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Abstract Rockwall erosion by rockfall is largely controlled by frost weathering in high alpine
environments. As alpine rock types are characterized by crack-dominated porosity and high rock strength, frost
cracking observations from low strength and grain supported pore-space rocks cannot be transferred. Here,

we conducted laboratory experiments on Wetterstein limestone samples with different initial crack density

and saturation to test their influence on frost cracking efficacy. We exposed rocks to real-rockwall freezing
conditions and monitored acoustic emissions as a proxy for cracking. To differentiate triggers of observed
cracking, we modeled ice pressure and thermal stresses. Our results show initial full saturation is not a singular
prerequisite for frost cracking. We also observe higher cracking rates in less-fractured rock. Finally, we find that
the temperature threshold for frost cracking in alpine rocks falls below —7°C. Thus, colder, north-exposed rock
faces in the Alps likely experience more frost cracking than southern-facing counterparts.

Plain Language Summary Freezing results in the formation of ice that exerts stresses on fracture
walls and draws in additional moisture to supply further growth and break down rocks, a process termed frost
cracking. Frost cracking drives much erosion and rockfall in alpine environments. Here we test hypotheses from
prior work about how frost cracking is impacted by saturation and rock properties. We exposed rock samples
of different strength and saturation to identical freezing conditions in laboratory experiments. We monitored
rock temperature and acoustic emissions (AE), assuming frost cracking produces the recorded AE hits. We
find that initial full saturation is not required for frost cracking, as water transport is enhanced by fractures in
alpine rocks. Furthermore, rock with initial higher short-term strength showed more frost cracking because,

we infer, of stiffness properties that make these rocks more brittle compared to lower strength rocks. Frost
cracking occurred at a wide range of temperatures below freezing and was highest between —9 and —7°C.

We thus conclude that frost cracking is most impacted by temperature and rock short-term strength. In Alpine
environments, this may result in more frost cracking and rockfall on colder north-facing rockwalls than warmer
southern exposures.

1. Introduction

In the European Alps, present-day rockwall erosion by rockfall processes shape rockwalls with rates between
0.05f8:8§ mm a~' to 14.4 mm a~' (Draebing et al., 2022). These rates are in the same order of magnitude as glacial
erosion rates (0.5-36 mm a~!; Cook et al., 2020) suggesting that rockfall processes are key agents of alpine
landscape evolution. Rockwall erosion is controlled by permafrost (Krautblatter et al., 2013), glacier retreat
(Hartmeyer et al., 2020), frost cracking (Hales & Roering, 2005) or a combination of these processes (Draebing
et al., 2022). Ice segregation is a dominant frost weathering process capable of breaking rocks (Matsuoka &
Murton, 2008). Previous studies suggest that certain rock temperature ranges “frost cracking window” and rock
moisture levels (Sass, 2005a), rock strength and fracture density (Walder & Hallet, 1985) can control the efficacy
of frost cracking, however, to date no study has experimentally quantified specifically how these controlling
factors directly impact frost cracking processes, a key connection for fully understanding alpine rockfalls and
associated landscape evolution.

Previous experimental studies investigating the temperature ranges controlling frost cracking employed
high-intergranular-porosity sedimentary rocks with relatively low rock short-term strength (hereafter strength).
For example, Hallet et al. (1991) observed highest frost cracking activity in Berea Sandstone (~20% mostly
intergranular porosity) between —6 and —3°C while Murton et al. (2006) observed ice segregation in weak chalk
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starting below the pore freezing point. In contrast, alpine rocks are characterized by fracture- or crack-dominated
pore space and high overall rock strength that may influence the temperature range at which frost cracking is
effective. Theoretical models suggest that frost cracking depends on fracture toughness (Rempel et al., 2016;
Walder & Hallet, 1985) and occurs between —15 and —4°C (Walder & Hallet, 1985). Thus, specific frost cracking
temperature ranges depend on site-specific conditions. For example, field measurements of acoustic emission
(AE) signals on gneiss rockwalls showed frost cracking within a temperature range of —15 to —1°C (Girard
et al., 2013), but in other work derived from recorded rock temperature profiles, Anderson (1998) found a “frost
cracking window” for granite between —8 and —3°C. Overall, the application of a fixed “window” across different
rock types and field sites is not advisable because it can produce non-reliable results (Draebing & Mayer, 2021)
by oversimplifying temperature control.

Similarly, a minimum effective saturation has been found for volumetric ice expansion in laboratory studies (Jia
et al., 2015; Prick, 1997), however, a similar lower threshold for ice segregation-induced frost cracking has yet
to be identified. Ice stresses are caused by water flux along water films surrounding ice crystals resulting in ice
crystal growth (e.g., Gerber et al., 2022; Sibley et al., 2021). Rockwall saturation in high alpine environments
varies with aspect and rock mass depth (Girard et al., 2013; Sass, 2005a). Laboratory studies by Draebing and
Krautblatter (2019) suggested that ice segregation can occur at low initial saturation levels as long as water is
available to migrate—a condition provided by alpine rock masses (Sass, 2005a).

In sum, rockwalls are characterized by fractures that increase water transport (Dietrich et al., 2005), weather-
ing activity (Shmilovitz et al., 2022) and erodibility (Neely et al., 2019) suggesting that weathering processes
including frost cracking may be influenced by initial fracture and water content. In this study, we perform ice
segregation tests on rock samples with different saturation levels and fracture density to quantify their influence
on frost cracking efficacy.

2. Experimental Setup

The setup was inspired by Hallet et al. (1991) whose experiments isolated ice segregation from other weathering
processes. We performed freezing tests on three 0.2 X 0.2 X 0.4 m large Wetterstein limestone samples (Figure la
and Figure S1 in Supporting Information S1), representing the abundant lithology of Northern Calcareous Alps.
Throughout, we use the term “fracture” to describe any low-aspect-ratio discontinuity and “cracking” to refer to
the process of fracture propagation. Samples were excavated from a quarry with varying fracture density. There-
fore, we sampled both highly fractured (high-porosity) and minimally fractured (low-porosity) specimens (Text S1
in Supporting Information S1). Rock properties were quantified using laboratory measurements (Lepique, 2008;
Zhang, 2002). Rock sample 1 (R1) contained no visible fractures and an initial rock porosity of 0.4%. Rock samples
2 (R2) and 3 (R3) were characterized by visible initial fractures and a higher initial porosity of 0.6% (Figure 1a).

We applied a submillimeter film of epoxy resin to the sides, but not bottom and top, of the blocks to prevent lateral
water infiltration. We fully saturated the low-porosity R1 and the high-porosity R2 but kept the high-porosity R3 room-
dry to maintain a natural low moisture content between 5% and 10% (volumetric water content). For each experiment,
all rock samples were surrounded with a minimum of 4 cm Styrofoam insulation leaving the bottoms and tops open.

The rock samples were put in a cooling chamber (Kambi¢ KK-340 CHLT) with the top exposed to freezing condi-
tions, while the bottom of the samples was placed in a water bath that was kept above the freezing point using a
Freek heater (Figure 1b). This setup simulates an open system and enables the development of a linear tempera-
ture gradient inside the rock body with a water reservoir providing moisture. We monitored rock temperature at
a lateral distance of 10 cm into the interior of each sample at 4, 15, 25, and 36 cm depth from the top using four
Greisinger Pt 1000 temperature sensors (0.03°C accuracy). To test realistic frost cracking efficacy, rock samples
were all exposed to identical temperature cycles reflecting rock temperatures in the Northern Calcareous Alps
(Figure 1c and Table S2 in Supporting Information S1). Rocks were cooled from ~10°C rock temperature at the
upper surface to —9.5°C within one day (Figure 1d). Afterward, air temperature was raised by 2°C every 50 hr
and kept at a steady state for 40 hr enabling ice segregation and excluding the occurrence of other weathering
processes (Hallet et al., 1991) (Text S2 in Supporting Information S1).

To monitor cracking, we installed two Physical Acoustics AE sensors PK6I (frequency 35-65 kHz) at the top
and at the side of each block. AE data was recorded using a Physical Acoustics Micro SHM node as well as
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Figure 1. Photos of (a) rock samples and (b) schematic visualization of laboratory setup. (c) Exemplary rockwall temperatures for sites in the Northern Calcareous
Alps. (d) Measured rock temperatures at different depth, air temperature (black) and (e) modeled rock temperatures at sample R3 plotted against time.

analyzed and filtered using Physical Acoustics AEwin software (Text S3 in Supporting Information S1). AE
signals were differentiated into signals <41 dB,,; with a broad waveform and signals >41 dB, with single crack-
like waveforms (Figure S2 in Supporting Information S1). AE signals can be triggered by thermal stresses (Eppes
et al., 2016) during temperature changes or by ice stresses (Hallet et al., 1991).

To interpret the drivers of AE, we modeled temperature regime inside the rocks (Text S4 in Supporting Informa-
tion S1) and used recorded rock temperature to drive thermos-mechanical frost cracking (Walder & Hallet, 1985)
and one-dimensional thermal stress models (Paul, 1991; Pei et al., 2016) performed using MATLAB R2021b
(Text S5 and S6 and Table S3 in Supporting Information S1). Using a frost cracking model with rock property
data, we employed a simplified approach to calculate the threshold stress magnitude (4 MPa) needed to propagate
a 1 cm size preexisting fracture, acknowledging that fractures both larger and smaller likely exist in the samples.
We use this threshold not to suggest quantifying an absolute magnitude of cracking in the block, but to define
model predictions of the timing of cracking compared to measured cracking in the experiment.

3. Results

Based on rock temperature loggers at 4 cm depth, we differentiate five phases of steady state temperatures.
During the initial cooling Phase-0 (10°C to —8°C; Figure 1d), AE activity (Figure 2) and modeled thermal stress
magnitude (Figure 3a) and ice pressure built up (Figure 3b). We detected more than 396 hits (10% of all AE
signals) for R1 (Figure 2a), 244 hits (20%) for R2 (Figure 2b) and 763 (30%) for R3 (Figure 2c) with the majority
of signals (68%—82%) recorded after the rocks reached freezing temperatures. For all samples, the top sensor
received over 96% of overall hits.

While rock temperatures decreased to —9°C, modeled thermal stress reached its maximum in all samples, with
a pattern of decreasing magnitudes with increasing rock depth (Figure 3a and Figure S3 in Supporting Informa-
tion S1). When rock temperatures reached the pore freezing point after 9 hr of cooling, modeled ice pressure
in 4 and 15 cm depth showed an increase and exceeded the 4.0 MPa cracking threshold at the end of Phase-0
(Figure 3b and Figure S3 in Supporting Information S1).

MAYER ET AL.

30f 10

85UB017 SUOWIWOD B 810 3|qedl|dde au Aq peusenob ae sajolie YO ‘8sn JO 3Nl 10y AReiqT8UIIUO 43I UO (SUORIPUOD-PUR-SLLIBI WD A8 |IM" ARe.q 1 BulUO//SdNY) SUORIPUOD PUe Swie | 38U} 88s *[202/20/02] Uo AreiqiTauliuo AB|IMm ‘yinesfed 18e1sRAIUN AQ TS620T T1DEZ02/620T 0T/10p/uioo A im Arlqijeuluosgndnbe//sdny wouy pepeojumoq ‘€T ‘€202 ‘L0087Y6T



AFI |
.
M\\JI Geophysical Research Letters 10.1029/2023GL102951
AND SPACE SCIENCE
a 70 b .
) . 200 - 3000
g o < B @
o ~ ©
e T =200 -
=] P < XL
E] s X T
g;_ F50 3 2 v
£ = 2
5. § W 100 1 L 1000 5
L w
k40 <
0 0
70
©) d) 301 )
L3000
9 10 leo ¥ @ =
o] - o
e 5 S 2001 b o =
= o =
2o i g A b
g \\ i : F50 2 K] y
.. . - % j2}
£ 8 = E 100 L1000
2 4107 = z < =
L R R ul
—— - 2 S Sl
- b pREESRE et 0 8
e) 20 . . . s 70 ) st
L3000
2 107 teo & B &
%’ s 3 200 - 2000 i
o © 2 i
g 2 = v
5 g iy 100 L1000 2
[ < < w
e <
0 e fmsmempmen, =Lo
o I =) o o o o
B g g g g
Time (h)

Figure 2. Acoustic emission (AE) hits differentiated into hits during changing (yellow) and steady-state temperatures (red dots) and rock temperature in 4 cm depth
(blue line) plotted against time for (a) R1, (c) R2, and (e) R3. Cumulative AE hits differentiated into hits <41 dB,, (black line) and >41 dB,, (orange line) plotted
against time for (b) R1, (d) R2, and (f) R3. The arrow highlights when temperatures at 4 cm depth undergo 0°C.

During the steady temperature phases, the top logger recorded over 98% of all AE hits with amplitude equal or
below 41 dB, ;. Phase-1 was characterized by a steady rock temperature regime between —9.5 and —9°C (Figure 1d),
with the most AE hits detected, highest fracture growth in frost cracking modeling and a minimum thermal stress.
All rock samples showed the strongest increase in overall AE hits with 965 hits (45%) for R1 and 313 and 862
hits (30%) for R2 and R3 (Figure 2). During Phase-1 but also Phases 2-5, thermal stress decreased to zero for all
samples (Figure 3a). Modeled frost cracking showed an increase in ice pressure during Phase-1, which reached its
maximum 7.5 MPa at 4 cm and 6.0 MPa at 15 cm depth (Figure 3b and Figure S3 in Supporting Information S1).
Modeled fracture length increases significantly at both depths as ice pressure already exceeded its critical threshold.

Between phases, air and rock temperatures were increased by 1-2°C (Figure 1d), resulting in local maxima of
thermal stress and low AE activity. Between Phase-1 and -2, AE hits were recorded at all samples (Figure 2),
however, only one hit exceeding 41 dB,; occurred at R3. Between Phase-2 and -3 as well as -3 and —4 this pattern
repeated for the other samples with only one to two hits above 41 dB,;. In contrast, higher number of AE were
measured between Phases-4 and -5 with seven at R1 and R3.

Phase-2, characterized by rock temperatures at —7.5 to —=7°C, revealed the second highest AE activity (Figure 2)
and second highest modeled fracture growth (Figure 3b). Between one and five AE hits above 41 dB,; were
detected. In contrast, signals with lower amplitude ranged from 387 (12%) for the R3 to 418 hits (34%) for R2
and 601 hits (21%) for R1. Frost cracking models showed a decrease in ice pressure at 4 and 15 cm depths as
temperature started to warm which resulted in a flattening of the predicted fracture growth curve (Figure 3b and
Figures S3b and S3d in Supporting Information S1).

Phase-3 (—6 to —5.5°C) showed a decrease in AE activity and modeled ice pressure. Sensors recorded a low
number of AE hits with only two and four hits at R2 and R3 above 41 dB, ;. Below 41 dB,, 91 hits (R1 3%), 110
hits (R2 9%) and 169 hits (R3 5%) were recorded. Frost cracking modeling revealed decreasing ice pressure with
ice pressure at 4 cm depth exceeding the critical threshold but barely increasing fracture length.
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Figure 3. (a) Measured rock temperature in 4 cm depth and modeled thermal stresses for R1. (b) Modeled frost cracking
(black) and ice pressure (orange line) for rock depth at 4 cm (solid) and 15 cm depth (dotted line) for R1.

In Phase-4 (—4 to —3.5°C), measured AE activity and modeled ice pressure further decreased. AE signals with
amplitude above 41 dB, were detected for R1 and R2, but at the end of the phase R3 showed a cluster of 12 hits
(4%). Signals with lower amplitude were also reduced to 49 (2%) for R1, 35 hits (3%) for R2 and 106 hits (3%)
for R3. Frost cracking modeling showed that ice pressures at 4 cm depth dropped below the critical threshold and
fracture growth ceased.

In Phase-5 (-2 to —1.5°C), AE activity slightly increased, which is not predicted by the frost model. AE signals
increased for R1 with four hits (3%), R2 with one hit (1%) and R3 with 14 hits (5%) for amplitudes above 41
dB,;. R1 showed 51 hits (2%) with lower amplitude, R2 13 hits (1%) and in R3 252 hits (8%) were detected. The
frost cracking model showed ice pressures below the critical threshold of 4.0 MPa. In the following thawing and
warming phase, only two hits with different amplitudes were detected at R1 and R3.

4. Discussion
4.1. Potential Sources Triggering AE Signals

AE signals observed during initial cooling Phase-0 are attributable to stresses arising from thermal cycling, volumetric
expansion, and ice segregation, each of which could result in fracture propagation by itself or in combination (Eppes &
Keanini, 2017). A large overall portion (>20%) of AE hits occurred during Phase-0, with most after the rock reached
freezing temperatures. Rapid decreasing temperatures resulted in high modeled thermal stress (Figure 3a). Although
our applied thermal stress model potentially overestimates thermal stress magnitudes by neglecting fracture geome-
tries, the model enables us to analyze thermal stress timing. Field studies by Eppes et al. (2016) and Loope et al. (2020)
demonstrated that rapid changing temperatures lead to AE-producing fracture propagation by thermal stresses.

We cannot rule out that post-freezing increases in AE (Figures 2a—2d) in samples R1 and R2 were triggered by
volumetric expansion of in situ freezing water, because their moisture levels exceed the experimentally derived
required saturation threshold of 58% (Prick, 1997) or >91% (Walder & Hallet, 1986). However, R3 revealed even
a higher number of AE events (Figures 2e and 2f) despite low initial saturation (5%—10%), bringing into question
the role of volumetric expansion. Our modeling predicted ice pressure development at the end of Phase-0 that
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could trigger AE events (Figure 3b). However, given the simplification of fracture geometries in the model, the
timing of the stresses should be given more weight than their modeled magnitude. Potential error sources for AE
signals are discussed in Text S3 of Supporting Information S1.

Our results suggest that AE signals during steady temperature phases are triggered by ice segregation because our
steady-temperature experimental set-up precludes stresses arising from thermal cycling, volumetric expansion,
and ice deformation (Hallet et al., 1991). Also, during Phases 1-5, the top logger recorded over 98% of all AE
hits with amplitude equal or below 41 dB, suggesting that AE hits were mostly generated at the top part of the
sample, where frost cracking models revealed highest ice pressures.

In Phase-5, we observed a small increase of AE hits (Figure 2). Rising temperatures could increase water availability
and water movement either by gravity or by ice segregation (Walder & Hallet, 1985). Such liquid water can increase
cracking rates, even under steady or lowering stress magnitudes, and refreezing of water could also trigger AE signals.

4.2. Initial Rock Moisture Is Not a Primary Control of Ice Segregation

Our data suggest that the efficacy of ice segregation is not limited by initial water content in alpine rocks. R2
and R3 possess similar fracture density but initial water saturation varied between low saturation (R3) and fully
saturated (R2). However, both samples revealed the same pattern of increased AE magnitudes during Phase-1 and
-2 (Figures 2c—2f), characterized by AE hits with amplitudes <41 dB,; while hits with amplitudes >41 dB,; were
limited to Phase-1. The low-saturated R3 exhibited a higher accumulation of AE than higher-saturated R2. This
pattern could result from freezing of in-situ water in R2 that increases rock strength (Han et al., 2022). More ice
lenses form compared to low-saturated rock. The lenses possibly compete with each other and also increase rock
strength. As our frost cracking model uses singular lenses, we cannot predict the effect of neighboring ice lenses.

The observed AE pattern may indicate either that capillary rise from the water bath promoted ice segregation
or that the initial low saturation was sufficient for ice segregation. By using a similar set-up, Draebing and
Krautblatter (2019) observed that water migration enabled ice segregation in open fractures for initially unsatu-
rated alpine rock samples. Furthermore, measured and modeled water content in limestone rockwalls revealed
moisture levels of 70% and higher below 10 cm depths (Rode et al., 2016; Sass, 2005a). Thus, the use of a water
bath in laboratory studies (Hallet et al., 1991; Murton et al., 2006) seems a reasonable approach to simulate natu-
ral rockwall moisture regimes. In rockwalls, rock water transport is controlled by fractures (Dietrich et al., 2005),
which can rapidly transport water within the rock mass (Phillips et al., 2016). On south-exposed rockwalls under
relatively dry conditions, Girard et al. (2013) recorded AE events and interpreted these as frost cracking-induced.
Therefore, our data suggest that ice segregation could potentially occur in initially dry rocks (5%—10% saturation)
by either water migration as capillary rise or by cryosuction.

4.3. Fracture Density Controls Frost Cracking

Our results suggest that fracture density controls susceptibility to thermal stress and frost cracking, with higher
fracture density causing lower susceptibility. This is because stiffer rocks with fewer fractures are expected to
fracture more quickly as growth rate is proportional to elastic modulus (Vlahou & Worster, 2015). Our results
showed that the low-porosity R1 sample experienced over twice as many hits with amplitude <41 dB,; and
one-fourth more with higher amplitudes >41 dB,; as the high-porosity sample R2 (Figures 2a—2d). This behavior
is consistent with the fact that R2 exhibits higher compliance, as reflected by its lower shear- and Young's-modulus
compared to R1 (Table S1 in Supporting Information S1). In addition, our thermal stress modeling predicted
higher stresses at R1 compared to R2—in large part because of Young-modulus on the calculation (Figure 3a and
Figure S3a in Supporting Information S1). Finally, P-wave velocity and Young-modulus increase due to freezing
(Draebing & Krautblatter, 2012; Han et al., 2022), which amplifies fracture propagation (Han et al., 2022).

4.4. Rock Temperature Controls Ice Segregation Efficacy

Our data suggests that temperature significantly impacts ice segregation efficacy, and it supports the idea that the
“frost-cracking window” differs between various rock types, controlled by pore-space geometry and rock strength.
According to theoretical models (Walder & Hallet, 1985) and field measurements (Girard et al., 2013), ice segre-
gation can occur at wide temperature ranges. In our experiment, we chose to rapidly decrease rock temperature
followed by slow warming, reflecting commonly experienced conditions for north-facing snow-affected rockwalls
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Figure 4. Number and amplitude of acoustic emission hits plotted versus rock temperature (4 cm) for (a) R1, (b) R2, and (c) R3.
in the Alps (see Dachstein in Figure 1¢). We observed maximum AE between —9 and —7°C and a decrease of AE
hits above —6°C (Figure 4), which differs to the studies by Hallet et al. (1991) that recorded a maximum between
—6 and —3°C at Berea Sandstone and by Murton et al. (2006), where ice segregation in Tuffeau Limestone initi-
ated just below the freezing point.
We infer from our results that low intergranular porosity and high rock strength will serve to lower the temper-
atures at which ice segregation is most efficacious. Fracture propagation in rock with homogeneous pore-space
geometry (Berea Sandstone) will differ from that of rock with fracture-controlled porosity (Wetterstein lime-
stone). In addition, fracture propagation is limited by rock strength (Atkinson & Meredith, 1987; Bewick
et al., 2019; Segall, 1984). Fracture toughness of Wetterstein limestone (1.1 MPa m'?) is approximately one
order of magnitude higher than fracture toughness of Berea sandstone (0.28 MPa m'?; Hallet et al., 1991) and
Tuffeau limestone (0.2 MPa m'?; Murton et al., 2006). Thus, Wetterstein requires the higher stress magnitudes
of lower temperatures to fracture.
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In alpine rockwalls, temperature and moisture regimes differ strongly between north- and south-facing exposures
(Hasler et al., 2011; Magnin et al., 2015). North-facing rockwalls are characterized by sustained low temper-
atures affected by snow cover (Draebing et al., 2017; Haberkorn et al., 2015) and therefore higher saturation
within the upper 0.1 m of the rock surface (Rode et al., 2016; Sass, 2005a). Depending on rock temperatures
before snow cover onset, the insulating snow can promote or inhibit ice segregation (Draebing & Mayer, 2021).
In our experiment, we selected rapid freezing followed by slowly increasing rock temperatures representative for
north-facing rockwalls with freezing before snow onset (see Dachstein in Figure 1c). Our data demonstrated a
decrease of frost cracking activity with increasing temperatures (Figure 4). Other temperature scenarios like slow
freezing followed by warming (see Dachstein in Figure 1c) or rapid freezing and rapid warming (see Dammkar in
Figure 1c) will not affect the observed temperature range pattern in Figure 4 as even after the experiment enough
fractures remain and the controlling factors as fracture toughness will remain the same.

South-facing rockwall temperatures in the Alps are warmer on average than north-facing (Hasler et al., 2011;
Magnin et al., 2015) with fewer snow cover days (Draebing et al., 2017; Haberkorn et al., 2015) and reduced
rock moisture in the upper 0.1 m of rock (Rode et al., 2016; Sass, 2005a). If ice segregation is not limited by
initial saturation as long as water migration is possible, then there should be less frost cracking on south faces
overall, which can explain observed lower erosion by rockfall compared to north-facing rockwalls (Coutard &
Francou, 1989; Sass, 2005b). As south-facing rockwalls experience more frequent and higher magnitude thermal
changes (Draebing & Mayer, 2021), thermal stress-related cracking in those locations may serve to offset lower
frost-cracking to prepare and trigger rockfall (Collins & Stock, 2016).

5. Conclusions

Our laboratory tests reveal the role of rock mechanical and moisture properties on the temperature-dependent
efficacy of ice segregation driven frost cracking in rock. The occurrence of ice segregation in our low-moisture
sample (5%—-10%) suggests that there is no lower moisture limit for frost cracking in alpine rocks if liquid water
is available within distances in the order of 0.4 m or less. Our experiments demonstrate that water travels rapidly
along fractures to form ice lenses near the outer, cold rock surface. Initial rock fracture density affects rock stiff-
ness which determines both thermal stress and subsequent fracture propagation. Highly fractured rocks may be
less prone to ice segregation because their higher compliance increases the accommodation of stresses without
the need for further brittle fracture. Our data support the idea that “frost cracking window” temperatures are rock
short-term strength dependent, with lower temperatures required to fracture stronger rocks. These combined
results suggest that higher frost cracking efficacy associated with colder rock temperatures may result in more
rockfall for north-rather than south-facing rockwalls.

Data Availability Statement
AE and temperature data can be accessed at https://doi.org/10.6084/m9.figshare.23584686.
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