vs time; this of -5*C and at compressive strain rates near 3x 10-5
record was differentiated numerically to obtain the s- 1, he observed both intergranular and intragranular
event rate. In manipulating and displaying the fractures, which he attributed to a number of differ-
acoustic data, we have assumed that the acoustic ent mechanisms.
emissions are best characterized by normalizing them The intragranular fractures Wakahama (1965)
to the volume of the specimen. To obtain the total observed consisted of triangular nucleus fractures,
number of events recorded for any of the data pre- transgranular fractures that originated from grain
sented, multiply by the volume of the ice sample, boundaries, and cleavage fractures that propagate
which is 2.374x 10- 4 M3. primarily along the basal plane. He also observed

4



intergranular fractures that traversed several ice cracks tended to be planar and the frequency of
grains and were exhibited as a visible fracture. fractures increased with increasing applied stress.

A likely source of low energy acoustic emissions As deformation proceeded, the cracks which formed
(microfractures) in ice is the formation of small in- tended to coalesce. Again, we have noted much the
tracrystalline fractures due to crack propagation from same behavior in our experiment.
low-angle grain boundaries which are formed at low Figure 2 shows three thin sections of ice specimens
strains. To explain this type of fracture, Wakahama used here. Figure 2a is a thin section of a typical
considers the generation of large tensile stresses re- undeformed ice sample observed under polarized
suiting from the pileup and subsequent breakaway light. Figure 2b is a thin section of a sample of ice
of dislocations at low angle boundaries, after it was subjected to a constant compressive load

At low deformation rates (and correspondingly of 0.8 MPa and strained to 4.9%. Here relatively few
low stresses) Wakahama (1964) notes the formation acoustic emissions were detected and no visible cracks
of bend planes in individual grains of the ice matrix, were observed. We do note, however, that significant
These bend planes are observed under polarized light recrystallization has taken place as indicated by the
as isochromatic bands. If the stress is low enough, increase in grain size. Figure 2c shows a thin section
no fracture will result. However, if the rate of strain- of a specimen subjected to a compressive load of 3.76
ing is sufficiently high, small triangular fractures MPa with an axial strain of over 20%. Here, substan-
nucleate perpendicularly to the bend planes. tial fracturing has effectively reduced the grain size.

Wakahama (1965) postulates that the bend plane
fractures are formed as the result of the pileup of
dislocations. He also presents an equation to estimate
the intensity of the tensile stress at the tip of the
pileup.

Presumably, if the rate of stress application is low
enough, dislocations will diffuse away from the tips
of the dislocation pileups, and the length of the pileup
will never become so great that a stress fracture de-
velops. On the other hand, if the load rate is suffic-
iently high, causing dislocations to pile up faster than (a)
they can diffuse away, stresses will increase and a 5mm-j 1

fracture will eventually occur.
In addition to this type of intragranular fracture,

Wakahama (1965) also observed fractures that orig-
inate at grain boundaries and propagate through the
ice grain. A third type of intragranular fracture ob-

served was cleavage fracture, which propagated in-
termittently along the basal plane. Relative to our 7
investigation, the intragranular fracture mechanisms
described by Wakahama provide a very plausible (i

source for the low amplitude emissions we recorded.
As the deformation rates and loads on the samples

increase, more obvious intergranular fractures and
higher amplitude acoustic emissions occur. These
fractures have been observed by a number of inves-
tigators and have been described for fine-grained
polycrystalline ice in detail by both Wakahama (1965)
and Hawkes and Mellor (1972). Interestingly, the
visual observations made by Hawkes and Mellor are
in good agreement with the trends we observe acous- (c)
tically.

In terms of macroscopic cracks that form in ice Figure 2. Sections of Ice: (a) thin section of
subjected to uniaxial compressive loads, Hawkes and an ice sample before testing, (b) thin section
Mellor noted that these cracks do not propagate of an Ice smaple subjected to 1. OGMPa stress
through the specimens. Generally, visible fractures and at totol strain of 4.9%, (c) thin section of
were first observed at strains of 0.1 to 0.3%. The an ice sample subjected to a stress of 3.76 MPa.

.



is not totally precluded. It is very possible that
acoustic emissions could be detected in ice single

5mm 1crystals with a more sensitive system, a quieter en-
vironment, or operation in ; different frequency band.
However, for samples in our tests under the same load
and temperature conditions, and with the same equip-
ment, we find significant acoustic emission activity
in the polycrystalline material, but no measurable
activity in single crystal samples.

General acoustic emission response
Figure 3. Polished thick section of a speci- In examining the acoustic emissions from equiaxed
men subjected to 3.68-MPa stress, T = 4 OC. polycrystalline ice, it is clear that the acoustic events
Total axial strain was 6.9%. Cracks have been recorded are well-behaved in terms of the salient test
highlighted with a dye, parameters. Both constant deformation rate tests

and constant load tests exhibit total acoustic emission
event curves that are smooth, monotonically increasing

In Figure 3 we show a polished thick section of an functions of time. The general forms of the acoustic
ice sample that was subjected to a compressive stress emission curves are also similar for both constant
of 3.68 MPa with a -100C test temperature and a load and constant deformation rate tests.
6.9% total axial strain. The dark lines represent The axial strain and the total acoustic events vs
coalesced cracks that were formed during deforma- time are exhibited in Figure 4. The forms of both
tion. i'ie outlines of the cracks are enhanced for the acoustic emission response and the strain response
visual observation with a dye. The formation of seen in this figure are typical of all the constant load
fractures in the ice specimens is responsible for the tests performed. For the test shown, the Initial
dilatant behavior of ice. applied stress was 2.0 MPa and the sample was strained

to over 5%. The strain vs time curve is typical of the
Tests on ice single crystals constant load tests that were conducted. In this test,

A brief comparison between the acoustic response the full load was applied at a uniform rate over a
of equiaxed polycrystalline ice and ice single crystals time period of 28 s, which is equivalent to a stress

will help clarify the role of grain boundaries in the rate of 70 kPa-s- 1 . The time of application of the

generation of acoustic emissions. In the last section, load is short compared to the length of the test.

we associated the source of high and low amplitude In Figure 4, the important features of the creep

emissions with the pileup and subsequent breakaway curve are (1) an incubation period that can be iden-
of dislocations at grain and subgrain boundaries. The tified as an upward facing concavity in the strain vs
results of tests on ice single crystals indicate that, in time curve, (2) a region of constantly decreasing
the absence of grain boundaries, there are no detect- strain rate (primary creep), and (3) a region of in-
able acoustic emissions during deformation. creasing strain rate (tertiary creep) which begins at

In these tests for axial stresses of 1 to 2 MPa and about 3x 103 s in this particular test. An interesting

a test temperature of -100C, we found no acoustic observation made in all our teszs ;s the absence of
emission activity nor visible microfracturing. any region that can be identified (in a classical sense)

In conducting our ice single crystal experiments, as secondary creep, i.e. constant strain rate, Although

the samples were oriented such that the maximum it is not evident from Figure 4 we noted a brief per-

shear stress was on the basal plane of the ice crystal. iod without acoustic activity after application of the

Also we used a compliant material between the ice load. This phenomenon is most likely associated

and the load platens to avoid st-ess concentrations. with the development of dislocation pileups and the

When the compliant material was not used, we found onset of plastic deformation.

that acoustic emissions were generated. Therefore, In Figure 4, the acoustic emissions are given as the

we assume that these emissions were generated as a number of events per unit volume of material. The
result of stress concentrations at the ice/metal inter- salient features of the acoustic emission response are
face. (i) a rapid rise in the number of events recorded

While we did not observe acoustic emissions with after application of the load, (2) an abrupt decrease

the particular equipment used in our work, the occur- in the rate of acoustic events recorded before the end

rence of acoustic emissions from ice single crystals of primary creep (generally between 0.2% and 0.7%

6
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Figure 5. Rate of acoustic emission activity with re-
Figure 4. Total acoustic events vs time, and axial strain vs spect to strain for an ice sample subjected to a con-
time for an ice speciman subjected to 2 OLMPa stress. stant stress of 2 MPa.

strain), and (3) a relatively constant increase in the 6 that the accumulated acoustic emission response
number of events as straining proceeds. is a well-behaved function of stress. Generally the

The main features of the acoustic emission response total number of acoustic events at a given strain is
can be described with reference to the rate of acoustic greater with increasing stress.
activity vs strain presented in Figure 5. As shown, the We found that most of the acoustic emissions
rate of acoustic activity begins to increase after appli- occurred at strains lower than 0.5% in nearly all tests.
cation of the load. The maximum rate of acoustic Figure 7 is a detailed representation of Figure 6 for
activity (dNldemax) (where N is the number of events strains lower than 1%. It illustrates how rapidly the
and e is the strain) always occurs after the initial max- acoustic activity reaches a nearly steady state when
imum of the strain rate and well before the end of pri- characterized in terms of strain. The initial response
mary creep. After the peak in emission activity takes is the most difficult to describe quantitatively.
place, the rate drops rapidly. As accelerating (tertiary) Both Gold (1972) and Zaretsky et a?. (1979) have
creep takes place, the acoustic activity approaches a suggested statistically derived distributions to describe
constant value with respect to strain, the acoustic emission response for columnar grained

ice. Gold describes the fracture response in terms of
a dual distribution which has the following form:

ANALYSIS OF DATA
a/N = 2 BE Noe B e2 + NOe -8f (2)

Transient response ee
Figure 6 is a graph of the logarithm of the accum-

ulated acoustic activity per unit volume vs strain. The where No and B are constants for stress and tempera-
ice samples for this test sequence were subjected to ture respectively, and e is the axial strain. Gold* in-
uniaxial compressive loads at -5"C. In these tests, dicates that the first term on the right-hand side of
the initial stress values (load divided by original cross- eq 2 is significant for low strain and low stress, and
sectional area) ranged from 0.8 to 3.67 MPa. The the second term on the right-hand side of the equation
total number of acoustic events recorded ranged
over three orders of magnitude between the lowest Personal communication with L.W. Gold, Nationa Research
and highest stress tests. It can be observed in Figure Council of Canada, 1980.
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Figure 6. Log-linear plot of the total acoustic Figure 7. Log-linear plot of the data presented in Fig-
activity vs strain for eight test samples subjected ure 6. This graph shows the detail in the acoustic ac-
to stress from 0.8 to 3.67 MPa. These data cor- tivity versus strain for strains less than 1%.

respond to the 88-dB gain system.

dominates for higher rates of strain. For constant we find that eq 4 is limited in terms of approximating
stress and temperature in eq 2, the partial derivative the shape of the acoustic emission curve. However,
is identical to the total derivative and upon integra- for strains less than 0.5%, it gives a reasonable approx-
tion gives: imation of the acoustic emission response.

If the strain can be assumed to be proportional to

N N(K, eBe2 - e )( the cube root of time, then eq 4 can be shown to be
B o  

- identical to eq 2, provided that the first term on the
right-hand side of eq 2 is small.

where K' is a constant which depends on the initial As a means of developing a theory for acoustic
conditions. Equation 3 is appealing since it describes emissions consistent with current theories of fracture,
the general form of the total acoustic emission ac- we favor an equation to describe the transientpor-
tivity. For equiaxed polycrystalline ice the stress tion of the acoustic emission response based on an
threshold at which the second term on the right-hand analysis similar to that of Stroh (1957). We assume
side of equation 2 becomes important is around 3 that the fractures causing the acoustic emissions are
MPa. the result of stresses produced by the pileup and sub-

The equation suggested by Zaretsky et al. (1979) sequent breakway of dislocations. Stroh (1957)
to describe the acoustic emission response is suggests that the probability of fracture can be de-

[K (a- 1) t3] scribed in terms of a probability functionN(t)= No ex  7" til (4)

- p = exp (-tvr) (5)
where K(T) is a function of temperature and a. is
the stress below which no acoustic emissions are de- where r is the mean time elapsing before a dislocation
tected. For the fine-grained equiaxed ice tested here, pileup is released, t is the time at which the stress

reaches a given value, andp is the probability of

... . . . . .... . . .I.. j II .. . .. . : . ... .o.... ..8



Table 1. Constants A, r and the corresponding coef- When eq 7 and 11 are compared with the corresponding
ficients of determination associated with eq 7. derivative and total acoustic emission data curves we
The constants were determined using a least-squares fit to find very good agreement. Qualitatively eq 11, like
eq 7 in the form of In j(dN/dt)JI = In A - t1,. Gold's distribution equation (eq 2), describes a curve

which rises rapidly and approaches the value N6
Stress Relaxation asymptoticaily in a very short time.
level Constant tme Coefficient Equation 1 1 is an alternative distribution which

a A en of determination serves the purpose of describing the transient portion
(Wal~a (events tn-'41 (s) r3 of the acoustic emission curve. In eq 7 the constant

0.80 3.503X 10'4  1.642X 10i 0.995 A and the relaxation time r are empirically determined
1.25 6.739x 10-' 5.105x 102 0.971 to obtain a best fit to the test data. Table 1 gives the
1.54 9.515X 10.' 3.194X 101 0.957 values of A and T for the tests in this series and also
1.84 1.135x 10.2 2.954x 102 0.949 the corresponding coefficient of determination. Each
2.00 2.562X 10' 1.781X 10" 0.992
2.35 6.228x 10. 9.702X 10' 0.991 test is identified by the imposed stress level. The
3.26 7.894X 10.' 4.226X 10' 0.987 value of N6, is determined from the steady-state re-
3.67 3.517X 10-V 6.693X 10' 0.995 sponse.

Steady-state response
Generally, we found for most of the tests that the

fracture. Stroh (1957) suggests that r in eq 5 be rate of acoustic activity appears to be constant after
given by the equation he specimen is strained beyond approximately 0.5%.

For the relatively high stress tests (3.26 and 3.67
=T,-) exp U (6) MPa) the acoustic rate appears to decrease continu-

ously with increasing strain. However, in terms of an
where v is a constant with the dimensions of frequency, engineering approximation, the data are still rela-
K is Boltzmann's constant, T is absolute temperature tively well-represented by a constant rate approxi-
and U(o) is the activation energy needed to free a mation beyond 1% strain. Table 2 presents the co-
dislocation. efficients (m, a) obtained by fitting the equation

We can use eq 5 to obtain the acoustic emission
intensity per unit time. Since the applied stress a N = m e + a (12)
and temperature are constant, we can use the total
derivative to replace p, to the data corresponding to the response curves of

Figure 6. In eq 12, N is the number of events per
dN = A exp dt (7) unit volume, e the strain (e b 0.01) and a the inter-A p (7) cept. Equation 12 is not applicable for strains lower

where A is a constant with the units of frequency.
Integrating eq 7 we have Table 2. Constants m, a and the coefficient of deter-

/ mination associated with eq 12.

InN-In No= A7 exp _,.) - exp (.)j(8) The constants were determined by performing a least-squares
fit to the equation N -m• +- .

where No and to represent the lower limits of inte-
gration. Taking the antilog of eq 8 yields Stress intercept

level Constant value Coefficient
- a m a of determination

N =No exp A, rexp (-. (9) (PP) (events m') (events)

Letting 0.80 1.36gx 10 4.746X 10 0.948
1.25 4.094X 10' 3.36X 10' 0.986

MO =No "xAr -)oi (0 1.54 1.38X 10' 8.182X 10' 0.987
N0 A1.84 2.991 x10' 1.106xo 0."7

2.00 1.027X 100 3,159X 10' 0.986
we have 2.3S 7.194X 10 7,717X 101 0.988

3.24i S.95 7X 10' 1.939X 109 0.974

N=N'°expfAA'exp(- ;)j3 (11) 8.6 _.452X10" 3._1__ x 106 0.9
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than about 0.5%, the point which is considered to be In eq 13, a is in units of MPa and the coefficient has
the end of the transient response. Also, although the the units of events per cubic meter. The value of
linear relation of eq 12 has been applied to the test o is 0.5 MPa, which is the same value used by Zar.
at stress levels of 3.26 MPa and 3.67 MPa, it would etsky et al. (1979). The coefficient of determination
appear that we are using the relationship beyond its
range of applicability. Special consideration will be 0 I ,

given to high stress tests (u > 3.0 MPa) later. The
linear relationship between axial strain and accumu-
lated acoustic activity has also been noted by Hardy
et al. (1970) for other geologic materials. Okajima -2
and Ono (1980) present results which indicate that i
eq 12 holds for some metals. 2.5

From the condition that the slope of the acoustic
emission curve is constant with strain, we can ex- 2.00

amine how the value of the slope m in eq 12 changes a

as a function of stress (see Fig. 8). A reasonable
empirical relation is obtained from W 1.84

m= (5.48x 105) exp 1.6369 . (13)
1.25

C

1010. 1 7-J

0.80

0.4 0.8 1.2
10
9

- Normalized Time (/1,)

Figure 9. Log of the total acoustic events vs time
normalized to the total test time tf. The value
of tf is given in Table 2,

C

;o Table 3. Constants B, K and the coefficient of deter-

mination associated with eq 15.
The constants were determined by performing a least-squares
fit to the equation deldt = He + K. The value of tf given is
the value used to normalize the data for Figures 9 and 12. An
asterisk Indicates the value of K was taken directly from the

10 data.

Stress Intercept Test
level Constant value Coefficient of duration

o B K determination tf

(MPG) (fW) (Ir) r3 (S)

0 I 2 3 4 5 6 ? 0.80 2.814X ITO 1.1 14X 10. 0.702 334,900
a_ -cr 1.25 2.733X f'0s X2L99X 10-1 0.941 50,400

%-1.54 2.569X 10.' 4."92X 10"'  0.855 41,460
1.84 4.$94X 1I"' 1.261 X 10-4 0.916 29,400
2.00 1.208 X 10"4 6.669X IT

.
, 0.979 15,000

Figure . The dependence of the slope m from eq 12 2.35 2.884X IV 4.291X 10-7 0.997 7,680
as a function of the nondimensional parameter (a-a.)/ 3.26 2.077x 10 6.63Sx 10' * 0.9112 1,500
a_. o. is taken equal to 0.5 MPa. 3.67 2.436X 1 1.131x 11* 0.96 1,080

10
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0. Figure 10. Ratio of the total number of events

*detected at gain settings of 66 and 88 dB. The
points indicate the actual data used and the

o8 02 line is a best fit to the data.
o

0 f 2 3 4
Stress IMPo)

(r2) for eq 13 fitted to the data of Figure 9 is 0.97. trend is apparent. In characterizing these data, we
The value of m in eq 13 is also a function of temper- found that a linear relationship provided the best
ature. fit. Figure 10 shows the best straight line fit to the

Figure 9 is another representation of the data data in the applied stress interval from 0.8 to 3.67
exhibited in Figure 6. In Figure 9 we display the MPa. The regression equation fitted to these data is
data in terms of the total number of acoustic emis-
sions vs time normalized to tf, the total test duration N 6 6 dB _
for strains between 3.2% and 7.6%. Table 3 lists the N/edB 0
values of tf used to calculate the normalized times
plotted in Figure 10. The test data are normalized weaisn me2pascats. th cicie os deter
in this way due to the large variations in the test dur-
ations. Each of the curves is identified with the in-
itial stress level of the test. COMBINED TRANSIENT AND STEADY-STATE

Amplitude distribution RESPONSE IN THE TIME DOMAIN
In many of the tests we monitored the acoustic We have described the acoustic emission response

emission activity at two different amplification in terms of a transient response in the time domainse
levels, generally at 88 dB and 66 d8. By monitoring and a steady-state response in the strain domain. We
at these two amplifications we had a rough means of an combineytheaoe response f the acousic
looking at the relative amplitude of emissions through- can combine the overall response of the acoustic

out achtest Animpotan obsrvaion adewasemission activity (transient and steady state) byout each test. An important observation made was noting that the strain rate in the tertiary part of thethat, once the steady-state emission rate was estab- creep curve can be reasonably approximated by con-
lished, the ratio of the amplitudes of the 66- and 88- c c c
dB channels remained nearly constant. This indicates sidering it to be proportional to the strain. This re-
that the amplitude distribution of emissions remained sponse is described by the equation
nearly constant throughout most of the test. This de
pattern is different from those observed in rock dt = 8e+" (15)
(Shultz 1968) in which the amplitude of emissions
tends to increase as the specimen progresses toward for stresses greater than 0.8 MPa and for strains
failure. greater than 0.85%. In eq 15 8 is a constant, e is the

Another notable feature became evident in ex- axial strain, K is an intercept value and deldt is the
amining the ratio of the acoustic emission amplitudes. strain rate. Figure 11 illustrates this relation for an
As the applied stress increased, the ratio of higher ice specimen subjected to a constant stress of 2 MPa.
amplitude emissions (66 dB) to the total number of The straight line in the figure represents a least-
emissions increased. This relationship indicates that squares fit to the experimental data points for strains
the size of the acoustic source, and therefore the between 0.88 and 5.1%. The coefficient of determin-
amplitude of the acoustic emission, generally increases ation (r2 ) for this curve is 0.98. It is important to
with stress. Figure 10 shows the change in the ratio note that the linear relationship expressed by eq 15
of high and low amplitude emissions for various breaks down for strains greater than about 5% for
stresses. Although the data are scattered, a definite all tests conducted to date. Over the range of stresses

applied in this series of tests, we found that the strain
11
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Figure 11. Strain rate vs strain for an ice sample subjected to a
stress of 2 MPa. The data points are taken from the test data.
The straight line in the figure is a least-squares fit to the data
between strains of 0.88% and 5.2%.

rate tends to increase at a reduced rate at strains over To review, the constants a and m are from the
5%. We attribute this to syntectonic recrystallization acoustic emission response curve (eq 12) and the
and the fact that these tests were at constant load constants 8 and K are obtained from the strain rate
rather than constant stress. The values of 8, K and curve (eq 15). Equation 19 indicates that we should
r2 from eq 15 for each test are given in Table 3. observe an exponential increase in the number of

Recall that we described the acoustic emission acoustic emissions with time in the region of applic-
activity in the steady state phase with respect to strain ability. This region occurs after the initial rapid rise
by in the acoustic emission curve.

However, by considering eq 19 more closely, we
N = m e + a (12) can use it to approximate the total acoustic emission

noting that response in the time domain. We can do this by
noting that the value of a is much greater than the

dN (16) value of mK/B and also that for small times the value
de of Iexp (Bt) -1 J in eq 19 is very near zero. So, during

Applying the chain rule, we have the rapidly rising transient portion of the acousticemission curve, the second term on the right-hand

dN m side of eq 19 is small when compared to the quantity
t= m(Be K). (17) a. Noting this we let

By solving eq 12 for e, substituting in eq 17 and re- a = No exp (-A e t /1t) (20)
arranging, we obtain the differential equation

dN by letting a = N in eq 11. We also note that the ex.
d- BN = (mK - B). (18) ponential term in eq 20 rapidly approaches asymp

totically the value of one as t increases. Therefore
Using the initial condition that N = a at time t = 0, in the limit

we obtain the solution to eq 18: e =N O . (21)

N=a+ - (ea t -1) (19)
8
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l°t 'Table 4. Values of the constants a', n and the coef-

oficient of determination associated with eq 23.
The constants were determined by performing a least-squares
fit to eq 23 In the form In N' In a' +n In e. The strain (e) is
the lowest strain limit for which eq 23 applies.

108 Stress Lower
E 464A level Constant) Coefficient of strain

a a. Exponent determination limit
(MPO) (events m') n r2 c

, 3.26 2.2628X 10' 0.5011 0.998 0.004
0 l 3.67 3.1763X 109 0.4786 0.998 0.008

In order to use a consistent representation of the

data in all our experiments, the steady-state values
0 were determined in the forms of eq 12 and 15. These

equations produced a reasonable fit to the data for
all values of stress. However, in considering the very
high stress tests (a > 3 MPa) some changes in the

mechanism of deformation take place due to the
0 0.4 0.8 1.2 significant amount of fracturing, as can be observed

Normalized Time (1/tf) in Figure 3. In each of these cases the intercept
value (K) in eq 15 is negative. For the purpose of

Figure 12 Log-linear plot of the actual acoustic evaluating the acoustic emission response from eq 22
response and that predicted from eq 21. The data we have determined the intercept value (K) from the
are represented by points and the solid lines are acoustic emission data.

the values determined from eq 21. We have also used the linear equation (eq 12) to
represent the acoustic emission response in the case
of the high stress tests (a = 3.26 MPa and a = 3.67

Considering these facts we can approximate the total MPa). The representation of these data is acceptable,

acoustic emission response with respect to time by with coefficients of determination of 0.974 and
the equation 0.958 for stresses of 3.26 MPa and 3.67 MPa re-

spectively. However, for these two particular tests,

N = N exp (-A re-tl ) + (exp (Bt) - 1 an equation of the form

(22) N =a' en (23)

We note that eq 22 does not hold for the small times may be more appropriate than eq 12 since the neg-
at the beginning of the test where the terms on the ative k value is avoided. Table 4 gives the values of

right-hand side of eq 22 are close to the same value, a' and n along with the coefficient of determination
Figure 12 is a log-linear plot of the total acoustic in each test. eo in Table 4 is the minimum strain for

events vs time normalized to the final time of the which eq 23 applies. For both tests the exponent n

test. The data points and the calculated values of the is about 1/2. Although eq 23 produces a better fit

acoustic emissions for eq 22 are shown. The values to the data for high stresses, it complicates the solu-

of the constants in eq 22 are taken from Tables 1-3. tion of the differential equation in the time domain.

Equation 22 represents the data well over three or- For this reason we feel that the less accurate, but

ders of magnitude. The time range at which each of more convenient, representation given by eq 12 can

the two terms in eq 22 dominates can be seen in Fig- be used.
ure 12. During the rapid rise in the acoustic activity,
for titf < 0.05, the first term in eq 22 dominates.
As the acoustic activity levels off for tltf> 0.05, DISCUSSION
the second term on the right-hand side of eq 22 dom-
inates. The detection of acoustic emissions is an excellent

indicator that deformation is being accommodated
13
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by local fracure. Thus the acoustic emission activity investigation of acoustic emissions from equiaxed
can be used to delineate the region of dislocation polycrystalline ice. Constant load creep tests were
creep with cracking (Shoji and Higashi 1977). Since performed on polycrystalline ice with equiaxed grains
we have not detected acoustic emissions in ice single of 1.2-mm diameter. Applied loads varied from 0.8
crystals (at comparable levels of equipment sensitiv- to 3.67 MPa; test temperature was -S0 C.
ity) we suspect that the fractures we observe are The acoustic emissions were monitored by two
closely related to the presence of grain boundaries, transducers in contact with the specimen. Separate
This concept is in accord with work in the literature, signal processing systems allowed us to record events

In quantitatively describing the data we considered at two gain levels, giving an indication of the ampli-
the response to be composed of two phases: a rapidly tude distribution of the events.
rising transient portion and a slowly increasing sec- Generally, a short incubation time with little
ondary phase. To explain these responses we make acoustic activity followed specimen loading. A dra-
the assumption that the acoustic emissions result from matik rise in the acoustic emission late then occurred,
fractures associated with the breakaway of dislocation tapering off between 0.3 and 0.5% axial strain. Ninety
pileups. This explanation allows us to apply a theory percent of the total number of acoustic events in the
analogous to that proposed by Stroh (1957) in order test occurred during this transient phase. A steady-
to develop a time-dependent term for the transient state condition followed at strains over 0.5% in which
portion of the acoustic emission curve. The secondary the acoustic emission rate was fairly constant and
part of the curve can be described either in terms of much lower than in the transient phase. The acoustic
time or strain. The primary and secondary portions response was closely related to specimen strain and
are combined to describe the total acoustic emission the basic trends did not vary significantly from spec-
response in the time domain. imen to specimen.

In developing the equations to describe the acoustic Source mechanisms were also considered. The use
emission response, we relate the acoustic events to the of two monitoring systems set at gain levels of 66 and
deformation of the specimen. For the tertiary portion 88 dB allowed us to characterize the emissions as
of the strain vs time curve we observe that the strain either of high amplitude associated with visible frac-
rate is proportional to the strain. We find this to be ture or of low amplitude with no visible fracturing.
true for all the stress levels we tested from 0.8 to 3.67 In either case, the acoustic events are assumed to re-
MPa. However, this relationship breaks down signifi- suit from the breakaway of dislocation pileups. Work
cantly after strains near or greater than 5%. We at- by Wakahama (1964 and 1965) was relied upon to
tribute this primarily to recrystallization of the ice. assess probable sources of acoustic emissions.
Thin-section analysis shows a consistent decrease in Intergranular fractures were assumed to generate
the grain size of the ice samples after testing for stress the high amplitude emissions occurring at higher
levels greater than about 3.26 MPa. Here, the grains stresses (o > 2.5 MPa). At lower stresses (and corre-
tend to be broken by large fractures. For stresses spondingly lower strain rates), when the dislocations
below about 2.35 MPa, noticeable grain growth occurs. could presumably diffuse away from the pileups,
Considerably fewer high energy emissions are produced visible fracture would not occur.
at these low stress and recrystallization mechanisms In the stress range of 0.8 to 2.5 MPa, where vis-
such as grain boundary migration are able to operate. ible fracturing did not occur, a significant number of

The acoustic emissions appear to be a consequence low amplitude acoustic events were nonetheless re-
of the flow process, and a fracture, once initiated, acts corded. These were assumed to be generated by small
as a sink for dislocations. This leads to the observed intragranular cracks.
behavior N - e. It should be noted that for stresses A close connection between the occurrence of
above 3 MPa the relationship between strain and detectable acoustic emissions and the presence of
bursts of acoustic energy is better represented by a grain boundaries was implied by the explanations of
relation e m N2 . However, for our initial approxima- the source mechanisms. To reinforce this implication,
tion we have used a linear form for simplicity, we conducted several constant load experiments on

In general, we find that observations of the acoustic ice single crystals. No acoustic emissions were de-
emissions are important in describing the formation tected with loading conditions and instrument sensi-
of microfractures in ice, and are especially important tivities similar to those in the polycrystalline ice tests.
in discussions of the deformation at high stress. This clearly indicated that grain and subgrain boun-

daries play a significant role in the generation of de.
tectable acoustic emissions.

SUMMARY An expression for the total number of acoustic
events was developed. The acoustic response was

In this work we have reported the results of an divided into two segments for this purpose: an initial
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transient phase (e < 0.005) and a steady-state phase p. 311-328.
(e > 0.005). The expression for the transient t hase Hardy, H.R., R.Y. Kim, R. Stefanko and Y.J. Wasn
was modeled after a probability function giv by (1970) Creep and microseismic activity in geological
Stroh (1957). The steady-state phase was rep~re- materials. Rock Mechrnics- Theory and Practice,
sented by a simple linear model. The constants in Proceedings of the Eleventh Symposium on Rock
both expressions were determined from the test data Mechanics, Berkeley, American Institute of Mechanical
and were primarily functions of stress (temperature Engineers, p. 377-413.
and grain size were not varied in these tests). A lin- Hawkes, I. and M. Mellor (1972) Deformation and
ear approximation in the steady-state response ex- fracture of ice under unaxial stress. lournal of Gla-
pression limits the useful range of the expression to ciology, vol. 11, no. 61, p. 103-1 .1.
less than 5.0% axial strain. Mellor, M. and D.M. Cole (1982) Deformation and

failure of ice under constant stress or constant strain
rates. Cold Regions Science and Technology, vol. 5,
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