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ABSTRACT

Examples of rockwall weathering processes include diurnal heating and cooling, diurnal and seasonal freezing,
wetting and drying and thawing/seasonal active-layer thawing. These stress-loading processes often occur
synergistically and cause a weakening of the rockwall through the propagation of sub-critical cracks. The
Acoustic Emissions (AE) released by these cracking events can be measured in order to quantify the weathering
efficacy. While the effects of thermal cycling are well studied, rock moisture content and its control on these
weathering processes is rarely considered in detail.

To better understand rock moistures effect on weathering processes we subjected Wetterstein limestone
samples with different starting moisture contents (0 %, 25 %, 50 %, 75 %, 100 %) to thermal cycling above (5 to
35°C) and below (5 to —10 °C) freezing and a longer freezing cycle with gradual stepped thawing (10 to —10 °C).
In addition to this we simulated wetting and drying cycles at a constant temperature. For all of these weathering
cycles, relative efficacy was assessed by amount of AE hits and change in effective porosity.

Rock moisture was found to have little effect on the overall AE count and effective porosity increase over
shorter thermal cycling. However, freeze-thaw cycling was shown to have similar weathering effect to thermal
cycling of 3 K greater thermal gradient above freezing. Meanwhile longer duration freezing cycles see an increase
of rock moisture create 4x as many cracking events compared to dry samples. More re-freezing events are seen in
lower saturation samples and when considered with the synergistic effects of wetting and drying in natural open

systems, the presence and mobility of pore water are considered to be more important than the quantity.

1. Introduction

The breakdown of rocks by weathering is the first step of alpine rock
slope erosion (Gilbert, 1877). There are many weathering processes
involved in this preparatory weakening of the rockwall, often influenced
by meteorological conditions and lithology (Hall, 2013). Examples of
such processes include diurnal heating and cooling (Collins and Stock,
20165 Collins et al., 2018), diurnal and seasonal freezing (Matsuoka,
2008), wetting and drying (Sass, 2005; Zhang et al., 2015) and thawing/
seasonal active-layer thawing (Draebing et al., 2017). As all these pro-
cesses occur simultaneously in nature, the conceptual framework of
freeze-thaw weathering in cold regions has repeatedly been questioned
(Hall et al., 2002) and the relative importance of interacting processes is
still to be determined.

The aforementioned stress-loading processes can cause the propa-
gation of microcracks (Aldred et al., 2016; Eppes et al., 2016) and
eventual coalescence to form macrocracks, weakening the rockwall (Cox
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and Meredith, 1993; Maji and Murton, 2021) and so making the trig-
gering of rockfall more likely (Collins and Stock, 2016). This subcritical
cracking causes measurable acoustic emissions (AE) (Hallet et al., 1991;
Eppes and Keanini, 2017). An AE is a transient elastic wave created by
the rapid release of energy, such as from crack nucleation, which then
propagates inside the material (Lockner, 1993). Once this wave reaches
the surface of a material the motion can be detected using an AE sensor,
directly attached to the surface, which contains a piezoelectric element
(Beattie, 1983). The transducer detected signal, in the low ultrasonic
frequency range (10-2000 kHz) (Maji and Murton, 2021), is then con-
verted to an electrical signal. This signal is then generally amplified by a
pre-amplifier and a main amplifier due to the signal being weak (Grosse
et al., 2022). Finally, the signal is split into discrete waveforms, the
characteristics of which can be used to determine features such as en-
ergy, cracking mode and source location of the cracking event (Ohno
and Ohtsu, 2010; Aggelis, 2011; Grosse et al., 2022; Goszczynska, 2014).

Previous laboratory experiments in the area of rock weathering have
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measured AE activity in both stable thermal boundary conditions (Duca
et al.,, 2014; Hallet et al., 1991) and more recently under dynamic
thermal boundary conditions (Maji and Murton, 2021). The field of
engineering geology has also performed extensive testing of AE activity
on concrete and rocks under single and cyclic loading conditions (Grosse
et al., 2022), but the effect of moisture is also rarely considered beyond
oven dry and fully saturated samples. Of those studies that do consider
the effect of complete saturation on weathering effect, higher porosity
samples such as sandstones (C. Li et al., 2021) and tuffs (Dong et al.,
2022) were used, but the combined effects of rock moisture levels and
temperature cycles have not been considered. These lithologies have
completely different porosity style and mechanical properties to the
fracture dominated, low percent porosity seen commonly in high
mountain/rockwall sites and so require further investigation.

To further understand the role of rock moisture in weathering pro-
cesses is important as it plays a key role as a limiting factor in me-
chanical weathering (Hall, 2013), though as pointed out by Sass (2005)
it is often not given the same attention as temperature, as there is no
single humidity sensor that satisfies all requirements for application in
rock. Just the presence of rock moisture in fractures of Carrara marble
was shown by Voigtlander et al. (2018) to increase subcritical stress by
an order of magnitude. Also, the stresses that swelling and shrinkage of
rocks caused by wetting/drying are comparable to strong thermal fluc-
tuations (Hall, 2013), with the expansion caused by hydration alone
having been shown in laboratory experiments (Hames et al., 1987; Prick,
1995; Zhang et al., 2015) to sometimes reach comparable orders of
magnitude to that seen in thermal expansion.

Frost weathering laboratory studies by Walder and Hallet (1986)
show minimum effective saturations for volumetric ice expansion at
over 91 % pore space saturation. This level of saturation is however
rarely seen in field measurements for intact rock (Rode et al., 2016; Sass,
2005). More recent studies by Jia et al. (2015) suggest that weathering
caused by volumetric expansion could occur at saturations of as low as
50 %, but White (1976) questions how often rocks in mountain areas
ever become >50 % saturated followed by rapid freezing, so questioning
the efficacy of the process as a whole. For ice segregation, another frost
weathering process thought to promote rock breakdown (Walder and
Hallet, 1985), defined water saturation thresholds in natural rock are
scarce. These vary from 58 % to 65 % (Prick, 1997; Murton et al., 2006.
respectively) and are also dependant on lithology. Further to this, as all
critical saturation points mentioned are derived from intact rock and are
invalid when compared to a fractured rock, where water can concentrate
in fractures (Matsuoka, 2001).

With such a disparity between suggested saturations for processes
and those often seen in the field, combined with the lithological
dependence of these saturation limits it is timely to further investigate
how different percentages of rock moisture saturation affect the efficacy
of weathering. This study is part of the DfG funded “ClimRock” project
which seeks to characterize rockwall weathering from microclimate,
rock moisture and rockfall activity. The project follows a conceptual
multiscale model integrating the elevation and aspect dependant factors
of temperature and moisture gradients in alpine rockwalls, with the aim
of improving our understanding of the weathering processes driven by
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these factors. Our objective in this laboratory study is to compare how
different rock moisture levels affect the efficacy of different weathering
processes seen in alpine environments. To achieve this, we have run
temperature cycles of differing duration, above and below freezing at
different moisture contents and performed diurnal wetting/drying cy-
cles. During the experimental runs we monitored acoustic emissions
(AE) generated by microcracking activity as a proxy for the weathering
effect on the rock samples. Our aims are summarised as follows:

- to assess the effectiveness of different weathering processes relative
to each other in low-porosity rock;

- to assess the role of saturation thresholds for the efficiency of crack
formation.

2. Materials and methods
2.1. Rock samples

The field sites of the ClimRock project are in the Northern European
Alps near the German-Austrian border. The “Dachstein” and “Dammkar”
sites are characterised by steep rockwall built of carbonatic rock of the
Wettersteinkalk and Dachsteinkalk formation. We used 10 cm® cubes
samples of Wetterstein limestone in our laboratory work. The small size
is to ensure, as well as possible, that they can be adjusted to an even
distribution of rock moisture. The samples were sawn at Hafnach quarry,
Flintsbach, Bavaria from the same block of Wetterstein limestone to
ensure similar stress history in all the samples. Once transported to
University of Bayreuth they were stored in the same storage room with
temperature 19 °C £ 0.6 °C and average humidity of 75 % =+ 6 %.

For each temperature cycle run the blocks moisture content was
controlled by weight. 0 % sample weight was calculated by oven drying
at 60 °C until weight change stops. This temperature was chosen to
remove the available free water while not causing too much thermal
stress. Full sample saturation was achieved by gradual submersion in de-
ionized water until no weight change was observed. The rock samples
have an effective porosity range of 0.43 % to 1.74 % (seen in Table 1.
below).

The different temperature cycles were performed at 0 %, 25 %, 50 %,
75 % and 100 % rock moisture saturation. It should be noted that for
example the “0O %” sample runs in all probability still contain some
interstitial pore water which could have been driven out using higher
temperatures at the risk of causing thermal cracking. The order of
moisture content and temperature cycle for each sample was done at
random to ensure minimised impact of progressive weathering effects on
experiment outcome.

2.2. Experiment procedure

In order to test the effect of rock moisture during different temper-
ature cycles and wet/dry cycles in a way relatable to the field, experi-
ments with similar temperature ranges and slopes to that seen in an
alpine environment were designed.

Short fluctuating temperature cycles (940 min length) between 5 °C

Table 1
Effective porosities of 10 cm® Wetterstein limestone samples used in temperature and wet/dry cycles.
Weathering cycle Warming/cooling Freeze/thaw Long freeze Wet/dry
(5t035°C@ 6°C/h) (5to —10°C @ 3°C/h) (10 to —10 °C with staged thawing) (Air 30 °C, 90 to 20Rh)
Sample name W/C1 W/C2 W/C3 F/T1 F/T2 F/T3 LF1 (0 %) LF2 (50 %) LF3 (100 %) W/D1 W/D2 W/D3
Effective porosity 0.43 0.80 0.67 1.10 0.56 1.74 0.54 1.39 0.64 1.1 0.73 0.68

(% vol.)
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Fig. 1. (a) one W/C temperature cycle, (b) one F/T temperature cycle and (c) one LF temperature cycle showing air temperature in the climate chamber (dashed
black line) and rock temperature (solid black line). 0 °C is shown by the red dashed line. (d) W/D cycle conditions with chamber air humidity (dashed black line) and

rock temperature (solid black line).

Table 2
Models and accuracies of instruments used in experiments.

Instrument Measurement Accuracy Position Depth Additional information
interval
Acoustic Emissions (AE) Constant 35-65 kHz frequency range, Top, centre of samples Surface  Physical Acoustics 60Khz, Micro SHM
sensor (10 K samples/s). =+ 1.5 dB directionality logger, cable (5 m).
Temperature gauge 1 min Resolution 0.01 °C, accuracy Front side, centre of samples and 5cm Greisinger GTF 401 1/10DIN temperature
0.03 °C. near for air °C. sensors
Climate chamber 1 min <40.3 °C, Samples inside. N/A Kambi¢
<=£3%Rh stability KK-340 CHLT

to 35 °C (at a maximum warming/cooling rate of 6 °C/h) where used to
simulate the weathering effect of samples in a temperature range
potentially experienced by alpine rocks in the summer season. These
Warming/Cooling cycles (referred to as W/C cycles from herein) shown
in Fig. 1a were repeated 9 times.

Freeze/Thaw temperature cycles (920 min length) fluctuating be-
tween 5 °C to —10 °C (maximum cooling/warming rate of 3 °C/h) where
used to check the weathering effect of samples in a temperature range
potentially experienced by alpine rocks in the winter season. These
Freeze/Thaw cycles (referred to as F/T cycles from herein) shown in
Fig. 1b were repeated 9 times.

A longer freezing cycle of c. 4 days was used to simulate a freezing
cycle seen during a longer period of cool temperatures in the Alps. The
initial cooling rate of shorter 3 °C/h was used with a gradual stepped
thawing process to decrease the thermal stress during thawing. This type
of cycle was also used by Mayer et al. (2023) which enables compara-
bility with their investigation. This longer freezing cycle (referred to as
LF cycles from herein) is shown in Fig. 1c. was performed only once with
samples at c.0 %, 50 % and 100 % rock moisture saturation.

For the W/C, F/T and LF temperature cycles’ samples were wrapped
in clingfilm to ensure constant moisture content and no wet/dry
weathering effects. Temperature and air humidity were controlled with
a Kambi¢ KK-340 CHLT climate chamber with samples placed on a shelf,
isolated by high density foam on which the samples were placed. For all
experiments a temperature gauge was used in the centre of the blocks to
asses rock temperature and a 4th gauge measuring the air temperature.
Each sample also had an Acoustic Emissions (AE) sensor (Table 2)
installed on the top centre of the samples to monitor AE hits caused by
cracking events.

A final Wet/Dry experiment was conducted using three rock cubes.
For this experiment the samples had no clingfilm with 4 sides of the
sample open to climatic changes (see Fig. 2). A constant air temperature
of 30 °C was maintained inside the climate chamber, to negate the ef-
fects of thermal stress seen in the temperature cycles and isolate the
weathering effect of the wetting/drying process. As shown in Fig. 1d the
cycles begin with a 6 h wetting phase where the samples sit in 15 cm?
tray with 300 ml de-ionized water and the air humidity is adjusted to 90
%. For the following 18 h drying phase the wetting trays are removed

Fig. 2. Photo of experiment setup (drying of wet/dry cycles).
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and the samples are raised to ensure 4 side ventilation and the air hu-
midity was brought down to 20 %. Evaporative cooling causes a slight
temperature fluctuation of 1.5 K (Fig. 1d).

2.3. Acoustic emissions

In order to monitor cracking one PK61 AE sensor (frequency 35-65
kHz) from Physical Acoustics was installed at the top of each sample
using acryl. A Physical Acoustics Micro SHM node was used to record the
AE data. Processing of the AE data was done using AEWin software, with
a threshold of 30 dB to ensure no electrical background noise from the
sensors. So that background noise from the climate chamber was sepa-
rated from actual microcracking events, a filter based on pencil lead
break tests (Sause, 2011) of the sample blocks was used.

Throughout the experiment data acquisition was continuous with AE
hits, Time of AE hit, Peak Amplitude (dB), Counts, Rise Time (ms),
Duration (ms), Average Frequency (kHz), Absolute energy (aJ or atto-
Joules), Peak Frequency (kHz) being among the AE signal parameters
collected (see Fig. 3a). From these features, parameter based, SIGMA
and waveform based analysis can be performed. For this study we chose
to use parameter based analysis because of the decreased need for
computing power compared to waveform analysis. Also, SIGMA analysis
(Ohno and Ohtsu, 2010) needs at least 6 sensors per sample, so it is not
possible with the current set up and the distances involved in our small
samples should make the effect of signal attenuation negligible.

In order to classify the mode of cracking the empirical relation of
Average Frequency (1) and RA value (2) (Ohno and Ohtsu, 2010) is
often used in concrete testing and increasingly used with rock samples.
They were calculated as below:

Average frequency (kHz) = AE counts/duration time (ms) (@D)]

RA value (ms/V) = rise time (ms)/maximum amplitude (V) )

As shown in Fig. 3.b based on Japanese construction code JCMS-
IIIB5706 (2003) these two parameters can be classified as Tensional
mode (higher AF, lower RA) and Mixed/Shear mode (lower AF, higher
RA). The convention used in JCMS-IIIB5706 (2003) suggests a sepa-
rating line of 0.1 kHz ms/V for the two cracking modes, however a
defined criterion for this separation line does not exist (Ohno and Ohtsu,
2010) and the mechanical properties of Wetterstein limestone are quite
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different to that of concrete.

Many studies are now looking at micro cracking mode in rock sam-
ples (Dong et al., 2022; Li et al., 2022; Wang et al., 2021; Zhao et al.,
2023; Du et al., 2020). The problem with all of these studies is that the
line of separation for the Tensile and Mixed/Shear cracking mode is
difficult to define and varies greatly between different materials. There
are a multitude of methods tried by authors to solve this problem
including Kernel Density Estimation (Li et al., 2022), k-means (Wang
etal., 2021) and mechanical testing (Du et al., 2020; Li et al., 2022). The
most reliable method appears to be using destructive mechanical tests:
Direct Tensile test, brazillian and shear tests to calibrate to the specific
lithology the optimal separation line (Deresse et al., 2023). Unfortu-
nately, such mechanical tests were not in the scope of this project. So, for
this study the data was first normalized (min-max) and the dividing line
for Tensile and Mixed/Shear Mode cracking was given as a 1:1 slope of
the normalized data (as in Dong et al., 2022). This will create some
error/misclassification of cracking mode, but will still provide a solid
impression of cracking mode changes.

3. Results
3.1. Warming/cooling cycles

The cycle is divided into a warming phase from 5 °C to 35 °C and a
cooling phase from 35 °C to 5 °C (Fig. 4). The greatest temperature
gradient between the air around the surfaces of the stone and the interior
of the stone is reached approximately in the middle of the two halves, i.
e. at approx. 245 min and 715 min. Fig. 4 shows the cumulated sum of all
9 cycles.

Total cumulative AE hits range from c.600 to ¢.1700, with no
apparent relation to moisture content. The cooling phase sees a higher
overall number of AE Hits, occurring more or less continuously over the
half-cycle, than for the warming phase. We attribute this to the higher
stresses generated by contraction (cooling) than by pressure (warming).
During the warming phase, AE hits are concentrated in the first c.90 min
of the cycle. This could be caused by an increased hydrostatic pressure
caused by simultaneous expanding of rock moisture volume and
contraction of pore space from the expansion of the rock mass on
warming. This could also explain that the more saturated samples have
greater hits at this point and even greater relative hit energy. This effect

Duration
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Fig. 3. a) schematic of waveform parameters of acoustic waves and b) RA-AF plot used to discriminate between tensional and shear fracture modes (modified from

Ohno and Ohtsu (2010).
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Warming/Cooling cycles: Temperature
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is however short lived compared to the AE events in the cooling phase
which occur more or less continuously over the half-cycle. The curves
for of 0 %, 25 % and 100 % saturation show a clearly pronounced
maximum near the middle of the cooling phase, coincident with the
period of the highest temperature gradient.

In Fig. 4 parameter analysis of the AE data shows a greater per-
centage of tensile mode cracking under less saturation (0 % & 25 %) and
consequent higher energy release. This could be due to the higher
ductility of the fracture surfaces in samples with greater free water
content and possibly in a small part to attenuation of AE signal when
samples have higher saturation.

3.2. Freezing/thawing cycles

The cycle consists of a cooling phase from 5 °C to —10 °C and a
thawing phase from —10 °C to 5 °C (Fig. 5). Again, highest temperature
gradients within the stones are found in the middle of the two half-
cycles. In the freezing phase, an exotherm can be seen at approx. 230
min when a significant amount of pore water freezes (temperature curve
taken from average of 100 % saturated experiment). Fig. 5 shows the
cumulated sum of all 9 cycles.

Total cumulative AE hits range from ¢.1700 to ¢.3800 (Fig. 5). Rather
than affecting the cumulative AE hit count, rock moisture is seen to
strongly effect where these cracking events occur in the cycle and the
cumulative energy of them. For the 0 % samples, the AE hit count fol-
lows the temperature gradient seen during the cycles, with a greater rate
of AE hits during increased thermal gradient in the rock in both the
Freezing and Thawing phase. However, with increasing rock moisture
saturation there is a trend for cracking events occurring later in the
freezing phase. This is probably due to greater volumetric water content
needing longer to freeze. It is also noted that the rate of AE Hits in the
higher saturation (100 %) is much greater through the late freezing and
early thawing stages. During the Thawing phase higher saturation (75 %
& 100 %) shows AE hits almost entirely stopping in the period after
¢.660 min, while with less saturation (25 % & 50 %) AE hits continue at
a reduced count after this point. We assume that refreezing events are
more frequent at lower saturation because there is still available pore
space for the water to move. At 100 % saturation, freezing causes
cracking events but there is no pore space left for refreezing events
during thawing.

Absolute Energy released is by far the highest at 0 % saturation (note
separate y axis in Fig. 5). Where this peak in energy occurs is evidence
that the sample is not completely “dry” because, as discussed in mate-
rials and methods section, although all the free water has been removed
in the drying process there will still be some interstitial pore water left in
the rock samples. The volumetric expansion of this is most likely to cause
higher energy tensile cracking. As with the warming/cooling cycles, we
assign the disparity in energy release to a more brittle deformation of the
dry stone and to a lower attenuation of the acoustic signal. Released
Energy curves for more saturated experiment runs also show this defined
increase in cracking energy, correlating with the isotherm in the tem-
perature curve at ¢.240 min seen in Fig. 5. Notably, for the higher rock
moisture saturation experiment runs this period of increased AE activity
starts later but has a longer duration than the lower saturation runs.

3.3. Long freezing cycle

The long freezing cycle has a longer duration of the minimum tem-
perature (—10 °C) and a slow, stepwise temperature increase in the
frozen and thawing phases (Fig. 6). Three Wettersteinkalk samples were
used with different rock moisture saturation (0 %, 50 % and 100 %).

Total cumulative AE hit count range from c. 650 to 3000 depending
on rock moisture content. The 0 % sample shows the lowest AE count in
the long freezing cycle (Fig. 6). Almost all of these AE hits are in the
Freezing phase, with the greatest intensity and energy from c.300 to 400
min probably due to thermal contraction. As in the above mentioned
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experiments, the released energy is much higher than in the more
saturated (50 % & 100 %) samples, which is probably again due to AE
signal attenuation by pore water.

During the freezing stage the 100 % saturation sample shows the
most AE hits, closely followed by the 50 % sample (2359 to 2002 AE hits
respectively). Notably the timing and longevity of increased AE hit count
is in line with delayed freezing of samples due to increased rock mois-
ture content. The 0 % samples AE hit rate increase greatly from ¢.300 to
400 min. For the remainder of the freezing cycle it decreases to a fairly
constant rate, in line with a steady state temperature of rock sample and
air. With increased rock moisture saturation, the 50 % sample shows and
increase in AE hit rate from ¢.400 to 500 min, while the 100 % sample
shows a longer period from ¢.500 to 950 min. Both the higher saturation
samples show evidence of probable refreezing with one or more periods
of decreased AE activity followed by a sharp increased. This can be seen
in the 50 % sample from c.440 to 460 min and in the 100 % sample in 2
stages at ¢.540 to 580 and ¢.710 to 760 min.

Almost no AE hits occur during the long frozen stage for 0 % and 100
%, however for 50 % some do during the increase in temperature from
—10 °C to —8 °C. We assume that in this stone there is still pore space
available for moisture movement to crack tips, while in the 100 % stone
the entire pore space is already occupied and there is no free water in the
0 % stone. Both 50 % and 100 % samples show an increase in AE activity
in the thawing phase, after the stones have returned to >0 °C. This may
be due to meltwater spreading through the cracks causing hydration of
fracture walls in newly formed porosity.

Unlike in the shorter freeze/thaw cycles discussed earlier, the
cracking is predominantly tensile mode in the freezing phase of the 50 %
and 100 % samples (Fig. 6); also the cracking mode in the frozen stage is
almost entirely tensile mode.

3.4. Wetting/drying cycles

The cycles consist of a wetting phase at 90 % air humidity with the
samples each sat in 300 ml of water, and a drying phase at 20 % air
humidity, not sat in water (cycle repeated 7 times). Air temperature was
kept constant, but slight cooling (1.5 K) occurred in the beginning of the
drying phase due to evaporation (Fig. 7).

Most AE hits occur in the wetting phase, with most of those being in
the initial 40 min of the cycle (Fig. 7) during which time the humidity
changes from 20 % to 90 % and capillary rise begins to wet the stone.
The cracking events are probably due to water penetrating into small
cracks and exerting electrostatic pressure. Cracking mode in this phase is
predominantly tensile (Fig. 7). After the first 60 min of the drying phase
there is a pronounced peak of AE events, when the humidity gradient
reverses and evaporation sets in. Further cracking events occur more or
less continuously during the drying phase; one event at ¢.1200 min
caused a slightly higher energy release, maybe due to contraction upon
drying. The cracking mode in this phase is partly tensile and partly
mixed with a lower tensile energy release than during wetting.

3.5. Comparison of effective porosity increase in different cycles

The W/C cycles have the greatest thermal stress induced by the cycle
with 6 °C/h temperature gradient, twice that of the F/T cycles (3 °C/h).
The gained Effective Porosity of the W/C & F/T is however very similar
(see Table 3). This would suggest that the increased weathering effect of
the moisture present in the F/T cycle causes nearly the same weathering
effect as the thermal stress from a 3 °C/h temperature increase above
freezing.

Comparison between the different rock moisture content effects on
effective porosity increase is not possible as only the start and end
effective porosities are known between the samples. In future work it
would be good to measure effective porosity change after each moisture
experiment. However, this should be done with separate samples for
each moisture content as repeated wetting and drying of samples would
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Absolute Energy shown for all 9 cycles at different rock moisture % saturation and (C) cycle phase split of cracking mode (Tensile and Mixed mode) and sum of
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Fig. 7. Results of Wetting/drying cycles shown in (A) W/D cycle (repeated 7 times during experiment) rock temperature and air humidity. Air temperature kept at 30
°C. (B) cumulative sum of AE hit count and Absolute Energy shown for all 7 cycles at different rock moisture % saturation and (C) cycle phase split of cracking mode
(Tensile and Mixed mode) and sum of energy at different rock moisture % saturation.

cause further weathering that would need to be quantified.

For the LF cycles the results show that the 0 % sample has half the
effective porosity gain of the more saturated 50 % and 100 % samples.
Interestingly the weathering effect of the 50 % and 100 % samples is
very similar. This is seen in both the weight difference and relative AE
hit count.

The W/D cycles sample weight difference corresponds to the differ-
ence in AE Hits and Energy seen in tests with W/D1 producing by far the
lowest count. Also, capillary uprise tests showed the W/D2 also was able
to gain the most water. In each 6 h wetting period 71.3 % of total
effective porosity was filled, compared to 63.3 % in W/D3 and 57.8 % in
W/D1. This suggests there is an exponential relationship between the %
of effective porosity that can be hydrated and chemically weathered by
rock moisture and it’s weathering effect. This may have to do with the
extra hydrostatic pressure forcing the rock moisture into areas in the
fracture network where wetting of less % porosity volume would not
migrate to.

3.6. Comparison of AE hit count and energy released over 4 days

In order to compare relative weathering effect on the rock samples of
the different weathering cycles a period of c.4 days duration was chosen.
This allowed for 6 complete W/D and F/T cycles, 4 W/D cycles and up to
5760 min of the LF cycle.

The results of this (Fig. 8) show that the LF cycle has by far the
greatest weathering effect of the weathering cycles in more saturated
samples, with the AE hit count being >3x that of equivalent saturation
during the other weathering cycles. This would suggest that the shorter
duration of the F/T cycles, compared to the LF cycles, meant there was
insufficient freezing time for enough of the available rock moisture in
the samples to change phase to ice. Thus, the increased weathering effect
possible from the volumetric expansion of greater water volume did not
occur. Further to this point, the drier 0 % samples for the LF and F/T
cycles can be seen to have comparable AE hit count and Absolute Energy
release.

Comparing the effects of F/T and W/C cycles the F/T has >2x AE hit
count for equivalent rock moisture content. Aside from 0 % F/T, the
energy dissipated is however comparable. This AE hit energy disparity is

probably due to the increase in AE hits being largely mixed mode
cracking (see Figs. 4 and 5) in F/T, while the greater thermal stress seen
in the W/C cycle appears to make the rock sample more prone to higher
energy tensile mode cracking.

While samples in all the other weathering cycles were sealed from
the atmosphere with clingfilm to prevent the effects of wetting/drying,
the AE count and energy released show that the effect of the W/D cycles
on rock strength should not be discounted. In fact, it would add
measurable amounts of extra weathering to all the other weathering
cycles tested.

4. Discussion
4.1. Limitations of study

There are some important factors affecting rock weathering which
this study does not take into account. The physical breakup of rocks is
often accelerated by chemical weathering, particularly in limestones
with high moisture content. This is potentially increased with increased
subcritical cracking due to the greater surface area of available rock.
Levenson and Emmanuel (2013) suggested polished rock surfaces may
in fact accelerate rock surface dissolution in locations where the pol-
ished surface intersects a pore. This could affect our results application
to field settings as all the samples used had smooth sawn surfaces, which
are not at all comparable to the rough natural rock surfaces seen in the
field.

Where the samples were collected could also have an effect on the
results. A quarried rock face will have a different stress history to that of
a natural rock slope, particularly due to extraction techniques
(Voigtlander, 2020). Therefore, there is the possibility that this could
affect the results, however samples collected at rockwalls directly will
have biases of their own. The advantage of taking the samples from a
quarry environment is that we were able to take samples from the same
area and block, so ensuring as similar a stress history as possible and
removing experimental biases from the effect of this variable.

Though the effects of thermal cycling and freezing due to air tem-
perature changes are covered in this study, the effect of thermal stress
due to solar insolation which would create an even greater thermal
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Fig. 8. Weathering effect of different weathering cycles and rock moisture % compared over c.4 day period (F/T: 5520 min, W/C: 5640 min. (6 cycles), WD (4 cycles)
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gradient is not. In a field study using AE sensors Eppes et al. (2016)
found solar insolation causes sufficient thermal stresses to initiate
subcritical cracking. Another assumption is that the distribution of
moisture through the sample blocks is assumed to be even throughout
the experiment. There is however a possibility of moisture movement at
all saturations during the experimental climatic cycles and to water
being expelled from the porosity during temperature cycles.

Furthermore, there is a non-linearity of rock degradation during
freeze/thaw cycles (Martinez-Martinez et al., 2013). Over time micro
cracks coalesce to form macrocracks and eventually leading to major
failure of the rock sample. Martinez-Martinez et al. (2013) found that for
lower porosity limestones (<10 %), like the samples in our study,
development of microcracks was noticed, but complete failure of the
rock did not occur within 96 freeze/thaw cycles. Therefore, it would be
of interesting in future experiments with Wetterstein Limestone to in-
crease the number of cycles to see when macro-crack formation begins
and so major weakening of an alpine rockwall. Finally, only a limited
number of rock samples were used for each test run. Therefore, we
cannot discount that the randomness of individual rock samples has
impacted the experimental results.

4.2. Rock mechanics and AE signal attenuation with rock moisture

Throughout the experiments it has been observed that the amount of
rock moisture and available porosity affects when and how much
cracking activity occurs. While the amount of cracking events in W/C
cycles is not altered by rock moisture content, there is a significant effect
on the timing in F/T cycles. With increased rock moisture there is an
increase in AE hit “quiet periods” and greater energy release per
cracking event in drier rocks. The reasons for this are thought to be due
to AE signal attenuation caused by rock mechanic changes.

The phenomenon of AE signal energy dissipation with increased rock
moisture has been observed in many studies (Ranjith et al., 2008; Lin
et al., 2019; Guo et al., 2018; Dong et al., 2022) and signal frequency is
also seen to be reduced (Liu et al., 2019 & Zhu et al., 2020). H. Li et al.
(2021) went further to suggest that this phenomenon in saturated
sandstones can be attributed to more intergranular fractures occurring
with higher rock moisture, leading to peak AE hit energy being half that
of drier samples. This weakening effect of rock moisture on rock fracture
properties, causes a reduction in the instantaneous elastic energy release
during the large-scale rupture of rocks (Zhou et al., 2018). In addition to
this, Zhu et al. (2020) suggest a friction reduction owing to lubrication of
joints also creates a reduction in fracture energy. These changes in rock
mechanics could explain the lower rate of AEs from cracking in
increasingly saturated samples and the increased likelihood of high
energy events in the more brittle behavior of drier rocks.

Further to this Kodama et al. (2013) found water saturated blocks
had an inverse strength relationship to temperature, becoming stronger
as they freeze. They suggested that part of this strength change is due to
a reduction in stress concentration within the interstitial spaces and
cracks in rocks. When these saturated blocks then thaw the strength can
decrease by as much as 50 %, causing destabilisation at degrading
permafrost boundaries (Krautblatter et al., 2013). In the case of Wet-
tersteinkalk specifically, Eppinger et al. (2018) found that the Young’s
Modulus decreased by 20 % from frozen to unfrozen saturated samples
and even more at 27 % frozen to thawed dry samples. This change of

Table 3
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mechanical properties with rock moisture is particularly visible in our
Freeze/Thaw cycles, with decreasing AE cracking events at the begin-
ning of freezing and end of thawing correlating with increased rock
moisture.

4.3. Time needed for rock moisture to change state

We found that duration of temperature cycles is an important factor
in rock weathering, particularly affecting freezing cycles. During the
shorter F/T and W/C cycles, there is little effect on the overall number of
cracking events with changes in rock moisture. The only exception to
this is at the first ¢.90 min of the warming cycle where the number of
cracking events and especially dissipated energy is far greater than the
c.0 % drier samples. We propose that this is due to thermal expansion
causing crack closure and creating a hydrostatic pressure in the crack
tips of more saturated samples.

During the cooling period of the W/C cycles, there is a much greater
energy released per AE hit than in the F/T cycles (apart from the
exception of the 0 % F/T cycle). We proposed that this is because of the
increase in thermal stress due to double the rate of climatic thermal
gradient. The F/T cycles do produce a much greater AE hit count, though
the overall count does not appear to be affected by rock moisture.
However, with the increased freezing time of the LF cycle the change
with the presence of rock moisture becomes apparent, with over double
the increase in effective porosity and over 4x the AE count. Changes in
effective porosity meanwhile, show at least double the increase in
effective porosity between dry and more saturated samples (Table 3).
We propose that the difference in these two weathering markers (AE hit
count and effective porosity increase) is due to that fact that not all
weakening of the rock through cracking will cause an increase in
permeability. For example, any vuggy porosity or interstitial water that
is not connected to the permeable porosity, will not cause an increase in
effective porosity even if there is considerable subcritical cracking (and
so weakening of the rock mass) in this area. Furthermore, while shear
deformation can cause permeability increase through shear dilation, it
can also cause decreases in permeability due to shear compaction and
clogging of fracture from gouge formation (Li et al., 2023). For this
reason, the authors argue AE hit count is a more complete determiner
than change in effective porosity.

Finally, a further effect of the increased freezing time and ice for-
mation in the LF cycles is seen during the thawing stage of the cycles.
Here it is the more saturated samples that show more cracking activity
due to unloading effect of melting ice and occasional re-freezing events.
The 0 % sample shows nearly no AE hits during the thawing period,
which is at odds with the findings of the shorter F/T cycles. This is
probably due to the much more gradual, stepped warming of the LF
cycle putting less thermal stress on the samples.

4.4. Cracking mode as seen in other studies

Changing cracking mode in weathering cycles can be used to deter-
mine the likely mechanism of sub-critical crack propagation. In the long-
term freeze/thaw experiments of Maji and Murton (2021) they suggest
that at lower temperatures (—15 °C) Tensile mode cracking is dominant
suggesting volumetric expansion as the cause. Meanwhile, at higher
temperatures (though still sub-freezing at —10 °C to —5 °C) were

Shows the effective porosity gained after all cycles completed. Calculated by oven dry (60 °C) and saturated (submersion) weight difference before and after cycles.

Cycles Warming/cooling (W/C) Freeze/thaw (F/T) Long freeze (LF) Wet/dry (W/D)

(x9 cycles, 920 min/cycle) (x9 cycles, 940 min/cycle) (x1 cycle, 6224 min) (x7 cycles, 1440 min/

0 %, 25 %, 50 %, 75 %, 100 % 0 %, 25 %, 50 %, 75 %, 100 % cycle)

moisture sat. moisture sat.
Sample w/C1 W/C2  W/C3 F/T1 F/T2 F/T3 (LF1) 0%  (LF2)50%  (LF3)100% W/D1 W/D2 W/D3
Effective Porosity (% vol.) increase ~ 0.175 0.305  0.275 0.325 0.205  0.305 0.105 0.21 0.225 0.05 0.125 0.115

11



A. Mitchell and O. Sass

associated with more shearing cracking.

In the freezing phase of our LF experiments the 0 % sample shows a
fairly even split of Tensile and Mixed mode cracking, while the more
saturated samples show an almost purely Tensile mode cracking (in line
with Maji and Murton’s (2021) observations). We propose an initial
period of crack propagation caused by hydrostatic pressure build in the
crack tips in line with ice formation (Sass, 2004). Then, when ice volume
reaches a critical mass later in the process of ice segregation, volumetric
expansion takes over as the dominant process. That is not to say that the
processes happen in isolation, rather they interplay.

We propose that the thermal stress caused by the temperature change
from —10 °C to —8 °C cause an increase of confining pressure enough to
melt some of the ice, which is then transported by cryosuction and re-
frozen (Gerber et al., 2022), causing a period of increased cracking ac-
tivity. There is only a small peak in the 100 % sample and a much larger
peak in the 50 % sample. We propose this is due to the fact of the 50 %
sample being weaker due to less pressure being supported by ice, but still
with available supercooled water that can cause increased pressure
through volumetric expansion at fracture tips.

During Thawing phase there is a switch to Mixed mode dominated
cracking as seen in Maji and Murton (2021). We agree with their sug-
gestion that this could be due to a partial melting of ice providing an
increased volume to the thin film of pellicular water (Xu et al., 2022),
creating a reduction in friction and destabilising the rock/ice boundary
(Krautblatter et al., 2013). This could also help explain the dominance of
Mixed mode cracking in the shorter Freeze/Thaw cycles as there is still a
majority of water and not ice, so the rock mechanics are inclined to
Mixed/shear mode cracking. Furthermore, Shear stresses can cause the
removal of segments of fracture surface progressively smoothing the
surface (Meng et al., 2016), lowering the fracture toughness and causing
debris which could increase weathering through “grain wedging”
(Musso Piantelli et al., 2020) during freeze/thaw cycles.

4.5. The importance of wetting and drying

The other experiments sought to exclude the effects of wetting and
drying by being in a closed system. In real world (alpine) settings, this is
rarely the case with moisture movement coming from deeper in the rock
where the rock is generally moist (c.80 % at 20 cm depth; Sass, 2005)
and wetting and drying processes occurring near the rockwall surface.

Wetting/Drying cycles were shown in our experiments to have a
measurable effect, comparable in effect to AE hit count seen in the W/C
cycles of the same duration (see Fig. 8). In earlier studies Hudec and
Sitar (1975); Nepper-Christensen (1965, p. 555) found the average
expansion upon wetting was comparable to thermal expansion seen in
the field. The results from our experiment show wetting to have the
greater weathering effect of the 2 phases, with most cracking occurring
within the first 60 min (see Fig. 7). Yatsu (1988) suggested cracking
events occurred during the expansional wetting phase only. Our
experimental results suggest this is not the case, with AE hits also
occurring during the drying phase with a greater mixed/shear cracking
mode proportion. With increasing wetting/drying cycles this subcritical
cracking leads to a degradation of mechanical properties in rocks,
dependent on lithology (Zhang et al., 2021).

Effective Porosity changes (one measure of cracking activity) after
W/D cycles were significantly lower compared to the other weathering
cycles with an apparent relation to starting effective porosity (see
Table 1 & 3). In experiments by Meng et al. (2019) they put agrillaceous
limestone samples through 72 h cycles of wetting and drying at room
temperature. They found a significant increase in effective porosity after
6 cycles. As our experiment only had 7 diurnal cycles, we would suggest
future work with Wettersteinkalk should consider longer cycle durations
to see if a similar effect occurs. Part of this effective porosity increase
may also be due to dissolution, the effects of which increase in warmer
climates (Hall, 2013; Eppes et al., 2020) and so most likely effecting our
W/D cycles conducted at 30 °C.
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Then comes the question of how much of an extra effect wetting and
drying would have on the weathering processes studied under open
rather than sealed conditions. As a process it is thought to play a syn-
ergistic role with other weathering processes (Hall, 2013). For the W/C
cycles there would probably be a component of wetting/drying in all
stages of the of the cycle, meanwhile the F/T and LF cycles would likely
see wetting and drying in the Thawing phase and those above freezing.
Pissart and Lautridou (1984) and Moss et al. (1981) both see W/D as
synergistic with F/T weathering with the combination even leading to
an increase in rock breakdown, though frost weathering was found to
have 3-4 times greater weathering effect than pure hydration (Moss
et al., 1981). This ratio of W/D to F/T weathering effect is also seen in
our experiments (see Fig. 8).

From field studies in Alaska and Antarctica by Hall (1991, 1993) it
was argued that even in the subsurface wetting and drying is taking
place, due to rock moisture movement. This would result in potential
synergetic effects of wetting and drying on other processes going un-
detected. Moisture movement itself can cause limestone weathering
rates to increase in higher saturations dominated by capillary transport,
due to micron-scale grain detachment (Emmanuel and Levenson, 2014).
At lower saturations transport modes of pore water differ, becoming
increasingly hygroscopic and below 20 % humidity vapour diffusion is
the main mode of moisture transport in pores (Stiick et al., 2013; Kiell,
1983). It is suggested by Eppes et al. (2020) that an increase in water
vapour pressure itself can cause the propagation of subcritical cracking
at crack tips. We propose that this explains the greater number of AE
events seen in the LF cycles of 50 % saturation, due to components of
moisture transport including vapour diffusion, capillary condensation
and causing the filling of bottlenecks (such as crack tips) with water.
This means the rock moisture can still be at the most areas to propagate
subcritical cracking at a similar level to fully saturated rocks.

4.6. Implications for rock weathering in alpine environments

A recurring theme is that not necessarily the more water the better.
Just having rock moisture present can make a difference. Not much rock
moisture is needed to make a difference. This has implications for the
efficacy of weathering processes in alpine environments.

Our experiments showed that with sufficient time frost weathering
potentially causes as much rock deterioration at 50 % effective satura-
tion as at 100 % saturation. This means that less rock moisture may be
needed for frost weathering action than previously thought. Even in
shorter freezing cycles, where there is insufficient time for ice devel-
opment in more saturated rockwalls, the presence and amount of rock
moisture available affects the mechanical properties of the rock and
where in temperature cycles the propagation of subcritical cracking
occurs. Rode et al. (2016) and Sass (2005) showed that while moisture
varies greatly throughout the year in the outer 5 cm of alpine limestone
rockwalls the fluctuation is between c.60 % to 80 % pore water satu-
ration, meaning the longer duration freeze/thaw cycles in these areas
are prone to higher levels of frost weathering. Our research suggests that
even at 50 % saturation, and probably even lower, there is a marked
increase in relative weathering effect for such cycles.

The wetting and drying process has been shown to be an important
contributor to rockmass deterioration and its effects should be included
in any rockwall weathering model. It has particular implications to
southern facing rockwalls which have large temperature and rock
moisture fluctuations, creating the possibility for numerous cycles of
wetting and drying and thereby weakening the near surface through
physical cracking and chemical alteration. Additionally, the physical
position in a larger rockwall has a bearing on rock weathering. Eppes
and Keanini (2017) suggested that in near surface environments, the
resulting increase in confining pressure caused by overlying rock mass
may actually inhibit rather than increase subcritical cracking. Rockwall
overburden of around 20 m is thought to be a “shut off” pressure for ice
segregation (Krautblatter et al., 2013).
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Finally, all samples were only of one lithology type and low porosity.
This is commonly not the case in alpine rockwalls, with large hetero-
geneity in mechanical/chemical properties and porosity seen, even in
the same lithology. This means many areas of the rockwall will behave
differently to the weathering cycles presented in this study.

4.7. Effect of climate change on weathering regimes

The projected climatic changes in the alpine region to 2100 could be
in the range of up to 0.5 °C per decade (Gobiet et al., 2014). The
elevation of our ClimRock project areas in the field are in the range of
1300 to 2700 m. According to Gobiet et al. (2014) there would be on
average c.4 °C increase in all seasons and altitudes, with up to 5 °C in-
crease in the summer at higher altitudes. This is a significant change that
will also impact precipitation and snow levels in an uneven distribution
over different seasons and altitudes. During Winter precipitation is
projected to increase 10 to 15 % (Gobiet et al., 2014) while less pre-
cipitation is expected in Summer. The intensity of precipitation events is
expected to increase with Rajczak et al. (2013) suggesting the northern
Alps could see as much as a 30 % increase in precipitation in future
Autumns. Less precipitation, particularly at lower altitudes during
summer, would probably see thermal stresses become the dominant
preparatory weathering process. Based on laboratory results, this should
not affect the overall weathering in this period due to this process
apparently not being affected by rock moisture content. However,
increasing precipitation intensity would increase the dominance of
wetting and W/D cycles.

The work of Bajni et al. (2021) on the Aosta Valley showed a sea-
sonality in both preparatory and triggering weathering indices for
rockfall (F/T, W/D, Precipitation and thermal stress). Freeze-thaw cy-
cles were shown to have by far the most connection to rockfall events in
spring at 70 % as a lone index, while the water input from rainfall and
snowmelt accounted for 49 % of rockfall events in autumn and wet-dry
periods showed considerable influence in the summer (23 %). The
projected change in climatic conditions will have an effect on weath-
ering regimes efficacy and their temporal and spatial occurrence.
Despite this increase of precipitation in Autumn and Winter, it is pro-
jected that this will not be enough to cover the shortfall of snow melt
water (Gobiet et al., 2014) that normally sees Spring and accompanying
F/T cycles as by far the biggest triggering factor (Bajni et al., 2021).
Based on our experiments this could see the efficacy of these F/T cycles
decrease if rock moisture drops sufficiently and is not restocked by ab-
sent snow melt water. If there is also an increase in shorter duration F/T
cycles this could also see a reduction in weathering efficacy as our
experiment showed sufficient time is needed for maximum effect.

5. Conclusions

In our laboratory study, we investigated different climatic stress-
loading processes similar to those experienced in an alpine environ-
ment on samples of Wetterstein limestone, for the first time with a
special emphasis on the role of moisture saturation. From this we were
able to conclude the following:

e Rock moisture undoubtedly plays a role in limiting rock weathering
processes. Through changes in rock mechanics it plays a role in when
cracking events occur in these stress-loading processes.

Regarding amounts of AE hits, long freezing (LF) is most potent
followed by freeze-thaw (F/T) and warm-cold (W/C) on equal
footing and wetting-drying (W/D) as last.

The effect of frost weathering creates a similar weathering effect to
that seen in temperature cycles above freezing, but at twice the
thermal gradient. This would indicate that in thermal cycling of
equivalent duration, subcritical crack propagation from frost
weathering is similar in magnitude to a 3 K thermal gradient increase
in Wetterstein limestone.
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e Length of freezing cycles plays a role in efficacy. In longer freezing
cycles increased moisture saturation causes at least 2x greater in-
crease in effective porosity than dry samples and 4 x as many AE hits.

e W/D has a measurable weathering effect, even if smaller than W/C

and F/T. The synergistic contribution of wetting and drying to other

weathering processes should not be discounted in studies, though it’s
overall contribution to rock degradation could be difficult to calcu-
late as a result.

At saturation < 25 % samples show a propensity for comparably

higher energy cracking events due to rock mechanics promoting

brittle deformation and AE signal energy dissipation, but not
necessarily greater crack propagation.

Moisture effect on W/C is limited. With LF, more tensile cracking

occurs in more saturated samples but more re-freezing events occur

at lower saturation. Also for W/D cycles most weathering occurs in
the beginning of cycle phases. Therefore, the presence and mobility
of pore water seem to be more important than the quantity.

Nonetheless, the rock weathering paradigm of “the wetter the better”

must be questioned, as well as the predominant role of frost weath-

ering in alpine regions.
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