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ABSTRACT

Acoustic emission (AE) is one of the promising techniques to understand the damage mechanism within a
material and structural health monitoring non-invasively. The transient elastic energy released during the mi-
croscopic failure within a material is termed as acoustic emission. AE signals carry information about the me-
chanism and intensity of damage within a material. In this study, AE signatures were recorded during the
mechanical loading of notched ice beams subjected to three point bending tests at three different strain rates i.e.
1x107°s7',1x 10 *s and 1 x 10~ s~ L. Various AE characteristics such as hits, amplitude, counts, rise
time, energy release rate etc. were analysed in relation to the loading behaviour of ice beams. The AE amplitude
distribution data was analysed to estimate b-value and its temporal variation throughout loading for all the three
strain rate experiments. A decreasing trend in b-value with increasing bending stress was observed in all the
three tests. Characterization of dominant failure mode was also attempted through the analysis of RA parameter
and average frequency (AF) which indicates tensile mode as the dominant mode of fracture during three-point

bending.

1. Introduction

Acoustic emission is a widely used non-destructive technique for
assessment of progressive damage in various materials such as rocks,
concrete, wood, composites etc. at both laboratory and larger scales
(Lockner, 1993; Ohtsu, 1996; Vidya Sagar and Raghu Prasad, 2012;
Bucur, 2006; Guarino et al., 1998; Amitrano et al., 2005). The stress
waves within a material are the results of various non-reversible pro-
cesses such as plastic deformation, crack opening, coalescence and
growth of micro-cracks etc. Acoustic signal generated during the failure
process propagates through the bulk and is detected at the surface by
use of piezo transducers. The number of AE signals acquired by the
detection system is related to the failure density or crack events oc-
curred in the material. The nature of AE signal depends on the source
and type of failure mode (Carpinteri et al., 2013). Various character-
istics of AE waveform such as amplitude, rise time, energy and fre-
quency carry information about the damage mode and fracture process
(Carpinteri et al., 2013). Vidya Sagar and Raghu Prasad, 2012, recorded
the energy released during fracture process in concrete and suggested
that AE could be an efficient tool for fracture energy monitoring pro-
vided the attenuation of AE wave is not appreciable within the material.
In fact, in most of the cases the AE wave undergoes attenuation during
its propagation in material. Therefore, the measured AE energy can be
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in proportion and a small fraction of the released fracture energy during
failure process. AE amplitude is one of the important parameter since it
is related to the magnitude of failure event. However, the analysis of
individual AE amplitude values can sometimes be misleading because
the signal undergoes attenuation while propagating in the medium.
Even a very high amplitude AE signal emitted at far could be recorded
by the sensor as low amplitude (Shiotani et al., 2007). Therefore, re-
lative distribution of AE amplitude is generally used to correlate the
deformation process undergoing within the material. The b-value pro-
posed by Gutenberg and Richter (1944) gives the relationship between
frequency and magnitude of AE events emanated from a deformational
process in a material. Investigations carried out by previous researchers
suggest that there is a decrease in the b-value with increasing damage/
micro-fractures within the material subjected to loading (Main et al.,
1989; Lockner, 1993; Reiweger et al., 2015). Classification of cracking
mode is another important area which is derived from the analysis of
AE parameters i.e. RA parameter and average frequency (AF) (Ohno
and Ohtsu, 2010; Shahidan et al., 2013; Li and Du, 2016). It was found
that high RA and low AF values correspond to the shear crack whereas
low RA and high AF correspond to the tensile crack. Researchers sug-
gested that analysis of RA and AF along with the b-value can be used as
a possible indicator of accelerating damage within a material which can
lead to catastrophic failure.
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Ice is one of the naturally occurring materials in the earth's cryo-
sphere. Physical and mechanical properties of ice greatly affect the
formation and dynamics of glaciers. Also, it is a cost effective con-
struction material in cold regions for various applications such as em-
bankment, highway and runways etc. (Masterson, 2009; Li and Du,
2016). Apart from the construction activities, ice in glaciated terrain
poses a severe threat to the persons venturing in those areas. It provides
a low friction sliding base to the newly fallen snow which is helpful in
the formation of avalanches. Moreover, the Himalaya, having the
highest glaciated peaks of the world witnesses hazards due to frequent
ice cliff breaks (ice avalanches), crevasse openings etc. every year
(Singh et al., 2013). In one such event 10 Indian soldiers got buried
under deep snow and ice in Siachen glacier avalanche in Karakoram
range of Indian Himalaya (Wikipedia, 2016). Prediction of such failure
requires understanding of the damage mechanism of ice under different
loading and temperature conditions. The plastic deformation of ice also
contributes in the movement and break-up of glaciers over time
(Andrews, 1985). Ice matrix is also the main component of snow
structure and its mechanical properties determine the mechanical be-
haviour of snow (Chandel et al., 2014; Pinzer, 2009). The mechanical
properties such as yield stress, fracture energy of ice are needed to
implement the damage initiation and evolution law for micro-
mechanical modelling of snow deformation (Chandel et al., 2014). In
the past, various researchers have used acoustic emission to investigate
the deformation of ice (Gold, 1960; Zaretsky et al., 1976; St Lawerence
and Cole, 1982; Sinha, 1985, 1996; Sinha et al., 2012). Most of them
have used the ring down count as the main AE parameter which is
equivalent to the AE ‘counts’ in current AE systems. Other parameters
such as amplitude, acoustic energy, b-value etc. were not correlated
with the deformation process of ice. Recently, Li and Du (2016) at-
tempted to correlate the acoustic emission signature to the ice de-
formation during compressive and three point beam loading tests in a
laboratory setup. Authors analysed the AE parameters such as ampli-
tude, rise time, counts, wave duration and energy in relation to the
loading of samples. AE amplitude distribution data was further ana-
lysed for the calculation of b-value and its variation during the course of
loading. They further suggested that analysis of AE features can be used
to assess the onset of damage within the material. However, the ana-
lysis presented by them was based on only one displacement rate which
was 2 mm/min which corresponds to strain rate: 1.6 x 10~ % s~ %,

From the above discussions, we can say that previously not much
research was undertaken to study acoustic emission characteristics from
ice. Therefore there is a need to investigate the deformation behaviour
of ice to improve its understanding in terms of various AE parameters.
In this work, we have taken the studies further by subjecting ice sam-
ples to bending load at three different strain rates and corresponding
acoustic signature were detected and analysed to correlate the damage
behaviour of ice. An analysis of dissipated energy components is carried
out and comparison was made with the recorded acoustic energy. The
variation of b-value, RA and AF was also analysed in relation to the
evolution of damage.

2. Methodology
2.1. Sample preparation

An aluminium mould was used to make rectangular ice specimens in
cold laboratory by freezing clean water at —9 °C. The irregularity and
dimensions of the sample at outer boundaries were smoothened with
the help of hot cutting wire. The ice samples were kept and tested inside
cold laboratory at chamber temperature — 9 °C. A notch of approxi-
mately 12 mm was introduced with the help of a cutting blade in each
sample. The size, shape and other details of the ice samples are given in
Table 1.
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2.2. Three point beam loading

The three point beam loading tests were conducted at cold labora-
tory, Snow and Avalanche Study Establishment (SASE), Manali, India.
The experimental setup used in this study is shown in Fig. 1. It consists
of a universal testing machine (UTM) with load cell of 5 kN, a console to
control the machine and data acquisition system. The vertically moving
plunger was modified with additional fixtures for loading the samples
in three point beam configuration. The ice specimens were loaded at
mid span with support at two ends during the test. The tests were
conducted under displacement controlled mode and strain rate was
derived from the displacement rate using Euler-Bernoulli beam theory
(Appendix A). Depending on the specimen geometry, the displacement
rate was determined to achieve the desired strain rate. Therefore, the
displacement rates were 0.15 mm/min, 1.25 mm/min and 14.2 mm/
min corresponding to strain rates 1 X 107°s™ !, 1 x 10"* s~ ! and
1 x 107357, respectively.

2.3. Acoustic emission (AE) measurements

Multi-channel AE system from Physical Acoustics, USA was used for
recording AEs generated from crack formation, extension and ultimate
failure in the ice specimen. A more detailed description of AE system
and related parameters is given elsewhere (Kapil et al., 2014; Datt et al.,
2015). In the present experimental setup the AE sensors comprising of
03 resonant and 01 wideband were used. The sensors were directly
coupled to the surface of ice specimen with the help of thin silicon
grease layer. In fact mounting of sensors is crucial to reduce the
acoustic impedance mismatch between the object under test and the AE
sensor. Application of couplant provides better impedance matching
which is further helpful to reduce the transmission losses of acoustic
wave energy at sensor-specimen interface. Table 2 describes the details
about the sensors used during the experimental measurements. The
sensors were placed on both side of the loading line (Fig. 1). The noise
level inside cold laboratory was measured with AE monitoring system
and an amplitude threshold was selected as per the procedure discussed
in Datt et al. (2015). After characterization of noise in the environ-
mental chamber, the threshold amplitude was selected at 28 dB in order
to remove the possible electronic and environmental noise. The ex-
perimental arrangement with AE sensors mounted on an ice specimen is
shown in Fig. 1. One of the AE sensor i.e. R.45I developed some pro-
blem during the test, therefore its data was not analysed.

2.4. Data analysis

AE parameters recorded during the bending tests were analysed in
relation to the load curve. An acoustic event is resulted due to the
microscopic failure or any irreversible deformation undergoing in the
bulk of material. However, detection of an event in the form of a
transient electrical signal by a sensor is referred as ‘Hit’ (Hellier, 2003).
An ‘AE Hit’ is recorded once the electrical signal generated by the
sensor crosses the pre-decided threshold value. Various features such as
amplitude, counts, rise time, wave duration, absolute acoustic energy
etc. can be extracted from the waveform of AE signal (SAMOS AE
system, User's Manual, 2005). In this study we have analysed AE fea-
tures such as hit rate, amplitude, rise time, counts, wave duration and
absolute AE energy in relation to the load curve/damage evolution
within the ice specimen. AE Amplitude distribution data is used to
calculate the temporal evolution of b-value, which is a measure of re-
lative number of AE events with larger to smaller magnitudes. The b-
value was defined by Gutenberg and Richter (1944) to establish a re-
lationship between the magnitude of seismic activities and cumulative
number of seismic events as expressed by Eq. 1.

logy N(M > M°) = a — bM @

where ‘N'is the cumulative numbers of seismic events with magnitudes
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Table 1
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Geometrical parameters and strain rate of ice beams subjected to three point bending tests.

S. No. Specimen length (L, mm) Specimen breadth Specimen height Notch depth Displacement rate Strain rate Test index/
(b, mm) (d, mm) (a, mm) (mm/min) (s“) name

1 250 100 42 12 0.15 1x10°° 3PBT _3Test

2 250 102 50 12 1.25 1x10°* 3PBT _5Test

3 250 102 44 12 14.2 1x10°° 3PBT_7Test

Fig. 1. Experimental set up consisting of universal testing machine (UTM) and
AE sensors for thee point beam testing.

Table 2
Description of acoustic emission (AE) sensors used in the present investigation.

S.No. Sensor Frequency range Sensor/ Peak Sensitivity dB
model no (Resonant channel name ref. 1 V/(m/s)
Frequency)
(kHz)
1 WDI 100-1000 CH2 96
(125)
2 R15I 50-200 CH5 109
(75)
3 R6I 40-100 CH6 117
(55)

greater than M° ‘a’ and ‘b’ are positive constants. For analysis of
acoustic emission data the magnitude M is replaced by Agp/20.
Therefore, the GR relation can be written as
log,yN(Agg > Agg®) = a — b% for AE data. This relation is successfully
used for the scaling of amplitude distribution of AE waves and the
previous research, particularly on concrete, show that the b-value
changes systematically during the different stages of the failure process
(Carpinteri et al., 2009). This approach is based on: (i) the analogy
between the damage phenomenon within a material and seismic ac-
tivity in given region of earth's crust; and (ii) scale independent char-
acter of b-value (Lockner, 1993; Carpinteri et al., 2012). The b-value is
generally estimated by least square (LS) and maximum likelihood
method (MLM). The literature suggests that the b-values estimated
using maximum likelihood method are more reliable in comparison to
the least square estimated values as the latter may be biased and in-
fluenced by large events (Amitrano, 2012, Amorese et al., 2009).
Therefore, in the present analysis b-value was estimated by the method
of maximum likelihood following AKI (1965) formulation:

20 x log, (e)

(<Agp > — Au®) 2
where < Agg > is arithmetic mean of 40 amplitude values of a parti-
cular window and Ag° is the minimum amplitude (or threshold limit)
of the same window. The time shown for each estimated b-value was
the time of the 40" amplitude value of the corresponding window. This
process was repeated for all the amplitude values of AE events from
beginning to the end of each experiment.

AE data was further used for the classification of cracking/fracture
mode based on two parameters namely, RA value and average fre-
quency (AF) (JCMS-III, 2003, Li and Du, 2016). Parameter RA is de-
fined as the ratio of rise time to amplitude, while AF is calculated by
dividing counts with the duration of acoustic wave. In the present
study, ice samples were deformed under the action of external force
applied through constant displacement rate. If there is no heat ex-
change between specimen and surroundings, the total work done by
external force on the specimen can be considered as total strain energy
input (Liu and Liu, 2016; Zhang et al., 2014) as shown below:
Ut=U*+ Ut 3
where U' is the total elastic energy input, U° is the recoverable elastic
energy; U? is the dissipated energy. In fact the energy released during
damage/crack initiation within material is not fully dissipated and a
portion of this energy further excites transient dynamic motion in the
form of AE (Carpinteri et al., 2016; Doll, 1984; Sharon et al., 1996).
Further Doll (1984) and Gross et al., 1993 suggest that only 3% of the
total fracture energy could be associated with AE and most of the stored
energy is dissipated as heat. Schematic diagram to depict the relation
between the elastic energy and dissipated energy is shown in Fig. 2. The
total input strain energy imparted to the specimen during the process of
loading was calculated from the area under the experimental stress-
strain curve using Eq. 4. Recoverable elastic energy was calculated from
the experimental stress values and modulus of elasticity of ice as given
in Eq. 5.

Stress (o)

7

0 Strain (€)

Fig. 2. Schematic to represent the components of total mechanical energy.
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The symbols represent: o is bending stress, ¢ is strain, E is modulus
of elasticity, U..,' is cumulative input strain energy, and U,,° is cu-
mulative elastic energy.

The dissipated energy during the plastic deformation or micro-
cracking in ice sample was computed by subtracting elastic energy from
total input energy as per Eq. 3.

In the present paper, acoustic energy release rate and cumulative
acoustic energy was calculated and compared with dissipated energy
for all the three tests. Acoustic emission (AE) energy mentioned in the
paper is ‘absolute acoustic energy’ which is defined as the measured
area under the rectified signal envelope (MARSE) of AE wave (Miller
et al., 2005). The dissipated mechanical energy is commonly recognized
as a good indicator of damage in the structure (Sagasta et al., 2016;
Vidya Sagar and Raghu Prasad, 2012).

3. Results and discussion
3.1. AE signatures analysis

3.1.1. AE parameters: hits and amplitude analysis

Fig. 3 (a) in each panel (i.e Panel 1, 2 and 3) shows the stress and
strain behaviour corresponding to three strain ratesi.e. 1 x 107 °s™?!
(SR1),1 x 10™*s~ ! (SR2) and 1 x 1035~ ! (SR3), respectively. The
analysed data during the present experiment was recorded using three
AE sensors, namely CH2, CH5 and CH6 coupled directly on the surface
of the ice specimen. The average flexural strength of ice specimen was
0.86 MPa. Fig. 3(b) and Fig. 3(c) in each panel show temporal dis-
tribution of AE amplitude and cumulative AE hits, respectively. Each
data point in the scatter of amplitude distribution plot represents an AE
hit which is analogues to a plastic deformation/failure event occurring
within the material. These microscopic fractures may arise due to
movement of dislocations, opening of crack etc. within the ice spe-
cimen. Largest voltage present in a hit (i.e. AE signal) is referred to as
AE amplitude. A distinct difference in the amplitude values of AE can be
seen in the Fig. 3(b) of each panel. In SR1 the low level of AEs mostly
below the 40 dB amplitude were emitted till the failure of ice specimen.
Only 20% of the AEs having amplitude more than 40 dB were recorded
for SR1 as compared to the ~40% in case of SR2 and SR3 prior to
ultimate failure. The average amplitude was found 36 dB for SR1
and ~ 42 dB for both SR2 and SR3. During initial loading stage the ice
beam stabilizes itself on two simply supported cylinders over its span.
In case of SR1 and SR2, the AE generated during initial stage was fol-
lowed by a silent period till the applied stress reaches 11% and 5% of
ultimate stress, respectively. However in SR3 the loading rate is very
high which causes the damage and crack propagation in specimen from
the very beginning and large AE activity is recorded. Li and Du, 2016,
have also reported similar behaviour during the compression and
flexural test of ice samples. They have attributed that the AE emitted for
stress values less than 30% of failure stress is mostly due to the friction
and external noise. Scatter plot in Fig. 3(b) of Panell further reveals
that the AE in case of lowest strain rate i.e. SR1 (1 x 10~ °s~1) are of
very low amplitude throughout the loading process except at failure of
specimen. According to Weiss et al. (2000), there are two different
mechanisms mainly responsible for acoustic emission activity in ice:
high velocity motion of dislocations and

crack nucleation and propagation. Dislocations, the linear defects
within a crystal structure, are produced during crystallization or dif-
fusion process. They can also be generated during the plastic de-
formation of ice which is governed by the dislocation dynamics under
the influence of applied stress (Petrenko and Whitworth, 2006;
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Montagnat and Duval, 2004). Weiss et al. (2000) have experimentally
shown that AEs of significant amplitude were emitted from poly-
crystalline ice during compression without the onset of micro-cracking.
Therefore the main source of emitted AE was attributed to dislocation
dynamics. In the case of SR1 no visual cracks were seen for a long time,
even though the low level of AEs were continuously emitted. Sinha,
1985, also reported very low amplitude AEs before the onset of visible
micro-cracking in sea ice during uniaxial compression. Fig. 3(b) of both
Panel 2 & 3 depict that very high amplitude AEs are accompanied with
low level emissions because both mechanisms (i.e. dislocation move-
ment and crack opening) may be contributing for AE generation
dominated by the opening of cracks. It is interesting to note that, very
high amplitude AE burst emissions were associated with the ultimate
failure of ice specimen in all the three cases. Langhorne and Haskell
(1996) have also reported largest value of AE energy released during
the fracture of cantilever beam of sea ice.

The temporal variation of cumulative hits shows the emission rate
and total activity detected during the complete tests is shown in Fig. 3
(c) of each Panel. The gradient of cumulative AE shows an increasing
trend from low strain rate SR1 to the high strain rate SR3. Average AE
hit rate was calculated by dividing the total number of hits recorded in
particular test with the respective experiment duration. The variation of
AE hit rate with strain rate is shown in semi-log plot (Fig. 4). The hit
rate increased from SR1 to SR3 following a power law with an exponent
of 1.09 (R* = 0.98).

AE counts and wave duration were also analysed with respect to
amplitude distribution. For strain rate SR2, Fig. 5(a) and 5(b) show the
temporal variation of AE amplitude and counts and cross-plot between
them respectively. AE count represents the number of times AE wave
crossed the threshold amplitude level during a particular hit. It can be
seen that numbers of counts vary in a large range from very low i.e. 1 to
more than 10,000 near the catastrophic failure. Overall there was a
variation of four orders of magnitude in the number of counts. The
increase in amplitude is associated with a substantial increase in the AE
count number. Further from Fig. 5(b), it can be observed that AE counts
are more than 500 corresponding to the amplitude values more than
60 dB. The average count rates (counts/s) were found to be 185, 3714
and 42,075 for strain rates SR1, SR2 and SR3, respectively. More or less
similar behaviour was shown by all the three tests (i.e. SR1, SR2 & SR3)
and for all the AE sensors.

Temporal variation of AE wave duration with AE amplitude is
shown in Fig. 6. Here also the wave duration increases with increase in
the AE amplitude. It can be inferred that the micro-failure event having
large AE amplitudes are associated generally with long AE waveforms.
Majority of AE hits were having the wave duration between 10 ps to 10
4 us. Very long AE waves were observed near the failure of the ice
sample. This may be due to the large chain of events occurring near
failure and superimposing on each other resulting in a single AE hit of
long duration. Very long duration of AE waves were also reported by Li
and Du (2016) in their experiments on ice specimen close to the critical
failure. However, Sinha (1994) found varying AE wave durations cor-
responding to the sea ice and shelf ice. Sea ice was having a lesser
magnitude of about two orders as compared to shelf ice which was
having four orders of magnitude. Further, the large AE wave duration
was attributed to the large size of cracks.

3.2. b-value analysis from AE amplitude data

Fig. 7 shows the variation of AE cumulative frequency of occurrence
vs peak amplitude plots corresponding to three different strain rates. It
can be observed that AE events with large amplitudes are relatively less
in number as compared to the smaller AE amplitudes. This phenomenon
is analogous to the magnitude variation in earthquakes, concrete, rock
failure [Colombo et al., 2003; Vidya Sagar et al., 2012, Cox and
Meridith, 1993; Rao and Lakshmi, 2005)].

Temporal variation of b-value for all the three strain rates is shown
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in Fig. 8. It can be seen that b-value shows a global decreasing trend
with increase in load for all the strain rates. In case of SR1 i.e.
1 x 107°s7!, very high initial b-value was observed mainly because of
the emissions of very low amplitude AEs [(Fig. 3(b), Panel 1].

Thereafter, the b-value decreased gradually till the load was 74% of
peak load and a sharp decrease was observed just before the failure of
the specimen. However, in case of SR2 and SR3 the initial b-value is ~1
and decreases to ~0.4 at the sample failure. The b-value curve is re-
latively smooth for SR1 and SR3, however, in case of SR2 many fluc-
tuations were observed. Because of limited data points in case of SR1
and SR3 the inherent fluctuations in b-value might not have been
captured during its temporal evolution. From the load-time curve of
SR1 and SR2, it can be seen that failure of ice specimen occurs suddenly
without any distinct visible damage accumulation in terms of me-
chanical response. However, the emitted AEs and b-value trend suggest
existence of the damage process during loading of ice specimen. Similar
behaviour has also been reported by Schiavi et al. (2011) for concrete
specimen during compression test. The b-value suddenly drops for SR3
just before a visible drop in load-time curve; thereafter the b-value
remains almost same till final failure of specimen. The overall varia-
tions in b-value for all three cases suggest the existence and evolution of
different degree of damage at different strain rates. Previous re-
searchers suggest that at the condition of criticality, the temporal
evolution of b-value is mainly governed by two mechanisms, i.e. frac-
ture nucleation and fracture growth (Carpinteri et al., 2009). They
further suggest that in the initial part of loading process micro-fractures
are always evenly distributed around the initial notch termed as



P. Datt, et al.
120 - - 2.0E+4
__ 100
a 1.5F+4
5 80
s !
£ 60 H 1.0E+4
£ f
< 40 l:
w ' 5.0E+3
20
0 0.0E+0

Time (s)

(a)

AE Counts (Nos)

Cold Regions Science and Technology 174 (2020) 103063

1E+5 -

1.E+4

1.E43

1.E+2

AE counts (Nos)

1.E+1

1.E+0

60 80 100
AE amplitude (dB)

20

(b)

Fig. 5. (a) Temporal variation of AE amplitude (dB) and AE counts (in numbers.); (b) Cross plot between AE counts and AE amplitude; (The data of strain rate SR2, CH

no 06).

‘fracture process zone’. However, at the final collapse the damaging
process localizes near final failure surface through the rapid crack
growth and coalescence within structure which is further attributed to
the drop in b-value (Vidya Sagar et al., 2012). In the present analysis,
the temporal evolution of b-value for strain rate SR1 may be largely
dominated by the nucleation and growth of micro-cracks within ice
specimen around the failure surface till it reaches to the final collapse.
On the other hand, for higher strain rates i.e. SR2 and SR3, all the three
mechanism i.e. formation, growth and coalescence of micro-crack may
be active from the beginning of the loading test. This can be further
supported by the AE amplitude distribution data [Fig. 2(b), Panels 2 &
3] which shows that very high amplitude AEs emit just after the loading
process is started. Li and Du (2016) also observed the drop in b-value
from 1.1 at the initial loading to the 0.5 at the final collapse of ice
specimen. The variation in b-value was attributed to the damage caused
by the development, expansion and interconnection of cracks in spe-
cimen under three point beam test. Thus monitoring of b-value varia-
tion can be an effective tool to assess the failure process in ice structure
under stress.

3.2.1. AE energy

Fig. 9 (a,b,c) shows the variation of AE energy and cumulative AE
energy with time for all three strain rates, SR1, SR2 and SR3, respec-
tively. The AE energy emission behaviour is strongly dependent on the
strain rate. A large difference in AE energy exists corresponding to the
three strain rates. The cumulative energy for SR1 is below ~10 * aJ and
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Fig. 7. Variation of AE hits with amplitude corresponding to strain rates: SR1
(1 x107°s71),SR2(1 x 10" *s Hand SR3 (1 x 107 3s™ ).

increases abruptly at the time of ultimate failure of the ice sample.
However, in case of SR2 and SR3 the cumulative energy is compara-
tively higher of the ~10°-10® aJ. Also, it can be seen that total cu-
mulative energy is of the same order at failure of ice sample irrespective
of the strain rates. Low AE energy for SR1 for a long time may be at-
tributed to the low level of damage within the ice specimen. Multiple
high energy spikes observed in plots 9(b) and 9(c) are associated with
the micro-fractures undergoing in ice specimen at higher strain rates.
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A comparison of cumulative dissipative energy and acoustic energy
is shown in Fig. 10. The variation of both the energies follow more or
less similar trend with sudden increase at the fracture of ice specimen.
Though, one to one comparison of absolute values of both the energies
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is not possible because of: (i) very inefficient conversion mechanism of
released fracture energy to elastic stress waves, (ii) filtering of very low
amplitude emissions due to amplitude threshold setting while acquiring
the AE data, (iii) propagation losses in AE signal within material and at

1.0E+10

|

----- @~ AE energy

Cum AE energy

1.0E+08

1.0E+06

1.0E+04

AE energy (al)

1.0E+02

1.0E+00
1.0E-02
Time (s)
(b)
— Cum AE energy
1
3
Time (s)
(c)

Fig. 9. Temporal variation of AE energy and cumulative AE energy: (a) SR1 (1 x 107>)s™%; (b)) SR2(1 x 10™% s™ !, and (c) SR3 (1 x 1073 s~ L



P. Datt, et al.

Cold Regions Science and Technology 174 (2020) 103063

1.0E+10 -  1.0E+00
_____ CuAE SRS | 1.0E+10 1.0E+00
= A ' 1.0E-02 #& =
& 1.0E+08 Dissipated energy | 13 ) L 1.0E-02 -
z \ = > 1.0E+08 o £
° : - 1.0E-04 & %” i PEGa E
< 1.0E+06 TVl [ 1.UE-
3 i g § 1.0E+06 - >
¥ oeio = T g % : e
2 LO0es04 o oo o ' ‘ 3
w JRp— 1.0E-08 ® £ $:05:00 : L 10E-08 &
E % '—; ¢ ====s Cum AE energy _3
5 10E02 - 10E-10 B g 1.0E+02 | } Dissipated energy - 10610 2
1.0E+00 : § ; 1.0E-12 1.0E+00 T T T T 1.0E-12
0 100 200 300 0 10 20 30 40 50 60
Time (s) <
Time (s)
(a) (b)
1.0E+10 . r 1.0E+00
= 1.0r+08 10802 &
- £
8o 2
5 L 10604 T
£ 1.0E+06 B
2 - 1.06-06 §
£ 1.0e+04 3
B L ,
s N eee-- Cum AE energy 1.08-08 2
w
g 1.0E+02 Dissipated energy | 1010 &
1.0E+00 -+ T T T T T 1.0E-12
0 0.5 1 1.5 2 2.5 3
Time (s)
(c)

Fig. 10. Comparison of cumulative AE energy and dissipated mechanical energy for strain rates: (a) SR1 (1 X 107°s™Y), (b)) SR2 (1 x 107 *s™ 1), and (c) SR3

1 x1073s™h.

boundaries. Sagasta et al., 2016 also found good agreement between
plastic strain energy and acoustic emission energy during the experi-
mental investigation on reinforced concrete structures. Researchers
have carried out investigations to study the relationship between frac-
ture energy of concrete and AE energy released (Landis and Baillon,
2002; Vidya Sagar and Raghu Prasad, 2008). They reported a clear
correlation, with a large scatter, between fracture energy and acoustic
emission energy. However, Carpinteri et al. (2016) found that the
fracture energy increases with the specimen size whereas the AE energy
decreases. They concluded that direct relationship cannot be estab-
lished between the two forms of energies. Therefore, further experi-
mental and theoretical investigations in this direction are required to
establish the relationship (if any) between the two energies.

3.2.2. Identification of fracture modes

AE waveforms generated from a material under stress carry the
information about its damage mechanism at different scales.
Identification of fracturing mode can be done by analysing the para-
meters rise angle (RA) and average frequency (AF) (Ohno and Ohtsu,
2010; Aggelis, 2011; Lacidogna et al., 2017; Li and Du, 2016). AE
waveform characteristics such as rise time, amplitude, counts and
duration are used to derive the RA and AF values. Fig. 11 shows the
variation of AF and RA with three strain rates SR1, SR2 and SR3. Each
plot shows the relationship between AF and RA values estimated cor-
responding to each AE sensor used in the study. It can be observed that
the RA values are mostly below 50 ps/dB for all the three strain rates
SR1, SR2 and SR3.

Very few events have achieved RA values beyond 50 us/dB.
However, in case of strain rate SR3 many scattered AE events have
shown the RA beyond 50 ps/dB. The average frequency varied mostly
up to 200 kHz in all the cases. Few AE events in each case have AF
values up to 300 KHz. The small RA represents the sudden fracture in

the specimen. Majority of AE events with smaller RA value suggest the
dominance of tensile mode (Mode I) of fracture in the ice specimen
throughout the experimental period (Ohno and Ohtsu, 2010; Vidya
Sagar, 2017). These results are in agreement to the earlier work of Li
and Du, 2016. Their findings suggest that development of tensile cracks
mainly control the failure process of ice specimen during three point
bending. The scatter in the RA values may be attributed to the mix-
mode failure of ice sample due to heterogeneity at the microstructure
level. In fact the propagation of crack within ice sample is always tor-
tuous which is responsible for asymmetric loading axis and hence leads
to development of both tensile as well as small amount of shear loading
also.

4. Conclusions

Acoustic emission is evolving as a potential technique for mon-
itoring deformational processes in various materials. It is a passive
method and listens the sound of cracks in high frequency range. In the
present study we have employed AE to study the deformation/failure of
ice specimen subjected to three points bending at different strain rates.
AE was measured simultaneously by coupling the sensors directly on
the surface of ice specimen in a cold room at —9 °C. The average
flexural strength of ice specimen was 0.86 MPa. Various AE char-
acteristics such as amplitude, energy, counts, wave duration were
analysed. Amplitude distribution data was used to derive temporal
evolution of b-value along with load. In all the three strain rates the b-
value was found decreasing and attains minimum value near failure of
the ice beam. For the identification of fracture mode, parameters such
as RA and AF were analysed. It was observed that the failure of ice
beam was dominated by the tensile crack during three point bending.
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Appendix A. Calculation of the flexural stress for a rectangular cross section (b x d) and span length L
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As shown in Fig. 1 the beam is simply supported at points A and B and displacement rate was applied at centre point C. Bending moment, M at

any point D at a distance x from point A:

My = Px/2 (€]
where P is the load, recorded at centre through load cell in response to deformation rate.
For rectangular cross-section Moment of inertia, I = bd3/12 and Section Modulus, Z = bd?/6.
According to the beam theory:
M_9% _E
I 'y R 2
where o; is failure stress, E is modulus of elasticity and R is radius of curvature
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TS T 3)
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Solving Eq. (4) deflection at any point D is
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asor = ¢E; . g = % using Eq. (3) and Eq. (6)
()
_ 2bd? _ 6d A
€ = T Nz max
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Differentiating both side gives
. 6d ;
€ = ?Amax (8)
Eq. (8) is used to determine the displacement rate (A,,q,) corresponding to the strain rate at which ice samples were tested.
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