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Abstract

The timing and location of microcracking events, their propagation and coalescence to form macrocracks, and their development
by tension, shearing or mixed modes are little known but essential to understanding the fracture of intact rock by freezing
and thawing. The aims of the present study are to investigate the mechanisms and transition of micro- and macrocracking
during repeated freeze-thaw, and to develop a statistical model of crack propagation that assesses the distance and angular
relationship of neighbouring cracking events arranged in their temporal order of occurrence. Eight acoustic emission (AE)
sensors mounted on a 300 mm cubic block of chalk captured the three-dimensional locations of microcracking events in their
temporal order of occurrence during 16 seasonal freeze-thaw cycles simulating an active layer above permafrost. AE events
occurred mostly during thawing periods (45%) and freeze-to-thaw transitions (37%) rather than during freezing periods (9%)
and thaw-to-freeze transitions (8%), suggesting that most AE (microcrack) events were driven by the process of ice segregation
rather than volumetric expansion. The outcomes of a novel statistical model of crack propagation based on two boundary
conditions—inside—out and outside—in modes of cracking—were assessed based on Bayes’ theorem by testing the hypothesis
that the inside—out mode of cracking was favoured by tensional activity, whereas the outside—in mode supported by shearing
events. In both situations, the hypothesis accounted for 54-73% confidence level. The microcrack propagation model can
distinguish reasonably between cracks formed by volumetric expansion and ice segregation.
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Key Points

1. Most acoustic emissions occurred during thaw of a limestone block, consistent with
microcracking events due to ice segregation.
2. Microcracks propagating outward from the block centre favoured tensional cracking, whereas
those propagating inward favoured shearing events.
3. A new microcrack propagation model distinguishes reasonably between cracks formed by

volumetric expansion and ice segregation.

Abstract

The timing and location of microcracking events, their propagation and coalescence to form
macrocracks, and their development by tension, shearing or mixed modes are little known but
essential to understanding the fracture of intact rock by freezing and thawing. The aims of the
present study are to investigate the mechanisms and transition of micro- and macrocracking during

repeated freeze—thaw, and to develop a statistical model of crack propagation that assesses the
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distance and angular relationship of neighbouring cracking events arranged in their temporal order
of occurrence. Eight acoustic emission (AE) sensors mounted on a 300 mm cubic block of chalk
captured the three-dimensional locations of microcracking events in their temporal order of
occurrence during 16 seasonal freeze-thaw cycles simulating an active layer above permafrost. AE
events occurred mostly during thawing periods (45%) and freeze-to-thaw transitions (37%) rather
than during freezing periods (9%) and thaw-to-freeze transitions (8%), suggesting that most AE
(microcrack) events were driven by the process of ice segregation rather than volumetric
expansion. The outcomes of a novel statistical model of crack propagation based on two boundary
conditions—inside—out and outside—in modes of cracking—were assessed based on Bayes’ theorem
by testing the hypothesis that the inside—out mode of cracking was favoured by tensional activity,
whereas the outside—in mode supported by shearing events. In both situations, the hypothesis
accounted for 54-73% confidence level. The microcrack propagation model can distinguish

reasonably between cracks formed by volumetric expansion and ice segregation.

Plain language summary

It is well known that repeated freezing and thawing of water within some porous and fine-grained
rocks can form large cracks visible to the unaided eye. But the initiation and growth of precursor
tiny cracks too small to see without a microscope remain enigmatic in terms of their timing,
location, growth and coalescence to form eventually large cracks. Thus, prediction of rock fracture
by frost is difficult. Here we present results from a laboratory experiment that measured the
location and timing of tiny sound (acoustic) waves within a block of limestone subject to 16 cycles
of freezing and thawing. The waves indicated the occurrence of tiny cracking events. Measurement
of rock temperature suggested that most cracking events resulted from water migrating through

the rock towards lenses of ice rather than expansion of water freezing in place within empty spaces
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in rock. In addition, cracks propagating outward from the block centre tended to form as the rock
was being pulled apart, whereas those propagating inward tended to form by scissor-like tearing of
rock. A new statistical model of rock cracking can distinguish reasonably well between cracks

formed by growing ice lenses and those formed by expansion of freezing water.

Keywords: Acoustic emissions; freeze—thaw; crack propagation; ice segregation; permafrost

1. Introduction

Fracture of fine-grained, porous rock by initiation and growth of ice lenses is considered an
important mechanism of frost weathering (Matsuoka and Murton, 2008). This fracture process—
termed ice segregation—refers to migration of premelted water in liquid films through a porous
and permeable medium such as soil or rock towards freezing sites, where lenses or layers of ice
grow, segregated from adjacent mineral particles and aligned perpendicular to the temperature
gradient. Premelting occurs along ice-liquid interfaces, and it enables ice and liquid water to
remain in equilibrium at temperatures below 0°C (Dash et al., 2006; Rempel, 2011). Migration of
premelted water results from suction induced by temperature gradients within porous media at
temperatures below 0°C. Freezing experiments under laboratory conditions indicate that
macrocracks can initiate and develop in intact rock, and fill with segregated ice (Agakawa and
Fukuda, 1991; Murton et al., 2006, 2016). Less clear are: (1) When and where do the precursor
microcracks occur during different stages of freezing and thawing? (2) Do microcracks develop by
tension, shearing or mixed modes cracking? (3) How do microcracks propagate and coalesce to
form individual macrocracks and pervasively fractured (brecciated) horizons? We hypothesize that

tension, shearing and mixed modes of cracking activities of rock vary during different stages of
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freezing and thawing. We address these questions by monitoring acoustic emissions (AEs)

generated by microcracking activity.

AEs are transient elastic waves produced by the rapid release of energy from localized sources
within a material. AE testing is a non-destructive method for investigating material behaviour based
on detection and conversion of high-frequency elastic waves into discrete electrical signals
(Goszczynska et al., 2014). The transducer element in an AE sensor is a piezoelectric crystal that
responds with high sensitivity to motion in the low ultrasonic frequency range (10-2000 kHz).
When the AE wave front reaches the piezoelectric sensors mounted on the surfaces of a test
specimen, minute mechanical movements of the fracture surface molecules are sensed by the
transducer and converted to detectable electrical signal. The signal is then amplified and split into
discrete waveforms with characteristics such as amplitude, absolute energy, duration and rise time.
Multiple piezoelectric sensors arrayed around a structure allow the location of AE activity to be
estimated in three-dimensional (3-D) space, based on wave velocity within the material and
differences in hit arrival times among the sensors. AE activity has been measured in laboratory
freezing experiments with stable thermal boundary conditions (Hallet et al., 1991; Duca et al.,,
2014). Now it is timely to analyse the changes in AE under dynamic thermal boundary conditions
characteristic of natural freeze—thaw cycles.

Here we report observations of AE activity monitored during a laboratory experiment on freeze—
thaw of limestone. The rationale for the experiment is that 16 freeze—thaw cycles could be carried
out over a substantial period of time (470 days) in order to simulate multiple years of an active
layer above permafrost developed within a 300 mm cubic block of tuffeau, a type of chalk
(limestone) that readily fractures by ice segregation (Murton et al., 2006). Our aims are, first, to
investigate the mechanisms and transition of micro- and macrocracking during repeated freeze—

thaw, and, second, to develop a statistical model of crack propagation that assesses the distance
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and angular relationship of neighbouring cracking events arranged in their temporal order of
occurrence. Our objectives are to (1) determine the 3-D location of individual cracking events
within the block using multiple AE sensors, and detect and analyze waveforms emitted during
them; (2) identify the spatial and temporal distribution, abundance and mechanical characteristics
of cracks during different stages of freezing and thawing; (3) distinguish between cracking modes |
(tension) and Il (shear) during freeze—thaw cycling by parametric analysis of AE waveforms; (4)
construct two boundary conditions that reproduce different modes of crack propagation
(inside—outward and outside—inward); and (5) compare the patterns of fracture propagation using
Bayes’ theorem for the two boundary conditions with the tension and shear cracks observed using
AEs. The experimental set up and observations of macrocracks, temperature and strain are detailed

in @ companion paper (Maji and Murton, 2020a) and the freeze—thaw regime is summarized below.

2. Methods

2.1 Freezing and thawing regime

The block of chalk was saturated by capillary rise before starting the experiment and also
between its four phases. The block initially froze downward from the top as a result of chilled air
circulating in a cold room. Once the block was frozen through, a cooling plate beneath the block
was turned on to maintain subzero temperatures in the lower part of the block (simulated
permafrost) for the remainder of the experiment. At intervals during the experiment, the chilled air
was turned off and the door of the cold room was opened to allow air at ambient room
temperature to circulate the cold room and thaw the upper part of the block from the surface
downward (simulated active layer). The temperature of the basal cooling plate was thermostatically
controlled, with the thermostat set at three progressively higher temperatures during four phases

of the experiment (P1-4) in order to simulate active-layer deepening and permafrost thaw during
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16 freeze—thaw cycles. The values were set at -15°C for phase 1 (P1: cycles 1-4, days 0-68), -10°C
for P2 (cycles 5-8, days 69—203), and -5°C for both P3 (cycles 9-12, days 207-312) and P4 (cycles
13-16, days 315-470) (Figure 1a; Maji and Murton, 2020a). In summary, the experiment consisted
of 16 temperature cycles that simulated annual freeze-thaw of a deepening active layer above

permafrost.

Each freeze—thaw cycle was divided into four parts. (1) Thaw-to-freeze transitions represent the
time between imposing a sub-zero air temperature and the onset of more or less isothermal
conditions in the frozen chalk block. (2) Freezing periods represent the time between the onset of
more or less isothermal conditions in the frozen chalk block and the onset of an above-zero air
temperature. (3) Freeze-to-thaw transitions represent the time between turning off the chilled air
supply in the cold room and the development of a stable vertical temperature gradient in the
unfrozen simulated active layer. During these transitions the 0°C isotherm descended into the block
and stabilized at a certain depth, simulating progressive thaw of the active layer in summer. (4)
Thawing periods represent the time between the onset of a stable vertical temperature gradient in
the unfrozen simulated active layer and the onset of a sub-zero air temperature at the start of the

next thaw-to-freeze transition.

2.2 Acoustic emissions

2.2.1 Instrumentation, data acquisition and processing
Eight AE sensors (R-15 alpha, manufactured by Mistras Group) were mounted on five faces of

the chalk block (Figure 2). The sensors were distributed using a 3-D Cartesian co-ordinate system to
locate single cracking events. Two sensors were mounted diagonally on vertical faces A, B and C,
one on vertical face D, and one on the top horizontal surface (to monitor the depth of cracking). A

silicon grease epoxy (Pro silicone grease 494-124, from RS Components) was used to establish a
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good contact between the smooth ceramic sensor face and the rough vertical rock surface, and a
metal cage secured the sensors in place during the experiment (Figure 2d). Two holes (3 mm
diameter, ~25 mm long) were drilled into the block to mount each cage, and plastic raw plugs
inserted into the holes to anchor the cage with screws. A screw on the top of the cage ensured that
the sensors were firmly pressed against the rock faces during the experiment.

The signal from each AE sensor was amplified by a 40 dB gain before processing. Each sensor
was connected by a cable 1.5 m long to a preamplifier (I1L40S with 32-1100 kHz, Mistras Group)
placed inside a box in the cold room. The analog and digital filters used in the preamplifier had
ranges of 20-400 and 8-40 kHz, respectively. The preamplifiers were activated by a 28V DC
phantom power supply from a PCl Express-8 data card (Mistras Group) installed in a workstation
outside the cold room and connected to the preamplifiers by a 10-m-long BNC cable. The layout of
the AE data acquisition system is illustrated schematically in Figure 2a.

Data were processed using AEWin 3D-LOC software. A threshold of 40 dB was set to separate
noise induced in the laboratory from signals of microcracking events. The sampling rate was 1 MHz
and the values for peak definition time (PDT), hit definition time (HDT) and hit lockout time (HLT)
were 200, 800 and 1000 microseconds, respectively. Every hit captured by the sensors included the
parameters amplitude, energy, counts, duration, average signal level (ASL), rise time, average
frequency, signal strength and absolute energy.

An AE event was identified if at least four of the eight sensors captured the pulses of energy
released (hits). The number of hits and amplitude were considered to eliminate and filter out the
noise generated by the freezing system. Data acquisition was continuous throughout the

experiment, with a file of AE events produced every 12 hours.
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2.2.2 Waveform characteristics
The waveform characteristics obtained from the acoustic waves included the number of hits,

duration of the signals, number of counts above a preset threshold (= 40 dB), rise time, amplitude,
and energy released (Figure 3a). In order to classify the nature of cracking, the RA value and
average frequency were calculated from the waveform characteristics as follows:

RA value = rise time/ maximum amplitude (1)

Average frequency = AE counts/ duration time (2)
These two parameters allowed cracks to be classified as mode | (tension) and mode Il (shear) cracks
(Figure 3b; JCMS-IIIB5706, 2003; Ohno et al., 2010). The line separating tension and shear events
has a slope of 0.1 kHz ms/V following the convention used in JCMS-I1IB5706 (2003). Events lying on

the separation line are classified as mixed modes of cracking.

2.2.3 Three-dimensional (3-D) location detection principle
The 3-D locations of AE events were determined—with an additional plug-in code in the AEWin

software—from the differences in arrival time of acoustic waveforms at sensors that captured any
event. This code took into account the array of sensors around the block with respect to a fixed
Cartesian reference frame and the velocity of acoustic waves (longitudinal, shear and surface
waves) propagating through the material. Hits and events were classified based on their arrival
times at four or more sensors around the block. The acoustic wave velocity of the entire block was
assumed to remain constant throughout the experiment. This assumption is reasonable when the
rock was frozen (i.e., a during the middle to late stages of freezing periods), but during thawing
periods slight differences in acoustic wave velocity probably developed between the simulated
permafrost and active layer. The 3-D locations of the events within the block were visualized on a

graphical interface in AEWin and the information was stored for further analysis.
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2.3 Statistical model

2.3.1 Theory and mathematical explanation
We developed a statistical model to assess the distance and angular relationships among the

temporal order of AE events. The model assumes that the locations and timings of cracking events
during the experiment relate to the crack initiation and propagation history observed in the chalk
block. The model measures the mean distance and mean angular relationship of the next specified
number (N) of consecutive events (N = 2, 5 and 10) relative to each event. The input, throughput
and output of the model are illustrated schematically in Figure 4. The model is based on two
principal cases of fracture propagation and validated with the AE data recorded in the experiment.
The model depicts the best result when N=10, and so we considered N=10 for validation purposes.
The model considers the mechanism of crack propagation along the horizontal direction only,
because well-developed cracks observed in the block after 8, 12 and 16 freeze-thaw cycles were
dominantly horizontal. The model outcomes of the experimental results were correlated with the
parametric analysis of the AE waveforms in terms of tension, shear and mixed modes of cracking.
Bayesian statistical approaches were incorporated to validate the modelling outcomes on a
probability scale.

Two cases of fracture propagation were considered: (1) propagation of cracks from inside the
block outward toward the sides, i.e., inside—out (Figure 5), and (2) propagation of cracks from the
outer part of the block inward toward the centre, i.e., outside—in (Figure 6). Each case produced a
different set of 3-D points containing the locations of the events arranged according to their time of
occurrence. The fracture propagation model was then tested on the 3-D location matrices to
discriminate the patterns in both scenarios.

[En is the set containing information about the location of events arranged in their temporal

order during any sequence of cracking. It is defined as
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En={£1,£2,............ £nt o (3)

where €1, £2,...., én are the locations of cracking events and can be expressed as én=[Xn,Yn,Zn]. The
fracture propagation mode IFIP assesses the mean distance (r) and mean angular (8) relationships
of a predefined number (N=2,5,10) of next consecutive events and is defined as

FIP (r)=f (En)  (4)

FIP (6) = f (En)  (5)
Values of both FPP (r) and FIP (8) of the corresponding events that are far apart indicate events
occurred at various locations within the block and can be interpreted as individual cracking events
with no definite spatial relationship to each other. Conversely, values of FP (r) of the
corresponding events that are close together suggest spatially localized events and may indicate a
sequence of cracking. This is true for both distance and angular relationships. FIP (8) was estimated
by converting the location information £1, 2, ...., én into a vector by joining them to the origin, and

the angular relationship of events was derived using the dot product of location vectors.

2.3.2 Inside—out crack propagation
The inside—out propagation model assumes that a crack initiated inside the block and

propagated outward towards the sides. To evaluate this mechanism against the brecciated layer
observed in the experiment (Maji and Murton, 2020a), we considered a definite zone at a depth
interval that generated a random set of 3-D numbers representing each AE event. The numbers
were generated in order to simulate the inside—out propagation of a crack (Figure 5). As the crack
lengthened, the spatial boundary condition of random number generation expanded on the either
side, as visualized in Figure 5a. A total of 3000 random points was considered in ten consecutive
segments, each with extended spatial boundary conditions relative to the previous one. The 3-D
random numbers simulating AE events were restored in a set ([Eio) according to their directional

order of occurrence. The statistical model was then applied through the simulated event points,
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and outcomes of both the angular and distance relationships are presented in Figure 5b—c. The
nearest 2, 5 and 10 next consecutive events were considered while performing the statistical
algorithm at the initial model construction stage in order to assess the best possible outcome.
When the next number of consecutive events was lowest (N=2), the fluctuations in angular and
distance values were higher, and when the number was highest (N=10), the curve showed less

variation. Both the values of [FIP,o (r) and FIPio (6) followed a gently increasing trend (Figure 5b—c).

2.3.3 Outside—in crack propagation
The outside—in propagation model simulates a crack originating on two sides of the block within

a definite depth interval and propagating inward towards the middle. A similar protocol was
applied to create the set (Eo:) of locations of events that replicates the outside—in propagation of
cracking (Figure 6). The distribution of random events that replicate Ejo is illustrated in Figure 6a.
Unlike the inside—out model, in the outside—in model, the results of the statistical algorithm for

both situations FIPoi (r) and FPor () followed a gently decreasing trend (Figure 6b—c).

2.3.4 Testing the model
Predicted FIP (r) and FIP (@) values of the statistical crack propagation model, developed by

considering the two distinct boundary conditions, were compared with the similar distance and
angular variations observed at different depth interval within the specimen during the physical
experiment. The observed hypocentres of AE events were spatially grouped into four depth
intervals determined from visual analysis of macrocracks and brecciation in the block after 16
freeze—thaw cycles, as described by Maji and Murton (2020a). The AEs in these depth intervals
were then filtered and arranged in their order of temporal occurrence following the time stamp
recorded during acquisition. The step processing structure of the fracture propagation function is
schematically illustrated in Figure 4. The process was repeated for the each of the four depth

intervals.
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3. Results

3.1 AE activity

AE activity during the four parts of a representative freeze-thaw cycle (freezing period, freeze-
to-thaw transition, thawing period and thaw-to-freeze transition) is exemplified from freeze-thaw
cycle 5 (Figure 7). The full set of AE activities recorded during all 16 cycles is shown in Supporting

Figures S1-S20 and summarized below in terms of their constituent parts.

3.1.1 Freezing periods

Freezing periods had an average duration and standard deviation of 12.68 + 7.25 days and
encompassed 9.46 % of the total number of AE events. AE events were recorded mostly during
freezing periods (F) 3-5, with few events during F10 (Table 1; Figures S1-S2). F3-5 occurred during
phases P1 and early P2, when the temperature of the air and basal cooling plate was relatively low
(Maji and Murton, 2020a).

AE activity clustered mostly around face A during F3-5, with limited clustering around faces C
and D (Figure S1: panels 1-4). High-amplitude events (>64 dB) occurred around face A. F10
experienced relatively few events compared to F3-5. In F10, AEs occurred near face B and in the
central part throughout the depth of the block, with moderate- to high-magnitude events (56-72
dB) around face B. Moderate- to high-amplitude events were most abundant in the 180-300 mm
depth range, although some low-amplitude events (<48 dB) occurred in the upper half of the block
(Figure S2: panels 1-4). In F3 and F10, AEs occurred within a short window of time, whereas in F4—
5, they continued throughout the freezing period (Figure S1: panels 5-12). In F3-5, the number and
magnitude of shearing mode events were higher than those of tension, whereas F10 was

dominated by tension mode events (Figure S2: panels 5-12). Overall, comparatively steep freezing
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gradients during P1 initiated AE activity near the beginning of the experiment, and as the intensity
of freezing fell in later cycles, the frequency of AE activity reduced.
3.1.2 Freeze-to-thaw transitions

Freeze-to-thaw (FT) transitions had a mean duration of 1.5 + 0.17 days and encompassed
36.98% of the total number of AE events. Substantial AE activity occurred during all 16 FT
transitions (Figures S3-S8; Table 2).

In P1, when the thermal gradient was highest, AE events occurred mostly in the lower half of
the block (Figure S3: panels 1-4). In FT1, AEs were mostly in the central part of the block, but in
FT2-4, they were mostly near vertical faces A and C (Figure S4: panels 1-4). Some moderate- to
high-amplitude (64-80 dB) activity occurred during FT1-2 (Figures S5 and S6: panels 1-4). The
tension mode of cracking dominated over the shearing mode, and the intensity of shearing
gradually decreased during the course of P1 (Figures S7 and S8: panels 1-4).

In P2-3, when the basal thermal protocol was moderate (—10°C compared to —15°C in P1), the
modal depth of the frequency distribution of AE events moved upward into the middle of the block
(Figure S3: panels 5-12). However, at the onset of restarting the experiment after pauses between
P1 and P2, and between P2 and P3, AE activity was concentrated in the lower half of the block,
which is also evident in the transition between P3 to P4 (Figure S3: panels 5, 9 and 13). AE events in
P2-3 were mostly localized within the block, unlike the clustering of AEs around the faces observed
in P1 (Figure S4: panels 5 and 12). Moderate- to high-magnitude events (56—72 dB) were prevalent,
though the high amplitudes clustered mostly around the faces. New clustering of events around
faces were marked by high-amplitude activity, as observed in FT 1-2 near face A and in FT 9-10
around face B (Figure S4). High-magnitude activity (> 72 dB) was bounded by initiation and follow-

up events both in the depth and time domain, as observed in FT1, 2, 6, 10, 11, 13 and 15 (Figures S5
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and S6). The magnitude of shearing events increased in P2—3, though both tension and shearing
modes were abundant (Figures S7 and S8).

In P4, AE events occurred throughout the depth of the block and moderate to high-amplitude
events were evident (Figure S3: panels 13—16). Both tension and shear modes were abundant.

In summary, intense bidirectional freezing coincided with AE activity concentrated in the lower
half during P1, whereas higher temperatures in P2—3 coincided with modal AE activity in the central
parts of the block. In addition, AEs were localized within the block rather than clustered around

faces, though high-magnitude events were localized around faces during P2-3.

3.1.3 Thawing periods

Thawing periods (T) had an average duration of 13.81 + 5.38 days and encompassed more AE
events (45.37%) than any other parts of the freeze-thaw cycles (Figures S9-S14; Table 3).
However, no activity was recorded in T9 and 15.

In P1, AE activity mostly occurred in the lower half of the block (Figure S9). The events were
highly clustered and isolated around the faces A and C (Figure S10). High-amplitude events (64-72
dB) occurred in the upper half of the block (Figures S11-S12). During the entire thawing periods,
the tension mode of cracking was of higher magnitude than that of shearing mode. Also, the
number of tension events was higher than shearing.

In P2-3, the modal depth of AE activity moved higher within the block, similar to that in FT
transitions (Figure S9). In addition, abundant events occurred within the block, connecting the
clusters developed near the faces during P1 (Figure S10). Faces A and C were mostly connected
during P2, whereas faces B and D were bridged in P3. Moderate- to high-amplitude events (5672
dB) occurred in the central and lower parts of the block (Figures S11-512).

In P4, AE events occurred in the middle and lower parts of the block (Figure S10). Clustering of

AE occurred around faces, mostly near face D and particularly in the upper half of the block (Figure
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S10). Low- to moderate-magnitude events (56-72 dB) occurred in P4 and were concentrated in the
middle to lower half of the block (Figures S11-512).

Overall, high-amplitude events (70-80 dB) were fewer in thawing periods than in freeze-to-
thaw transitions. The tension activity was most abundant within the 30-40 (average frequency) kHz
window in thaw cycles as compared to freeze-to-thaw transitions, where < 30 kHz events were also
recorded. In contrast, freeze-to-thaw transitions recorded higher magnitude shear events than
thawing periods (Figures S13—-S14).

3.1.4 Thaw-to-freeze transitions

Thaw-to-freeze (TF) transitions had a mean duration of 1.5 £ 0.71 days and encompassed only
~8.17% of the total number of AE events (Figures S15-520; Table 4). AE activity was greatest in P1—
2. Six transitions (TF 1, 6, 10-12 and 16) lacked any AE events.

During P1-2, AE activity occurred mostly in the lower half of the block, whereas in P3—4 very
few events were identified (Figure S15). Events mostly clustered around faces A and C, with limited
numbers of AEs occurring in the central part of the block (Figure S16). Medium- to high-amplitude
events (56—72 dB) were observed in TF2 at ~100—-250 mm depth, whereas the rest of the activities
were of low to medium amplitude (40-56 dB) (Figures S17 and S19). Both tensional and shearing
modes of cracking occurred, with some shearing mode events of high magnitude (Figures S18 and
S20).

3.1.5 Summary
Most AE events occurred during thawing periods (~¥45%) and freeze-to-thaw transitions (~37%),

with fewer in freezing periods (~¥9%) and thaw-to-freeze transitions (~8%). In terms of depth, all AEs
(>40 dB), including those of higher magnitude (>60 dB), were concentrated mostly in the lower half
of the block in P1, but the modal depth of the events moved upward in P2-3, and events were

distributed throughout the block in P4 (Figure 8). In terms of 3-D location, AEs were mostly
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clustered and isolated around faces A and Cin P1. In P2—4, events were observed in the central part
of the block connecting the clusters. However, some new clusters developed around faces B and D
during P3 and P4. In terms of magnitude, most events were low to moderate amplitude, though
moderate- to high-amplitude events were abundant during P1-3. The modes of cracking were
mostly tensional, though abundant shearing activities were recorded. The magnitude of tensional
activity was highest in thawing periods. In some instances, however, the magnitude of shearing
modes was relatively high in freeze-to-thaw and thaw-to-freeze transitions.
3.2 Crack propagation models at different depth intervals

The experiment formed visible macrocracks at four different depth intervals in the block. These
comprise two brecciated horizons at depths of 70—-110 mm and 180-220 mm and two horizons with
limited numbers of inclined macrocracks at depths of 0-60 mm and 120-170 mm (Figure 9). The
brecciated horizons contained mostly horizontal to subhorizontal macrocracks that bifurcated and
joined, separating angular and tabular fragments of chalk, and cross-cut by fewer vertical to steeply
dipping macrocracks. The lightly cracked horizons above and between the brecciated horizons
consisted of single to a few cracks, mostly horizontal to subhorizontal. Further details of the
macrocracks are given by Maji and Murton (2020a). First, we describe the timing of aggregated AE
events at different depth intervals during the four thermal phases of the experiment, and then we

examine the crack propagation models at these different depths.

3.2.1 AE timing during phases 1-4
The timing of AE events in the four depth horizons varied with the imposed thermal boundary

conditions (basal cooling thermostat values of —-15°C for P1, -10°C for P2, and -5°C for both P3 and
P4; Figure 1a). AE events were most abundant in the upper brecciated horizon (70-110 mm depth)
during P2-4 (n=273-338) and least abundant in P1 (n=193), when the temperature was lowest

(Figure 10). Conversely, events were most abundant in the lower brecciated horizon (180-220 mm
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depth) during P1-2 (n=2087-2449), and less common in P3-4 (n=503-828) (Figure 11). In
comparison, AEs were most common in the upper horizon of limited fracture (0-60 mm depth)
during P3—-4 (n=158-273), and less common in P1-2 (n=89-94) (Figure 12). Finally, AEs in the lower
horizon of limited fracture (120-170 mm depth) were most common in P2 (n=1507) and least

common in P1 and P3-4 (n=437-693) (Figure 13).

3.2.2 Brecciated horizons
Both brecciated horizons decreased overall in the values of [FIP (r) and FIP (€) during the

experiment, especially during the first phase (P1). In P1, FPP (r) decreased from ~160 to ~80 mm at
70-110 mm depth (Figure 10b) and from ~180 to ~50 mm at 180-220 mm depth (Figure 11b).
Respective drops in FIP (8) in P1 were from ~50 to ~30° (Figure 10b) and from ~50 to ~20° (Figure
11b). The transition between P1 and P2 marked with a sharp increase in both FIP (r) and FIP (8),
whereas, the values continued to decrease during P2 in both the brecciated horizons (Figures 10b
and 11b). Both parameters tended to fluctuate, sometimes substantially, during P3—4, where the
amount of oscillation surpassed the overall trend. The highest number of AE events was observed
at 180-220 mm depth. AE activity was particularly common during thawing periods and FT
transitions in P1-2, though substantial activity also occurred during freezing periods in P1, when
the thermal boundary condition was at its lowest (Figures 10c and 11c). At both depth intervals, the
majority of cracking events were of shearing mode in P1 and P2, and of tensional mode in P3 and

P4 (Figures 10a and 11a).

3.2.3 Horizons of limited fracture
AE activity was least within the shallow horizon of limited fracture (0-60 mm depth, Figure

12), whereas the deeper horizon of limited fracture (120-170 mm depth) showed the second
highest AE activity (Figure 13). During P1-2, the values of FIP (r) and FIP (6) declined overall at

120-170 mm depth (Figure 13b), whereas no obvious trends occurred in either parameter at 0-60
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mm depth (Figure 12b). The maximum fluctuation in FPP (r) and FIP (@) at 120-170 mm depth
corresponds to 140 mm and 32°, respectively (~190 to ~50 mm and 47-15°) and 40 mm and 40°
(~80 to ~40 mm and 50-10°), and at 0-60 mm depth to 60 mm and 16° (~150 to 90 mm and
33-17°) and 90 mm and 45° (~200 to ~110 mm and 50-5°) during P1-2. During P3—-4 the overall

changes in both the values of [FIP (r) and FIP (8) were low at both the depth intervals (Figures 12—

13b), and both parameters experienced occasional variation, sometimes substantial. The AE events
occurred mostly during the freezing periods in P1 and during thawing periods in P2. In contrast, the
events were mostly developed during thawing periods followed by FT transitions in the upper
horizon during P3-4, whereas the order was reversed (i.e., FT transitions followed by thawing

periods) in the lower horizon. The majority of fracturing activity was of shearing mode in P1 and

tension mode in P2-4 (Figures 12—13a).

4. Discussion
No additional mechanical loading was imposed during the experiment and the fractures

developed purely under dynamic thermal boundary conditions. Cracking of rocks under repeated
freezing and thawing tends to be slower than that under mechanical loading, and so a long
experiment (470 days) with 16 freeze—thaw cycles was required to produce well-developed crack
surfaces in a relatively soft limestone. The slow development of cracks—monitored using AEs—
elucidates the timing of AEs during freeze—thaw cycles, the depth of AEs and macrocracks, and the
modes and mechanisms of cracking. In turn, this permits evaluation of a new statistical model of
crack propagation and assessment of the practical significance of distinguishing between cracks

formed by volumetric expansion and ice segregation.
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4.1 Timing of AE events during freeze—thaw cycles
The timing of AE events within the four parts of each freeze-thaw cycle suggests that the
majority of AEs did not result from microcracks formed by volumetric expansion but instead from
ice segregation. The maximum number of AE events (45.37%) occurred during thawing periods,
followed by freeze-to-thaw transitions (36.98%), even though the average duration of the
transitions was only 1.5 days. The fewest AE events were observed during freezing periods (9.46%)
and thaw-to-freeze transitions (8.17%). Collectively, this timing suggests that the large majority
(>82%) of microcracking events was not associated with rock freezing but instead with rock thawing
(during the earlier stages of thawing periods and during freeze-to-thaw transitions) or unchanging
thermal conditions (during the later stages of thawing periods). Therefore, we discount volumetric
expansion—which is predicted to occur in bursts during rock freezing, as liquid water freezes and
expands (Walder and Hallet, 1986)—as the main cause of AEs. We conclude that most AEs resulted
from ice segregation. The process of ice segregation is expected when temperature-gradient-
induced cryosuction draws liquid water to ice bodies within cracks (Taber, 1930; Walder and Hallet,
1986), which may arise as rock thaws or freezes. However, we cannot discount volumetric
expansion as a cause of AEs during freezing periods or thaw-to-freeze transitions. For example, in
freezing periods, AE activity was mostly limited to P1, which implies that for the lowest basal
temperature regime (i.e., —15°C and lower), AEs were caused by volumetric expansion as the low
temperature led to rapid freezing of pore water within the chalk. Freezing of pore water may have
been caused by either rapid cooling downward from the rock top and/or upward from the
simulated permafrost, which may explain the depth distribution of AEs shown in Figures 8 and S2:
F3—F5.
The timing of AE activity under laboratory conditions may be compared with that reported under

field conditions. At 3500 m above sea level in the Swiss Alps, AE activity and rock temperature
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monitored during the course of four days in a south-facing alpine rockwall formed of granitic gneiss
revealed that AE activity increased significantly when rock temperature was <0°C, especially at
locations receiving meltwater from snow (Armitrano et al., 2012). Rock at 10 cm depth warmed to
10°C during the day and cooled to -5°C during night, while rock at 60 cm depth remained
continuously between about —2° to —7°C. The increased AE activity during periods of sub-zero
temperature, when near-surface rock experienced refreezing, suggested that freezing-induced
stresses contributed to rock damage. Subsequently, AE monitoring at this location for a period of
one year showed that rates of AE energy detected during freezing conditions were about two
orders of magnitude greater than those under thawed conditions, suggesting that freezing-induced
processes largely accounted for AE activity (Girard et al., 2013). AE activity during freezing periods
ranged over temperatures from just below 0°C—which might indicate in situ freezing and
volumetric expansion—down to as low as —-15°C—consistent with water migration and ice
segregation. A major difference between the field site and our laboratory experiment is rock
porosity: the interjoint porosity of the granitic gneiss (1-2 %) is far lower than that of the tuffeau
(~47%; Murton et al., 2000). Thus, it is to be expected that the intact bodies of gneiss between
fractures will be much less susceptible to migration of liquid water and resultant ice segregation
than the tuffeau. At a rock slope developed in conglomerate in Austria, some AE activity coincided
with freeze-thaw temperature cycles, and has been linked to observed detachment of boulders

from the slope (Codeglia et al., 2017).

4.2 Depth of AE events and macrocracks
The depth of AE events during phases 1 to 4 of the experiment (Figure 8) shows only limited
correspondence to the depth of macrocracks observed after phases 2, 3 and 4 (Figure 9). In phase 1

the majority of AEs—both in terms of total number and high magnitude (>60 dB)—were
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concentrated below 180 mm depth, peaking between 250 and 300 mm depth (Figure 8a and e). In
phase 2 the modal depth decreased to ~190-260 mm (Figure 8b and f), whereas in phases 3 and 4
AEs were more uniformly distributed with depth (Figure 8c, d, g and h). Macrocrack development,
by contrast, was observed to form a brecciated horizon initially at 70—110 mm depth by the end of
phase 2 (Figure 9a), followed by a second, deeper brecciated horizon at 180—220 mm depth during
phases 3 and 4 (Figure 9b and c). The increase in depth of brecciation during the experiment has
been attributed to overall deepening of the simulated active layer above permafrost between
phases 1 and 4 (Figure 1a; Maji and Murton, 2020a).

The limited correspondence between the depths of AE events and macrocracks is attributed
tentatively to three factors. First, the abundant AEs recorded in the basal part of the block during
phase 1 were mostly of low amplitude (40-50 dB; Figure S1) and may be explained by the low
temperature protocol followed at the base. Such AEs did not lead to any observed macrocracks,
possibly because many AEs resulted from volumetric expansion within the pores during freezing
periods and thaw-to-freeze transitions. Second, some vertical to subvertical macrocracks developed
in the chalk, indicating that macrocrack development was not confined to the two brecciated
horizons but was more widely distributed in the block. Such cracks may function as conduits for
migration of unfrozen water towards the freezing front to facilitate ice segregation (Fukuda, 1983;
Maji and Murton, 2020a). Third, the number of AEs decreased overall during the course of the
experiment (Figure 8), consistent with reduced amounts of AE activity with increasing numbers of
freeze—thaw cycles reported in experiments on concrete (Todak et al., 2017) and granite (Wang et
al., 2019). This progressive reduction in AE activity probably resulted, at least in part, from
increasing heterogeneity in the chalk, as the macrocracks propagated. Increasing heterogeneity as
the rock fractured likely caused increasing attenuation of the AE signal (cf. Weber et al., 2018),

which may have limited the number of AEs registered by the sensors around the block.
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4.3 Mechanisms and modes of cracking

Mechanistically, ice segregation alone may have caused microcracking during thawing periods
and freeze-to-thaw transitions, but we discount volumetric expansion at such times as a cause
because phase change from liquid water to ice requires rock cooling and freezing. However, both
ice segregation and/or volumetric expansion may have caused microcracking during freezing
periods and thaw-to-freeze transitions.

Moderate- to high-amplitude (64-80 dB) AE activity during freeze-to-thaw transitions was
observed as clusters near faces A and C early in the experiment, suggesting that development of
new clusters was facilitated at the face boundaries, followed by high-magnitude events (>70 dB). In
phase 1 (i.e., lowest thermal boundary conditions; Figure 1a), the dominant low-magnitude tension
mode of cracking suggests that the microcracks were caused by volumetric expansion mostly during
freezing periods and thaw-to-freeze transitions as the chances of well-developed lenses of
segregated ice were minimal in the early phases of the experiment. By contrast, AE events during
thawing periods in P1 were mostly isolated near the face boundaries (Figure S10: panels 1-4),
whereas in freeze-to-thaw transitions, some events occurred within the block (Figure S4: panels
1-4), which suggests that melting of ice initiated events within the well-developed clusters near the
face boundaries. Also, high-amplitude events in the upper half of the block during thawing periods
in P1 correlate with the well-developed brecciated layer at ~70-110 mm depth.

In P2—-3, moderate- to high-amplitude events (56-72 dB) occurred within the block, implying
that warmer thermal boundary conditions were suitable for developing segregated ice lenses.
However, the clustering of high-magnitude activity near the faces suggests that surface boundaries
are weaker zones for initiation of ice lenses than within the block due to the differences in
confining pressure, as high pressure favours melting of ice even if the temperature gradient

remains identical. In addition, the magnitude of shearing events increased in P2-3, which is
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interpreted to indicate the coalescence of microcracks into developing macrocracks. Specifically, ice
segregation was facilitated as the basal temperature conditions increased and the time duration
was enhanced in P2-3 than in P1 and corresponds with crack coalescence by connecting isolated
clusters developed in P1, as evident by the well-developed brecciated layers at depths from ~100
mm to ~200 mm.

In thawing periods, the tension activity was most abundant within the 30-40 kHz window
(Figure S13—-S14) compared to freeze-to-thaw transitions, where <30 kHz events were also recorded
(Figure S7-S8). During thawing periods the temperature gradient allows for the development of
segregated ice within the pre-existing cracks and voids that open up the cracks in tension mode.
Depending on the size of the segregated ice lenses, the magnitude of tension events varied and in
the case of thawing comparatively higher magnitude activity was recorded. In contrast, freeze-to-
thaw transitions recorded higher magnitude shear events than thawing periods (Figures S8 and
S14). We hypothesize that in freeze-to-thaw transitions, partial melting of ice crystals formed
during freezing periods begins and the premelting layer of water acts as a slip surface for fracture
to slide one after another, causing relatively high-magnitude shearing activity observed in freeze-

to-thaw transitions.

4.4 Statistical modelling of crack propagation

Maji and Murton (2020b) classified different zones of microcracking based on micro-computed
tomography (1-CT) analysis of 20 freeze—thaw cycles of a cylindrical core of the same chalk lithology
(30 mm long, 20 mm diameter). However, the mechanisms of crack propagation were not
identified. For the statistical model of crack propagation proposed in the present study, the results
of the hypothetical simulation were compared with the experimental results. The relationships

between the proposed mechanisms of crack propagation (inside—out and outside—in) and the
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modes of cracking (tension, shear and mixed) are summarised in a Venn diagram (Figure 14). It is
evident that each mode of propagation consists of cracks of tension, shear and mixed modes of
origin.

Probabilistic assessment of the experimental results based on Bayes’ theorem is summarised in
Table 5 for the four parts of each freeze—thaw cycle (freezing period, freeze-to-thaw transition,
thawing period and thaw-to-freeze transition). For each part, the probability of occurrences of any
particular type of event was assessed based on prior knowledge related to the prevalence of that
event. Column two represents the probability of occurrences of tension events provided that the
inside-out mode of propagation had occurred as a related background condition. The reverse
scenario is represented in column three, where the probability of the inside-out mode of
propagation is evaluated following the prior correlated condition assuming that the tension mode
of cracking had taken place. Column four illustrates the probability of occurrences of shearing
events following the condition that the outside-in mode of propagation has occurred. Column five
documents the opposite situation, evaluating the probability of outside-in events when shearing
modes of cracking existed. Overall, we tested the hypothesis that the inside—out mode of crack
propagation (i.e., increasing [FIP) is facilitated by tensional cracks, whereas the outside—in mode is
assisted by shearing cracks (i.e., decreasing FIP). The hypothesis is supported by 54% (minimum) to
73% (maximum) confidence level, with an average of 64.88% for various parts of freeze-thaw
cycles.

Acceptance of the hypothesis suggests that the inside-out and outside-in approach of
guantifying the fracture propagation method—based on statistical modelling of the crack
propagation dynamics—was influenced to some extent by the modes of cracking (tension, shearing,
and mixed). By implication, the growth of any crack that develops under such dynamic thermal

boundary conditions can be broadly predicted.
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4.5 Application of crack propagation model for isolating volumetric expansion and ice

segregation mechanisms
The negative trends for both FIP (r) and FIP (8) were relatively steep in P1 compared to other

phases, and contained short episodes of increase (Figures 10-13). Some episodes of tensional
activity attributed to volumetric expansion formed at various locations throughout the depth
window, and started to interact with each other, as indicated by the sharp decreases in FPP (r) and
FP (6). In P2, when the thermal protocol was higher than P1, the slope of the negative trend
reduced, and the episodic spikes in positive trend increased. The increases were of steep slope,
suggesting potential tensional events attributed to ice segregation that may have allowed growth of
thicker ice lenses as compared to volumetric expansion when an extreme thermal protocol was
established. Similar mechanisms were inferred during P3 as well when the temperature protocols
were identical with that of P2 except some high-magnitude spikes. Similar repeated spikes occurred
in P4, when the temperature at the bottom of the block was highest. Such spikes were correlated
with the hypothesized thicker ice lenses as thermal protocols and duration of freezing and thawing
cycles were highest, favouring ice segregation. This also correlated with the brecciated horizon at

~70-110 mm depth that was partially formed after 8 FT cycles but well developed after 16 cycles.
4.6 Limitations and recommendations for future research

The present study investigated the applicability of using AEs as a non-destructive method
during rock freezing and thawing for an order of magnitude longer duration than previous
experiments (Hallet et al., 1991; Duca et al., 2014) and, for the first time, during dynamic thermal

conditions. However, some limitations of our experiment are apparent.

First, the dynamic thermal boundary conditions around the chalk block imposed a vertical
thermal gradient, causing the lower part to remain frozen during most of the experiment, while the

upper part experienced repeated freeze—thaw. We assumed a uniform AE wave velocity
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throughout for detecting the 3D locations of the micro- and macrocracking events, although the

variation in temperature changes the consistent attenuation of the AE wave velocities.

Second, deformation-induced heterogeneity was excluded in the present study. However, it
was observed that the degree of deformation controls the waveform attenuation to a certain
extent. The intact specimen at the beginning of the experiment showed a steady value of
attenuation and the wave velocity may have varied through time as the material developed

brecciated horizons and other macrocracks.

In view of both limitations, we therefore recommend that future experiments consider the
temperature- and deformation-induced changes in AE wave velocities for precisely locating the

cracking events in 3D as these two factors influence the attenuation of AE waveforms.

5. Conclusions

The following conclusions are drawn from the present study:

1. AE events occurred mostly during thawing periods (45%) and freeze-to-thaw transitions (37%)
rather than during freezing periods (9%) and thaw-to-freeze transitions (8%). This observation
supports the hypothesis that the majority of AE activity was associated with rock fracture
caused by ice segregation rather than volumetric expansion.

2. The modal depths of AE events were poorly correlated with the depths of macrocracks that
comprised two brecciated horizons. Possibly, the low-magnitude AE events have limited
influence on developing the brecciated horizons.

3. Early phases of the experiment revealed significant AE activity around the vertical faces of the
block, whereas later phases had high-magnitude events within it. This suggests that face

boundaries are weaker regions where microcracking initiated, compared to interior regions. We



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

27

hypothesize that lower confining pressure around the faces facilitates stable growth of ice
crystals.

4. Phase one of the experiment—with lowest basal temperature protocol (-15°C)—was dominated
by tension mode microcracking, which suggests that the lowest temperatures initiated
volumetric expansion. Higher basal temperature protocols in phases 2 (-10°C) and 3 (-5°C) were
associated with shearing events, allowing stable growth of ice lenses developed mainly by ice
segregation. The magnitude of tension mode cracking was higher during thawing periods,
facilitating development of ice lenses. By contrast, the occurrence of high-magnitude shearing
events mostly during freeze-to-thaw transitions is hypothesized to indicate that partial melting
of ice provided slip surfaces (of low friction) for fractures to slide over the thin film of premelted
water.

5. Microcrack propagation from inside the block towards the outside (inside-out mode) favoured
tensional cracking, whereas propagation from the outer part of the block towards the interior
(outside-in mode) favoured shearing events.

6. The proposed microcrack propagation model can distinguish reasonably between cracks formed
by volumetric expansion and ice segregation, based on the slope of the probabilistic values

connecting the distance and angular relationships of corresponding events.
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Tables

Table 1. Number and magnitude of AE events occurred during freezing periods.
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Amplitude (dB)

Cycles | Number
of AE >40 & < 49 >49 & < 57 >57& <65 | >65& 73 | >73 & <81 >81
events

F3 231 142 69 16 4 0 0

F4 751 506 176 55 14 0 0

F5 873 604 198 55 12 4 0
F10 43 23 9 10 1 0 0

Table 2. Number and magnitude of AE events occurred during freeze-to-thaw transitions.
Number Amplitude (dB)
Cycles of AE
events
>40 & <49 >49 & <57 >57 & <65 | >65 & <73 | 73 & <81 >81

FT1 1792 900 506 313 70 3 0
FT 2 448 159 148 98 33 10 0
FT3 734 434 246 52 0 0
FT 4 195 129 47 18 0 0
FT5 180 72 86 21 0 0
FT6 533 335 121 62 14 1 0
FT7 334 187 90 43 13 1 0
FT 8 119 88 23 4 4 0 0
FT9 361 171 93 67 23 4 3
FT 10 252 110 79 38 22 3 0
FT11 487 230 155 78 21 3 0
FT 12 476 280 140 44 11 1 0
FT 13 582 297 186 73 24 2 0
FT 14 520 386 108 23 3 0 0
FT 15 392 190 147 45 10 0 0
FT 16 11 7 4 0 0 0 0
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Table 3. Number and magnitude of AE events occurred during thawing periods.
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Amplitude (dB)

Cycles Number of
AE events
>40 & <49 >49 & <57 >57 & < 65 >65 & <73 >73 & <81 >81
T1 4 2 1 1 0 0 0
T2 368 188 143 34 3 0 0
T3 647 393 206 48 0 0 0
T4 369 235 102 30 2 0 0
T5 395 211 157 26 1 0 0
T6 685 372 255 56 2 0 0
T7 4219 2488 1526 183 20 2 0
T8 730 46 252 432 0 0 0
T10 497 277 153 62 5 0 0
T11 585 307 206 60 12 0 0
T12 156 69 54 33 0 0 0
T13 294 148 124 22 0 0 0
T14 150 72 74 4 0 0 0
T16 5 5 0 0 0 0 0
Table 4. Number and magnitude of AE events during thaw-to-freeze transitions.
Number Amplitude (dB)
Cycles of AE
events
>40 & <49 | >49 & <57 | >57 & <65 | >65 & <73 >73 & <81 >81
TF2 543 311 178 37 16 1 0
TF3 255 177 66 12 0 0 0
TF4 286 210 57 19 0 0 0
TF5 222 144 65 12 1 0 0
TF7 290 197 77 13 3 0 0
TF 8 11 0 0 11 0 0 0
TF9 9 4 0 1 0 0
TF 13 8 4 1 0 0 0
TF 14 2 1 0 0 0 0
TF 15 14 12 1 1 0 0 0
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Table 5. Summary of probability (P) values based on Bayes’ theorem for testing the hypothesis that
inside—out (10) mode of crack propagation is supported by tensional activity (T), whereas the

outside—in (Ol) mode is supported by shearing activity (S).

Part of freeze— P(T|10) P(IO|T) P(S|Ol) P(O1]S)
thaw cycle
Freeze 0.57 0.68 0.73 0.67
Freeze-to-thaw 0.63 0.63 0.58 0.61
Thaw 0.73 0.66 0.54 0.69
Thaw-to-freeze 0.66 0.67 0.61 0.72
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Figure 1. (a) Time series of vertical temperature profile (a) and amplitude of acoustic emission (AE)
events (b) in the chalk block during the 16 freeze-thaw cycles, divided into phases 1 to 4 (P1-P4).
F1 to F16 denote freezing periods, and T1 to T16 denote thawing periods.
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Figure 2. Diagrams showing locations of eight AE sensors on the chalk block. (a) Plan view of the top
face with layout of the experimental set up, illustrating the hardware interfaces. (b) Vertical view of
three faces A, B and C, each hosting two AE sensors along the diagonal. (c) Vertical view of face D,
with one AE sensor. (d) Photograph showing two AE sensors mounted on face B within metal cages
attached to the chalk block. Note well-developed brecciated horizon at ~100 mm depth and
incipient fractures at ~200 mm depth after 12 freeze—thaw cycles.
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Figure 3. Schematic diagrams of (a) different waveform parameters of the acoustic waves, (b) RA vs
average frequency plot to discriminate tension and shear fracture. Source: modified from Ohno et

al., 2010.
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41

(a) . . Outside-in

500 1000 1500 2000 2500 3000

L 'ﬁqi:' .?""'- —:1. o
e RN el ﬁ’ F ;
( b ) o 0 500 1 ooo 1 5.00 2uluo zsluu 30.00

i afw.. Wi 'N i

00 2150 2200 2250 2300 2350 2400 2450 2500

gl M Mo J‘
Bl s fﬂ %;wwﬁwwww

_-——'_b‘

.00

S0  ss0  e0  es0 700 750 800 BS0 %00 50 1000
Number of events in sequence

500 1000 1500 2000 2500 3000
Number of events in their order of occurrences

787
788  Figure 6. The outside—in model of fracture propagation. (a) Locations of the random points along Y-

789  direction. (b) Angular relationships with varying number (N=2, 5, 10) of next consecutive events. (c)
790 Distance relationships with N=2, 5, 10 of next consecutive events. Inset figures show enlarged views
791  of specific portions of the angular and distance variations marked by rectangular boxes.
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794  Figure 7. AE data for freeze-thaw cycle 5 divided into four constituent parts: freezing period
795  (‘freeze’), freeze-to-thaw transition, thawing period (‘thaw’) and thaw-to-freeze transition. (a—d) 3D
796 locations of AE events with their respective amplitude. Vertical faces A—D of the block are labelled
797  in (a); this labelling applies to all subsequent 3D plots in the article. (e—h) Visualization of AE events
798 in terms of depth, amplitude and time. (i—I) Simplified version of plots e—h with depth vs time, and
799 amplitude ranges marked with different shapes and colours. (m—p) Visualization of AE events in
800 terms of AF values, RA values and time, labelled according to modes of fracture. (g—t) Simplified
801  version of plots m—p with AF vs RA values and fracture modes. (u—x) Frequency distribution of AE
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Figure 8. Acoustic emission (AE) frequency versus depth during phases 1 to 4 of the experiment. (a—
d) All AEs (>40dB), (e—h) AEs of higher magnitude (>60 dB).
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12 cycles

16 cycles

Figure 9. Photographs of macrocracks and brecciated horizons in vertical face B of the chalk block
after 8, 12 and 16 freeze—thaw cycles (a—c, respectively). Depth intervals used for the analysis of
the crack propagation models are marked.
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Figure 10. AE events within the 70-120 mm depth interval arranged in their order of occurrence
during the four phases (P1-4) of the experiment. (a) AE events classified as tension, shear and
mixed modes of cracking based on the parametric analysis of AE waveforms, using AF vs RA values.
(b) FP (r) and [FIP (@) values indicated on Y-axes on left and right, respectively, of the corresponding
events. (c) Timing of AE events during P1-4 and subdivided into the four constituent parts of the
freeze—thaw cycles (freeze, freeze-to-thaw transition, thaw, and thaw-to-freeze transitions).
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821  Figure 11. AE events within the 180-220 mm depth interval arranged in their order of occurrence
822  during the four phases (P1-4) of the experiment. (a) AE events classified as tension, shear and
823  mixed modes of cracking based on the parametric analysis of AE waveforms, using AF vs RA values.
824  (b) FPP (r) and FIP () values indicated on Y-axes on left and right, respectively, of the corresponding
825 events. (c) Timing of AE events during P1-4 and subdivided into the four constituent parts of the
826 freeze—thaw cycles (freeze, freeze-to-thaw transition, thaw, and thaw-to-freeze transitions).
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events. (c) Timing of AE events during P1-4 and subdivided into the four constituent parts of the
freeze-thaw cycles (freeze, freeze-to-thaw transition, thaw, and thaw-to-freeze transitions).

Thaw to freeze
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Figure 13. AE events within the 120-170 mm depth interval arranged in their order of occurrence
during the four phases (P1-4) of the experiment. (a) AE events classified as tension, shear and
mixed modes of cracking based on the parametric analysis of AE waveforms, using AF vs RA values.
(b) FP (r) and [FIP (@) values indicated on Y-axes on left and right, respectively, of the corresponding
events. (c) Timing of AE events during P1-4 and subdivided into the four constituent parts of the
freeze—-thaw cycles (freeze, freeze-to-thaw transition, thaw, and thaw-to-freeze transitions).
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Figures S1 to S20

Introduction

The supporting information provides 20 figures showing the full dataset for the acoustic
emission (AE) results from the 16 cycles of freeze-thaw during a laboratory experiment lasting
470 days (Figures S1-S20). Each cycle has four parts: (1) a thaw-to-freeze transition, (2) a
freezing period, (3) a freeze-to-thaw transition, and (4) a thawing period, as described in section
2.1 of the main paper. The data were collected by eight AE sensors installed on a 300-mm cubic
block of chalk. An AE event was identified if at least four of the eight sensors captured the
pulses of energy released (hits). Only AE events whose magnitude exceeds 40dB are shown, to
exclude noise in the laboratory from signals of microcracking events. The three-dimensional
location, depth magnitude, AF and RA values of >40dB AE events are shown in Figures S1-S20.
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Figure S1. AE data for freezing periods. (01-04) 3D locations of AE events with their respective amplitude. Vertical faces A-D of the
block are labelled in (01). (05-08) Visualization of AE events in terms of depth, amplitude and time. (09-12) Simplified version of plots
05-08 with depth vs time, and amplitude ranges marked with different shapes and colours.



Freeze 3 Freeze 4 03 Freeze 5 Freeze 10
(01) (02) (03) (04)
0 0 0 0
50 50 Depth (mm)
50 50
- - — - B 060
Emn Ewo Emo E 100  61-70
= E 71-110
= 150 ;150 « 150 = 150 111- 120
= - - =3
a a a 9 B 121-170
A 200 & 200 8 200 . a 200 i;i 12830O
: [ N
250 250 | 250 I “ 250 N 231-300
I
el EI
300 300 300 300
0 20 40 60 100 0 20 40 60 100 0 20 40 60 80 100 0 20 40 60 80 100
Frequency Frequency Frequency Frequency
(07) 1 (08)
FE g
40 *:’ ‘,. Y #‘- 40 ;;;.
§ 5 :
N
g f_:_su i .
% 5| -
20
- (1'0011"‘ -
58 ﬁ/?a/ 80 o °2 0’;)\\ //7/ 237.2
4000 y9) 4"%,‘, 4000 S BTIS aay®)
5000 74 iwe ©% (12) ) 5000 237.1 qime &
40 -
. I Modes
o2 of
e g | fracture
—_ FE - -
i‘ * *l.| % Tension
530 ] *4 * + Shear
) "<" : o Mixed
Lx
10 10 " T " " 20
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

RA (ms/V)

RA (ms/V)

RA (ms/V)

RA (ms/V)

Figure S2. AE data for freezing periods. (01-04) Frequency distribution of AE events along various depth intervals within the block.
(05-08) Visualization of AE events in terms of AF values, RA values and time, labelled according to modes of fracture. (09-12)
Simplified version of plots 05-08 with AF vs RA values and fracture modes.



(02)

Depth (mm)
N N =S o
0 o 1] o
(=] -] o o

(035):

100

Freeze to thaw transition0

200 I 200 . 200
T
I
250 250 | 250
e
300 ! 300 300 300 . . .
[1] 20 40 60 80 100 120 140 160 1] 20 40 60 80 100 o 20 40 60 80 100 V] 20 40 60 80 100
(05) Frequency (06) Frequency (07) Frequency (08) Frequency
0 0 1 0 0
50 50 1 50 50
£ 100 £ 100 £ 100 'E1°°§
E £ E E
150 = { £ 150 =
_g §-15D Eg- -*E_ 150
D @ @ @
O 200 a 200 1 0 200 o 200
250 250 1 250 250
300 300 300 ? 300
(1] 20 40 60 80 100 o 20 40 60 80 100 o 20 40 60 80 100 0 20 40 60 80 100
(09) Frequency ( 1 0) Frequency ( 1 1) Frequency ( 1 2) Freauency
o o ‘ ‘ o [+]
50 50 50 50
‘E100 'E—mo E 100 E 100
E £ E £
= 150 < 150 = 150 = 150
= a a k=3
0) @ @ dJ
o 200 a 200 a 200 o 200
250 250 250 250
00— 300 300 300
[ 20 40 60 80 100 ] 20 40 60 80 100 o 20 40 60 80 100 o 20 40 60 80 100
( 1 3) Frequency ( 14) Frequency ( 1 5) Frequency ( 16) Frequency
(1] (1] 0 0
Depth (mm)
50 50 50 50
. 050
E 100 £ 100 £ 100 £ 100 B 61-70
E E E E 71-110
= 150 = 150 < 150 = 150 h 111-120
& @ 3 g 121-170
o 200 o 200 S 200 o 200! - i
171-180
250 250 250 250 I 181230
= [ 231-300
300 300 300 [T ) ) 300
o 20 40 60 80 100 o 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Frequency Frequency Frequency Frequency

Figure S3. Frequency distribution of AE events along various depth intervals within the block recorded during freeze-to-thaw

transitions over the course of 16 freeze-thaw cycles. The number beside each subpanel indicates the number of the respective cycle.

4



Freeze to th

©2) L

aw transition

-
=]
=]
-
=
e

Z-axis (mm)
Z-axis (mm)

| Amplitude (dB)
>40 & <50
>50 & <60
>60 & <70
>70 & <80
>80

200

100

s
7 . )}
)g-a‘k‘ﬁ kmﬂ'\\ ’7?,,7 ) *‘a*‘s Km\‘“

Figure S4. 3D locations of AE events with their respective amplitude recorded during freeze-to-thaw transitions over the course of 16

freeze-thaw cycles. Vertical faces A-D of the block are labelled in (01). The number beside each subpanel indicates the number of the
respective cycle.



eeze to thaw transition
(03) (04

r
(02)

u 50
€ i T E 100.- .
£ 100 . £
E . =150
= 150 = 150+ .
B 200 - g
g T
250 -

o 59
T 58.5 )
58 qirne WY

. 3
48 s
4 135.5

""" 3045

qume &Y ®

Amplitude (dB)’
>40 & <48
% >48 & <56
® >56 & <64
W 564 & <72
¢
¢

>72 & <80

>80

* e

e 72 : 4 S~ _— 4605
P 396 4'7’40/,- 64 , o 429 ”’0/4- a8 e
~ 304 “ 56 - 4285 < : — 460

§ e 48 e ds/ T s)
40 393 {ume @ays) fog, 40 428 Time (@ay®) g, 40 4595 —la

Figure S5. Visualization of AE events in terms of depth, amplitude and time recorded during freeze-to-thaw transitions over the
course of 16 freeze-thaw cycles. The number beside each subpanel indicates the number of the respective cycle.



Fre

eze to th

aw transition

o
01)° 2 0 ? 0
(01) R (02) ) ) (03) (04)
50 50
¥ . . . . . . -
. _ ; . 100 —100
2100 . =100 TEC ) E - £
£ E " E . - £ .
£ 150 £ 150 . . =150 : = 150
2 - . I° - s 5
2 . . -
A 200 a 200 P RS 2200 | - a 200 - R T
‘: RETI R
H ;
250 250 4 ¢,f‘-:»2=:-- 250 250 :
i Bifien loe :
bt ] :
300 300 IR s 2 300 - , . ot 215 300 . L
4.5 X 7 17.6  17. 18.2 18.4  18.6 382 384 33-1‘3‘_ ‘“:-: ;"’ 8.2 394 58 58.5 59
Time (days) Time (days) ime (days Time (davs)
(05) ‘ (06), | . (07), (08),
50 501 1 . 50 50
z N .
— 100 =100 | i e - 5. 100 -, __100 . .
£ E 3 I £ £ .
= 150 =150 § : v b L E = 150 : . = 150 . L
£ s 3 . LI | LI =N . o #
< @ 4 | I T @ [ $e 4 @ .,
S 200 A 200 § [ A A a 200 3 200 .
. 3 @ R H s " *
250 250 8 Y 0 1 450 t 3 250 3 . . 250 0 '
N i : .
‘ 3 R P i i - ;
300{ " 3001 . : - 300 . = 300 i
80 80.5 106 106.2 106.4 106.6 135.5 Time (d ":;6'5 137 177 177.2 177.4 1776
Time (days) Time (days) ime (days Time (days)
(09), | (10), : an, (12),
* - -
. ® . . e i
50 B 50 x . . 50 . - 50
7 "
. - . " PP - /
E1°° . . Emn ; ; LT . 100 Figs” i_mn
M L . - E E g ™ <« E .
H : 1. E . RN E ] i E :
= 150 = i. .| =150 P i, = 150 ix gt . = 150 .
= s * - = . - . * e, T a = + Pt *a -
3 = : f = L] L. z - > i LY | @
A 200 i . 3 & 200 r “ > L b A 200 FEaTang = a3 200
: AL
i i ! Fox . 1+ *, F3
250 i i 250 s 7 g T T, 250 P LX) 250 - .
' i, LI : : ) -
300 2 } } R 300 . i F s L 300 . fi. =i | 300 ) . R, 3
222.8 3 2232 223.4 223.6 248 2482 2484 248.6 2755 276 276.5 277 304 3042 3044 3046 3048 305
Time (days) Time (davs) Time (davs) Time (days)
(13), : (14)o (15), . (16),
- - . * H *
N . ! . ‘ * - ", . Amplitude (dB)
50 i . 50 - 50 " ’ ' 50
’ #rx x 4 . 40 & <48
100 . : 4 100 " 1 1“13. rg. Eoww . "l —100
E P E S B le T o teee T € * 48 8 <56
£ [ N T E - E o aiel . « s M £ 150
= 150 ] F LR 4 L 150 150 LN § ’ = ® >56 & <64
e A BRI B £ A TR CMEI L E 3
1 * *, ¥ W w v >
A 200 é L] g Py ¥ g a 200 A 200 «:ngl'i, i T LIS a 200 B >64& <72
¥ I I MEE T HEREE - ¢ >728<80
¥ HEE - L *e . T o % 250
250 T . i iq 250 250 e ® . .
5 H ; % E ] RN b & >80
300 I | 300 ) 300{ "~ ° - 300
345.8 345.9 346 346.1 346.2 393 395 396 428 4282 4284 4286 4288 429 459.6 459.8 460 460.2 460.4

Figure S6. Simplified version of Figure S5 with depth vs time, and amplitude ranges marked with different shapes and colours. The

Time (days)

Time (davs)

Time (davs)

number beside each subpanel indicates the number of the respective cycle.

Time (days)



Freeze to thav;r tran5|t|0n

40 7l
S $§;
— 30 -1~«§2r?*:"" i
N P o
==
=
[T
<<
10 .
i 0 e =
7 1009 00 o 59
"?4@ 3000 - e 585 o
1y 4000 00" 7.8 58 e (62
40 e
e
L
w30 a2
z i o
& 20 § te
w - ; )
. -
‘ 10 10 L " 30
e ~ 0 . . )
81 L ) 106.6 1909000 e BT g T ATT6
T - ~— ey 106.4 000 o 3000 - o 4
80.5 ] ~ - o . —
4000 1 e 106.2 D, 4000 o 136 s) 7, 4000 177.2
5000 5o e (@39 751, %000 106 e @29 R 5000 135.5 — S %000 177 e 629
} 40
E . }
. - §
La, -
'8
w |
S 2. 20 :
- - - PR P
. — 1000 - o 277 1000 o T
2000 - ~ 223.4 2000 2000 — 305
Ry, 3000 o gpag y R4, 0o - e 278 y R4, " G000 - 3045
'S/ - - ays ™, 4000 E - 276 aays T, 4000 - <)
Y 5000 223 — e 5000 248 o 7 time ¢ ) 5000 304 fime (@02
(13) - (14) K (16) Modes
E- -
| 40 .
40 - a g ELELE L. of
5 gl ¥ fracture
5 T ‘128 ) S50 goo :
z 0 R R R T 30 [ar = % Tension
= T i =3 L, = x
e L SR U %20 4 Shear
-
.
20~ . 20 L 10l o Mixed
0 - [ ' s 0 e = lj-limm
1000 00 e o 3ae2 1000 e e 3ee 1000 e 429 4 2000 e 460.5
Q"(q’ 300200;{‘ " 348 N Qqﬂ?) 3002008‘*-\ r*"/-/;g;‘ 395 Q‘q{"r 30030‘]0\"‘\ " 4285 ) “ ,,,%3002000 T 460 aays
= N o S .
iy 5000 345.8 qime @Y% y 5000 303 fyme @ay® Y 5000 428 iene @Y 2 5000 459.5 wime ¢

Figure S7. Visualization of AE events in terms of AF values, RA values and time, labelled according to modes of fracture and recorded
during freeze-to-thaw transitions over the course of 16 freeze-thaw cycles. The number beside each subpanel indicates the number
of the respective cycle.



Freeze to tha

w transition

4 40
(02) (03) 27~ I (04)
:
T 30
4 . , —_ e T ‘ -
y N o =~
e, 1 + }: + -iau
o b
‘ w20 e
N .
. '
101, 20 r
v 10
;3 "
o 20
o 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 o 1000 2000 3000 4000 5000 o 1000 2000 3000 4000 5000
RA (ms/V) RA (ms/V) RA (ms/V) RA (ms/V)
401 -
*,
~p
-t
+ — el
: (] e,
- T A
t B T ' w -t !
s i - < -
- L - - _
- - A
' + * x
. 30 ¢+ &
"
.
10 10 v v .
0 1000 2000 3000 4000 5000 o 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
RA (ms/V) RA (ms/V) RA (ms/V) RA (ms/V)
| (11)
, b LA
- +
3 ’ ‘
++y t ot r
: . -
' ! . R ' +
20
10 4 :
20 - y " v y 20
[ 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 o 1000 2000 3000 4000 5000 o 1000 2000 3000 4000 5000
RA (ms/V) RA (ms/V) RA (ms/V) RA (ms/V)
- (16)|
L. Modes
30 *
. of
i — fracture
; ] -
! = * Tension
+ - L
" . <20 4+ Shear
' ' e Mixed
20 . T T N = 20 10
1000 2000 3000 4000 5000 o 1000 2000 3000 4000 5000 [+] 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
RA (ms/V) RA (ms/V)

RA (ms/V)

RA (ms/V)

Figure S8. Simplified version of Figure S7 with AF vs RA values and fracture modes. The number beside each subpanel indicates the

number of the respective cycle.



Thaw cvcle

(01)’ 02y (03)° (04)
50 ) 50
£ 100 100 E 100 £ 100
E E E £
= 150 = 150 = 1sut = 150
o s =3 =
d} D @ 3
a 200 2 200 a 200 a 200
250 250 250 = 250
1
300 300 00— 300
0 20 40 60 80 100 80 100 0 20 40 60 80 100 20 40 60 80 100
Frequency Freq uency Frequency Frequency
(05) (06)° ° (08)
5 50 50
£ 100 £ 100 E 100
E 4 £ E
= 150 = 150 = 150
= = oy
@ I 1 “" ]
o 200 a 200 — = 200 1 ,
)
|
1
250 250 250 — 260
I
|
300 : ) ) ) 300 30— 300
[ 20 40 60 80 100 80 100 0 50 100 150 200 250 300 350 0 20 40 50 80 100
Frequency Frequencv Frequency Frequency
(09) (10)" (12)
50 50
E 100 £ 100
E E
= 150 = 150
] £
No events 8 g
a 200 o 200
250 § 250 250 %
300 300 300
60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Frequency Frequency Frequency
0 0 0
(132 (14) (15) (16) Depth (mm)
0 50 50
Hl o-60
£ 100 £ 100 £ 100 B 61-70
5150 £ E 71-110
= = 150 N ~ 150
£ £ £ 111-120
5 5 0 events g
& 200 & 200 & 200 H 121-170
171-180
250 250 250 B 1s1-230
W 231-300
300 300 300
0 20 40 60 80 100 80 100

Frequency

Freque ncy

20

40 60 80
Frequency

100

Figure S9. Frequency distribution of AE events along various depth intervals within the block recorded during thawing periods over
the course of 16 freeze-thaw cycles. The number beside each subpanel indicates the number of the respective cycle

10



~
o
I
~

- Thaw cycle
= (03) ===

= 0

,\
o

- &
Nt

\

Z-axis (mm)
Z-axis (mm)
Z-axis (mm)

2

No events

'3,
o ()
” R-axiS (o
= ( 1 6) [ Amplitude (dB)
o ® >80 &<50
. T ® >50& <60
& £ 100
: - ® >60&<70
No events  &™ of—
P N -
X )
300 b Ty 300 |1 >80 _
300 o S 300 : "":':}Jaoo
200 e 0 ) 200 e ey, 200 S5 W
2y, i . 3 - A/ 100 N
s 100 2 400 ’s 100 E 400 n, 100 (et
f""h/ [ K-S (@™ {,""y 0o o %-axis @™ ) o o Y-axS \

Figure S10. 3D locations of AE events with their respective amplitude recorded during thawing periods over the course of 16 freeze-

thaw cycles. Vertical faces A-D of the block are labelled in (01). The number beside each subpanel indicates the number of the
respective cycle.

11



Thaw cycle
(03)

N
o
-

~—

(02)

150
50 .
£ € 100 -
S 200 E1s0.
2 : §2uo ]
9 250 . 250
1L 300
A, 56 e 11.625440,
iy, a8 T 116252 Py

o
/‘7&/

e 625
s)
40  11.6248 qime (82

0
50
£ 100 -
£
=150
=
8 200 |
No events 8250
300
4
“p,
% 0,
e, //"’o'e g
s, 40 305
0 e 0 200 -,
50 | e T __ 50 _
E | & -~ » = €
E 100 " e | WA £ 100 E
oo g o E £ 50
=150 178 {"fV':¢v~',' y .§15° g 5 £
2 200 & LA 8 S AR N 2200 : N t @
@ b *
fool o o events i
300 e 300 | 00|
. o _— 3654, 56 " 308 <,
My, 58 i i 0, - P, <
2, ~ — 280 ', a8 — 397 % o
° g, T o 355 aays) % o . ays) Srog 7
g 40 350 e U 8 40 396 time & 4 468

Figure S11. Visualization of AE events in terms of depth, amplitude and time recorded during thawing periods over the course of 16

freeze-thaw cycles. The number beside each subpanel indicates the number of the respective cycle.

310

ume 629°)

Amplitude (dB)
- >40 & <48
* >48 & <56
® >56 & <64
W >64 & <72
¢ >728&<80

¢ >80

_—" 470
469 y
fime ©2Y°



Thaw cyc;le

(01) 02)° 3 (04)°
50 - 50 1 . 50 50
. i
— 100 — - " —100 L =100 .
= =100 = = .
E £ E . =
= 150 - = 150 . = 150 * r 5150 .
- g g g :
Q 2001 a 200 v e K A 200 A 200 R
L 5t
250 - 250 * 250 | L 250 {@“z N
.
300 300 300 300 :r."'{ k . . .
11.6248 11.625 11.6252 11.6254 24 25 26 27 28 0 38 40 a2 44 46 58 60 62 64 66 68
Time (days) Time (davs) Time (days) Time (days)
(05)° (06) K |
50 S0 e M
t o
g0 £ 100 sy e
£ £ o TR R i LA
=150 = 150 PR -t AP
£ o £ C - .
& 200 a 200 pars T WA ¥
Ty
- i - x
250 1 250 apo TR T
4 ii £ i
300 | 300 Tt - i 3
80 84 86 88 20 92 115 116 117 118 119 144 148 148 150 152 154 156 194 195 196 197 198 199 200
Time (days) Time (days) Time (davs) o Time (days)
09 Y
(09) ()| = - (11) (12) !
vyt ety . > 50 01 i
%i I e 1 $e 1 F
£ 100 t& A ey Z 100 goos
£ Yo o T - £ 5
= 150 R b AR S A = 150 —150 % t
= - P ol - . = =
‘é. v jl T e, 2 ‘g
No events Eao| Tl 0T & 200 &z00- :
g ran el v &
* * W -
250 » g - N . e . 250 - 250 | _g ";'1{ +
‘. v N ’ ‘:.f 2{!“
300 '3 . 300 300 | -
2435 250 250.5 251 251.5 277 2775 278 2785 279 2795 280 306 308 310 312 314 316
Time (days) Time (days) Time (days)
0 15 - 0 o P . N
(13) T (14) i ) (15) (16)
S0l. i) * " 50 . . Ie 's0 Amplitude (dB)
&33 s N . e - e >40 & <48
—100 %% e 4| =100 " —100
E e e gt y | E iy E # >48 & <56
E ) LI e £ . » s E
= 150 i ki = 150 . . = 150 ® >56 & <64
o B * o o
200" A& 200 N 0 eVE ntS 2 200 B >64 8 <72
:
4 >72& <80
250 250 250
4 >80
300 300 ; : ) . ) 300
352 354 356 358 360 362 364 395.5 396 396.5 397 3975 398 3985 468  468.5 469 4695 470 4705
Time (days) Time (days) Time (days)

Figure S12. Simplified version of Figure S11 with depth vs time, and amplitude ranges marked with different shapes and colours. The
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Figure S14. Simplified version of Figure $13 with AF vs RA values and fracture modes. The number beside each subpanel indicates

the number of the respective cycle.
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Figure S15. Frequency distribution of AE events along various depth intervals within the block recorded during thaw-to-freeze
transitions over the course of 16 freeze-thaw cycles. The number beside each subpanel indicates the number of the respective cycle.
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Figure S$16. 3D locations of AE events with their respective amplitude recorded during thaw-to-freeze transitions over the course of

16 freeze-thaw cycles. Vertical faces A-D of the block are labelled in (01). The number beside each subpanel indicates the number of
the respective cycle.
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Figure S17. Visualization of AE events in terms of depth, amplitude and time recorded during thaw-to-freeze transitions over the
course of 16 freeze-thaw cycles. The number beside each subpanel indicates the number of the respective cycle.
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Figure S18. Visualization of AE events in terms of AF values, RA values and time, labelled according to modes of fracture and
recorded during thaw-to-freeze transitions over the course of 16 freeze-thaw cycles. The number beside each subpanel indicates the

number of the respective cycle.
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Figure $19. Simplified version of Appendix 17 with depth vs time, and amplitude ranges marked with different shapes and colours.
The number beside each subpanel indicates the number of the respective cycle.
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Figure S20. Simplified version of Figure $18 with AF vs RA values and fracture modes. The number beside each subpanel indicates

the number of the respective cycle.



