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Abstract. Frost weathering is a key mechanism of rock failure in periglacial environments and landscape evolution. At high
alpine rockwalls, freezing regimes are a combination of diurnal and sustained season#hé@ergimes and both influence

frost cracking pocesses. Recent studies have tested the effectiveness ofth@ezeycles by measuring weathering proxies

for frost damage in lovetrength and graisupported pore space rocks, but detecting frost damage-pdmsgity and crack
dominated alpine rocks is challenging due to small changes in these proxies that are close to the detection limit. [gpnsequent
the assessment of frost weathering efficacy in alpine rocks may be flawed. In order to fully determine the effectivathess of b
freezing regimes, freezbaw cycles and sustained freezing were simulated op@asity highstrength Dachstein limestone

vltlallarying saturationFrost

inducal rock damage was uniquely quantified by combininga})X computed micrdomography (LCT), acoustic emission

(AE) monitoring and frost cracking modelling. To differentiate between potential mechanisms of rock damage, ahermal

ice-induced stresses were simulated and compared with AE acti@fircombined-with-AE-datarevealed-frost-damage on

alVVMaValda y alla¥aWida Vi¥iida arowtn aVala W/, "7s a¥al

undera-changing-climateOur results underscore the significant impact of initial crack density on frost damage, with uCT

scans revealing damage primarily through crack expansion. Discrepancies between AE signals and visible damage indicat

the complexity of damge mechanisms. The study highlights frost cracking as the main driver of rock damage during freezing

periods. Notably, damage is more severe during repeated -ffemrecycles compared to extended periods of freezing, a

finding that diverges from field studies. This discrepancy could stem from limited water mobility due to low porosity or the

short duratin of our experimental setup.
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1 Introduction

Frostweathering isa key mechanism forock breakdowrnn periglacial environment@Matsuoka and Murton, 2008ndis
thereforeconsidered to bthemain driverfor alpine landscape evolutigggholm et al., 2015; Hales and Roering, 2008e
breakdown of rock due to freezing is called frost cracking carprepareand trigger rockfal(Matsuoka, 2019)Cracking

can occur when stresses exceed thresholds (critical cracking) or by repetition rmagmitude stresses that progressively
weakentherock (subcritical cracking; Eppes and Keanini, 2QFpst cracking was associated with two different processes
volumetric expansion and ice segregafipratsuoka and Murton, 2008)

When water freezes to islumetricexpansiorof 9% occursvhen-waterfreezes-to-iamdcantheoretically build up stresses

of up to 207 MPa(Matsuoka and Murton, 2008yvhich would exceedhe tensile stress afhostexisting rock(Perras and
Diederichs, 2014)Conditions that favour volumetric expansion are a high degreatsr saturation of 91 %Walder and
Hallet, 1986)arapid freezing associated with diurnal fre¢zaw cyclegMatsuoka, 2001Matsuoka and Murton, 200&nd

a freezing from all sideéMatsuoka and Murton, 2008{owever,reckconditions facilitating volumetric expansion real

UndeDuring freezingeenditions—aprocesss ice erystal-foras-incrystals develop withikeracks and pore®ue-torepulsive

foreesof rock. A repulsion mechanism ensures taghinwater film (<9 nm)film-ef-waterremainpersistsetween the ice
crystal and thevalls of thepore or crackwval (Gilpin, 1979; Webber et al., 2007; Sibley et al., 2021pwing-water-flow
driven-by-athermodynamic-potential-gradientfrom-eftmlitating the movement afnfrozenreck-or-unfrozemvaterpresent
within the frozen rockmatrix towards the ice crystalriven by a thermodynamic potential gradi¢Derjaguin and Churaev,
1986; Kjelstrup et al., 2021; Everett, 1961; Gerber et al., 2022 process-iscall€ilie toice segregatiopnd-he-pressure
generated-bthe-growth-oficeinexpands withirpores and crackscallederystallisatiorand generatesystallizationpressure
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which-ice-segregation-is-most-efficigathat can damage rockee segregation is most efficianta temperature rangealled

the @rost cracking vindowo (Anderson, 1998andvhich depends on rock strengfialder and Hallet, 1985; Mayer et al.,

2023) Common temperature ranges vary freéno -3 °C for lowstrength Berea sandstofi¢allet et al., 1991 )but candrop
to -15 to-5°C for highstrength rock¢Walder and Hallet, 1985; Mayer et al., 202B}ereforece segregationan occur in
low-saturated rockMayer et al., 2023)ndis theoreticallyiaveurednore conducive in environments characteriapibwslow
freezing rates ansustainedreezingontinuous lowtemperaturesceurring-durintypical of seasonal freezin@atsuoka and

Murton, 2008; Walder and Hallet, 1986)

Frost cracking serves as an indicator for assessing frost damage or the increase in porosity in rocks and rockwalls, yet it

gradual and subcritical nature makes direct measursnohiallenging. Consequently laboratory studieshave adopted

indicatorssuch as AE signalallet et al., 1991; Mayer et al., 2023; Maji and Murton, 2021; Duca et al., 20d4) heave
or crack expansio(Murton et al., 2006; Draebing and Krautblatter, 20 E®rationsn mechanical propertidike p-wave

velocity, Y o u n g s 6 , Miexiblstrengthor porosity(Whalley et al., 2004; Matsuoka, 1990; Jia et al., 2015; Eslami et al.,

2018; Prick, 1997)andfrost cracking simulation@Mayer et al., 2023; Murton et al., 2006)estimatets impact At the scale

of rockwalls, proxies such &€ signalg(Girard et al., 2013; Amitrano et al., 2012xcture densityHales and Roering, 2009;
Draebing and Mayer, 2021; Messenzehl et al., 2018}ture openingDraebing, 2021; Draebing et al., 2017b; Draebing et

al., 2017a)rockwall erosiomates(Draebing et al., 2022; Matsuoka, 20083 well as frost cracking simulatiofesg. Draebing

et al., 2022; Sanders et al., 20023 pine

e as a prox

W cover
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increasesn-porosity-Howeverinlow-porosityrockshave been utilized to infer frost cracking activitjowever, all these

techniques providgroxies for frost cracking and &sw-porosity alpine rocksrecharacterized by microracks changes in

frost cracking proxies are very small and ofteithin the uncertainty of the techniques used, and therefore do not provide

reliable resultsin contrastX-ray computed micrdomography (UCTEnables thguantificationof material damagéCnudde
and Boone, 2013; Withers et al., 2021 was previously applied tack frost cracking damage in higiorosity rock{De

Kock et al., 2015; Deprez et al., 2020a; Maji and Murton, 2020; Dewanckele et al.,02043)ss postexperimental frost
damagealong artificial crackin low- porosity rockWang et al., 2020a; 2020bXposed to frequent freetigaw cycles

To our knowledge, no study has directly quantifieck-damage-andencethe effectiveness dfeezethaw-cyeles-in-inducing
frost-eracking-Furthermore;laberatodjfferent freezethaw tests-have-neveyclesor demonstrated whethérost cracking
createmew cracks or propagates existing cracks in {sigbngth intact-tow-peresityreck-low poresity rocks. In this study,

we_exposedow-porosity, high-strength Dachstein limestone frequent diurnal and seasorslstain€d freezethaw cycles
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during laboratory freezing experimenté/e monitor acoustic emissiopventsduring the experimen&nd modekd thermal

and iceinduced stressemd aplieduCT to pre and posistressed rocki® quantifyand trackcrack propagatioand toassess

frost cracking efficacyf different freezethaw cycles

2 Material and Methods

2.1 Rock samples and mechanical properties

0aghDachstein
limestonein the Dachstein mountain range, Austri2achstein limeston€upper Triassic) is a massive roekth minor

We collectedhree largerockbouldes

occurrence of fractureshich is widespread in the Northe@alcareous Alp¢Pfiffner, 2010). From boulder onewe drilled

three cylindrical samples witlsize-ofL0 cm (in length)x 5 cm(in diameterand measured rock densjtyandopenporosity

n. by immersion weighing DIN-EN 52102:2008)2; DIN-EN 10976:20225)(DHN-52102and-DIN-EN-1098).. The
determined rock densityas2690 kg m?® and rock porosity 0.1% (Table Mo quantifyshear modulu§, Poi ssgand6 r a
Youngods Bndlatatidnal wave velocity/B)}-measurements were performed using a Geotron ultrasonic generator
USG40 and a Geotron preamplifier VV51 with 20 kHz sensteasor to sampleoapling was improved by applying O\MPa

pressure. Detection and analyses of the signals were proceeded with a PICO oscilloscope and the software Geotron Lighthou
DW. Determined values of sheanoduluswere 24.02+0.05 GPg Poi ssondOr80Bo a6d32bungb
63.74+0.04GPa(Table 1). We drilled two cylindrical samples with a size of 5 x 2.5romm_boulder on¢o measure tensile
strengthlk following Lepique (2008) The determined tensile strengthas 7.9+0.7MPa. Fracture toughnessdwas tested in

the MagnelVandepittel aboratoryat Ghent Universityising a thregoint bendingFPB}test setumn boulder twdCarloni

et al., 2019; Bazant and Planas, 1998)r Dachsteidimesbne the fracture toughnesss 1.32+0.1MPamY2 AllFor the

freezing experimentsere-conducted-owe drilled six 945-x-25-5xnm-argecylindrical sample®91.5 mm long and 25.5 mm

in diameterfrom boulder thre€Fig. 3a)-drilled-1b) to keep micrefractures as homogenous as possilife. assume that

mechanical properties from the three rock boulders are identical as they were citeatdoe sameock-boulderockwall.
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Figure 1: The de5|qn of the experlment was influenced by the methodolomesl-dnllet et aI (1991)and Mayer et al. (20233-a)-91-5
A —b, focusing on distinquishing ice
160 seqreqatlon asa dlstlnct Weatherlnq process from other weatherlnq mechamsra)sSchematlc representation of freezing laboratory
setup. Weestablishedreatedalinear temperature gradient by cooling three rock sampleseachwith different-degreesarying levels
of saturation-with, usinga cooling platepositionedat the bottom, while exposingthe top ofthesdhe samplesaasexpesecto ambient
room temperature conditions.b) 91.5 x 25.5 mm large cylindrical Dachstein limestone samples used for freghaw experiments.c)
temperature cycles were implemented for FI1 and FT-2, along with the corresponding measurements of rock and cooling plate
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temperatures. In FT-1, between scan 0 and 1, there was inadequate coupling of the temperature sensor, resulting in excessively high
temperature readings.d) temperature isoplots of derived temperature distribution within the sample.

2.2 Freezing &periments setup

clingfilm-during-the-experimenthe-samples-were-placHdee rock samplesvere placeat the same timmto an insulating
holder ona cooling pate which was driven by Peltier elements (TE technology12PHT), a power supply unit (P34-13),

and a temperature control system (3&20 OEM, Fig. 3b1a). While the bottom part was exposed to freezing conditions from

the cooling plate, the top part wheft open to noffreezingambient laboratorgonditions{(~20 °C) With this setup we
simulatedan—open closedsystem that provides a linear temperature gradient and a water body inside the rock samples
reflecting A H ! i

simplified natural rockwall conditiondDuring the freezing experiments, rock temperature was moniesey minuteat the

side close to the top, middle amtbse to thebottom of one rock sample with thr&E060 high temperaturaype K

thermocouples accuracy 0.5 °CPico Technology, Figlb) to avoid damaging the samples by drillinBhe surface

temperature othe sampldas a slight offset compared to the internal temperature at the centre, with lower temperatures in the

core of the sample. Howevave assum¢his offsetasminor due to the high thermal conductivity of limestone (2.4-\X\Nr

1 (Cermék and Rybach, 1982).. An additionalthermocouplevas placed onto the cooling plate to record cooling plate

temperaturesTo test the efficiency of freeze thaw cycles, we exposed thaesamples at the same time to two different

freezethawcycles.

As saturation influences frost weathering, we used rock samples with an initial saturation of approximately 30, 78and 100

categorized al®w, partially, and highlysaturated, respectivelfhe samples ere saturatedy immersing the lower part into

a distilled water bath. To prevent air inclusions, we raised slowly the water table until samples were completely immersed,

and a constant mass was prevailing (we refer thigtdy saturated). Subsequently, samples were dried under atmospheric

conditions weighed untillow (30 % or partialy saturation 70 % was reachedTo minimize moisture loss through
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evaporation, the samples were wrapped in clingfis porosity of the samples is 0.1 %, the level of saturation is inaccurate

and provide only a rough estimation. Furthermore, the saturation can change during the experiments due to moisture loss ¢

distribution of rock moisture can alter within the razkmples. We chose the length of the rock samples oh@h.tv enable

moisture migration towards the sample parts close to the cooling plate where freezing occurred. Due to the low number of

sampleswe cannot guantify saturation effects on frost weathering, however, our set up enables us to intoepar&tbility

of saturation levels occurring in natural rockwalls and to test the consisibfiogt damage patterns.

To monitor acoustic emission (AEhich areused as a proxy for crackirfgppes et al., 2016; Hallet et al., 1994 Physical
Acoustics AE sensor PK6I with a frequency between 35 and 65 kHz was mounted with acrylic sealant on top of each rock
sample (Fig. 1a) The detected AE signals were recorded with a Physical Acoustics micro SHMRemeded data were
subsequently processed and filtered using Physical AcoudBet/software We-usefDue to low background noises of our

setup, we sedn initial signal threshold of 30 d, which is similar taMayer et al. (20233ndwho established a threshold of

35 dBxe, due to the presence of stronger background ndigesperformedead break testas sample crackEppes et al.,

2016}Ye-evaluatebefore and after each scamcontrol sensor coupling argl/aluaing system performance amndavelength
form-and-test-the-setufropreventfalse Poor coupling of a\E sensor could lead to diminished AE amplitudes, meaning

signalsof low amplitude might not be detectby thesystem. To avoid erroneous AE signals stemming fronsetgpitself

we-testedthe systenby-runninginderwent testinwithout anyfreezing orehanging-théemperaturealterations.
During freezing test (FT-1), we simulated diurnal freezbaw conditiongnd exposethree samplewith different saturation

levels(Fig. 1b)to 20freezethaw cycles (Fig. 1c)n each cycle, w cooleddownthe samplsuntil the cooling plateeached

-20 °Cand the rock temperature at the bottom of the samplesapmsximately-10 °Cfollowed by one hour warming until

a cooling plate temperature 5fC and sample temperatures between 5 d&@were achievedSmall sampletemperature

deviations ould occur due to thermistor placement at the side of the sample or ice development between cooling plate anc

rock samplesQOur set up enabled s develop a thermal gradient within the samples (Fig. 1d) where the lower part of the

rock samples between 0 and 40 sample heighincluding the scanned areatween 5 mm and 19 msample height (Fig.

2a)were exposed to freezing conditions while the uppespanmainunfrozen.The freezing rate we utilized, 12.5°C per hour

at the cooling plate, might surpass those observed in natural rockwall settings, yet it is comparable to the rates employed i

earlier freezing studie§lia et al., 2015; Matsuoka, 1990heappliedfreezing rate could ampliffrost crackingandresult in

an overestimation of frostamage.

In our second experiment, we subjected three rock samples, each with varying levels of saturation (Fig. 1b), to an extende

period of freezing (FI2), maintaining the cooling plate #t0 °C for 68 hoursThis setup resulted in a temperature gradient

within the samples, with the lowef4D mm of the samples experiencing freezing temperatures and the upper section remaining

above freezing, maintaining a stable thermal gradient for about 66 hours (Fithdédetumimed toenable the migration of

water from the unfrozesegmento the frozenone enhanig the potential foifrost cracking however, the sample's low

porosity comined with the small size of thenfrozen segment limits the amount of water that can migrate, potentially resulting

in an underestimation of frost damage compared to what might be observed in natural conditions.
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2.3 uCT imaging

In order toidentify crack locatioaand quantify cracigrowth X-ray computed micreomography (UCTwasperformed at
the Ghent University Centre for Tomography (UGCT) with the CoreTom (TESKRE) uCT scanner@nly—the—bettem—part
~For experiment F11,

UCT scans were performed befdhe starand after every five cycles (Fig3). For the sustained freeziegperimen(FT-2),
rock samples were scanned before and after the experifentily thebottom pariof the sample (0 40 mm) &periences

freezing(Fig. 1cd), the rock sample sectishetweerD and20 mmwerescannedFig. 2a). The dimension of the section was

determined to optimize the resolution, as the resolution of scannirflyenced by the size of the samf@nudde and Boone,

2013) TheuCT system settings for our experimevreset to 17%kV for the X-ray source with a power output of 20 The

scans were performed at binning 2 anebxel sizeof 20 pm.A Zonemm thickaluminiumplatewasusedto filter low energy

X-rays and reduce beam hardeniRgreachsample 2142 projectiongeremade with an exposure time of 66%. The raw

MCT datawasreconstructed using the software PANTHERA (TESCAN XRIBgre beam hardening and ring filters were
applied,andwhich resuledin a stack otcrosssections saved ds-bit tiff. Images All subsequent image handling, such as
registration,segmentationand analysesvere performed with Aviz8D Pro (Version2021.1 ThermoFisher Scientific)in

Avizo, asandbox filtemwas conductetb bin contrast variations inside the images and match contrast between the single scans.
We tuned the parameters until visuathe best result was observetherefore, ample voids (pore space) and matrix (sample
material)of each imageould beseparatedby thresholding over contradi/e followed the work after Deprez et al. (2020a)

and defined a distinguishable feature in the scan image as a minimum spatial resolution of 3 times the voxel size (60 um)
Volume fractionsand the expansion of pore spacdhia samplavere determinedssessed using photogrammeinAvizo.

For each imagey-caleulating-differenceshe softwaradetected and quantifietistinctionshetweenveidsvoid voxel Vv and

the matrix voxel Vu which weused-for-later-comparisoall crackfractioncf (Fig. 2b) Crack fraction is derived by:

0w — (1)

This approach enalilesubsequent comparisobetweenthescans teevaluatassess the developmentpaire spacgrowth

in the samplgFig. 2c,d) The parameter crackelume fraction wasdefined by the total amount segmentegore space

(voids)perimagein the image stacfcross sectionjlivided by the total amount of segmented sample material (matdids.
Due toeffects ofbeam hardeningffects, which result in image distortioat sample heightbetween 0 an® mm as-well

asand betweerl9 and 20 mmour analyses were concentrated on the portion ofdtke samplereight{rangingfrom the

bettom)-we-focusedin-ouranalyss-enb to 19 mmin heightef-eurrock-sampleWe quantified crack growth (pore space
growth) by comparing the crackelumefraction per layer after each scan (Fm an G&f)—Petemw—mﬂeenee&eﬁuaal

If growth occurs in every crack or void, this implies that the distributidnitvél cracks/voids could either accelerate or

decelerate the growth of cracks. Consequently, crack growth cannot be directly compared across samples due to variations i

crack distribution. To address this, we adjusted eachddayits initial crack fractiorcfy, allowing for an assessment of

11



265 crack growth that is independent of the initial crack distribution. The normalized crack fraGtieifor each scars

calculated as follows:

w0 Eo— (2)

wherei representshe scan numbefFor the purpose dalissessing the progression of quantified frost damage both within a

single sample and among different samples, we computed the mefaiadbr each scan.
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Figure 2: Schematic drawing from scan to crack growtha) scanned volume from Q" 20 mm sample height. Due to beam hardening
effects(black dashedarea) at the edges onlthe area betweens - 19 mm sample heightvas analysedb) Example scan of one layer
(20 umthick) with example void/crack voxel and matrix voxel derived by Avizio3D Pro. c)Crack fraction derived for each layer
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over the whole scanned height frond - 19 mmby photogrammetry. d) Example of resulting crack growth per cyclewith initial crack
fraction (blue line).

2.4 Thermal- and ice-stress modelling

We nodelledthermaland icestresgs b determinepotentialdrivers of AE signals and porosity growffhe models requira
onedimensionatemperature distribution inside the samplesmperature distributicmwerecalculated by assuming a linear
and homogeneous temperature gradient beta¢éemperature sensofBig. 3b1d,d. Latent heat effectaere incorporated
in general as our sensors meadueek temperaturewhich were affected by latent heat effec&ll thermal and ice stress
simulations were performed in MATLAB (202Thermal streseccurred in our samples asesult of changing temperatures.

We modeled onedimensional thermal stregs. after Paul (1991)

» 0 C :)‘O:) - p ' 1 (4:3)
with thermal expansion coefficiet, shear modulu§ andPoisson ratia (Table1). T..s represents a runnirtgmperature
mean over five minuteOur model approachklid not incorporate complesrack geometriesf the samplestherefore,we

couldonly provide quantitative estimates of thermal strétemnce we focugdin our analysis on timing of thermafresses

anddid not analys absolutestressvalues

We appliedfrost cracking modelling to determineetime-dependency-uafhenice stressesccurduring thetestess. Frost
cracking modelling was performagingthe model ofWalder and Hallet (1985Wwhich combines hydraulic and mechanic
rock propertiesThemodelsimulatal ice pressures in a single 1 mm long mode | crack. Therefore, this model sidrgrbiid
geometry and providkequantitative estimates of ice pressurBaie to the abstract model predictions, we used quantified ice
pressures only to interprétetiming of AE events and nats-absolute-values

to relateice pressure to rock damad®e will test different parameter influences on model predigtiansensitivityanalyses

(seeFig. S1 and S2 in Supplementary Informatiofhe basic model requirement to start ice segregatienock temperatures

below the pore freezing poiftand an unfrozen area inside the rock, whick asa water reservoilFig. 1d). The transition

areain betweern potential ice lens in the frozen part and the unfrozenisuedled frozen fringeThe modelssumes fully
saturated rocklce pressure riseBetween lens and pore/crack walhen water migration is driven bythermodynamic
potential gradienthrough the frozen fringel. he amount of supplied water is gover

hydraulic conductivity inside the frozen fringadflow resistance due to the thin film between ice and crack wall.

Following Walder and Hallet (1985yve chose a hydraulic conductivity ofclof 5x10'* m s, Flow resistance between the
ice and pore walllepends ograin sizeR, liquid-layer thicknes#$y, and icefree porosityn.. Walder and Hallet (198%et the
grain size to 0.75 mm, the liquidyer thickness to 6 nm € (after Gilpin (1980)at a temperature ol °C)and neglected

ice-free porosity A simplified potential ice lens has the form of a persihaped crackiith a crack radiug and a widthw.

13



With water migrating towards the ice lens, ice pressuesinside the lens and finally leatb tip cracking (mode | type). The
initial crack length(two times the crack radiugy settebetweenl and40 mm with crack orientation parallel to the sample
bottom (i,=0 °). After Walder and Hallet (198%hear modulu&a nd P o i s3slaienmine how thé penrshaped crack
310 is deformed elastically into an oblate ellipsaiben ice pressune is appliedand be described for very thin cracks (w<<c) to
h .
- @
(4)

wheren represents théxcrementaldepth(1 mm), andt denotes théncrementaltiming (1 min). The crack finally breaks

subcritical inelasticallyat the tip(mode | type)and propagatesrackat agrowthrateVV when one third of the critical fracture
315 toughnesKc (K- = 1/3K;) is exceededor K,;>K« crack growth can be expressafterWalder and Hallet (1983s

® ®0 Q , (35)

with K, being the stress intensity factor arid0 when KO K. Subcritical cracking can be also expressed by the critical ice
pressure (13.®MPa)which is derived from transforming= ( 4 &3 from Walder and Hallet (198%nd incorporatinghe

320 measuredritical fracture toughnessf 1.32+0.1 MPa i andaninitial crack lengthof 1. mm We set the dependent growth
law parameter¥. andato be 340 m$ and 374-m-s1 (Tablel) after Westerly granite(Walder and Hallet, 1985We-are

ware-that this- model-onlyrefle narth/ the properties-of our+o amples-a a ength-(or-orientation)-and hydraulic

acking

325

of frost weathering in natural rock. We conducted a sensitivity analysis to assess the impact of various rock parameters an

selected the optimal value based on these finds&rs Supplementary &land section 4.4).
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Table 1. Parameters used for thermal stress and frost cracking modelling of Dachstein Limestone samples.

Parameter Value
Ice density (kg m) }i 920
Water density (kg r) Jw 1000
Pore freezing point (°C) T -1
Hydraulic conductivity (m $)* Kne 5x10%4
Grain size (mmi) R 0.75
Liquid layer thickness (nm “€)" hy 6
Initial cracklength(mm)* Xi 1,20,40
Angle between crack plane and rock wall (° « 0
Poi sson6é ratio () 3 0.327+0.033
Critical fracture toughness (MPa'f) Kc 1.32+0.13
Growth-law parameter (m%y" Ve 340+34
Growth-law parameter {) b 37.1+3.7
Rock density (kg m) Ir 2690
Rock porosity (%) n 0.1
Shear modulus (GPa) G 24.022.4
Youngbés modulus (GP: E 63.74
Thermal expansion coefficient (¢ Ur 6 x 10°

* Walder and Hallet (1985JPei et al(2016)
330

3 Results

3.1 Resultsofontinuous AE leggerand simulationstemperature monitoring and stress modelling

3.1.1 FreezeThaw cycles (FT-1)

335 The-cooling-plate-exposed-the-botteniltie rocksample-samples' bottom was exposedemperatures-oscillating-between
a temperature range €9 ando 6 °C-Fhe by the cooling plate. Initidemperature loggeksetweerscant-andl-were poorly

coupkdattachedo the rockwhich-led-to-an-offsdbetweenroclcausing discrepancies in bott@urface temperatures-the

A i A M e A
n SRRt S 15-C0 area-to peratd D e a O g-—43 peratdre

sensor-on-the-cooling-plate-waddedafterduring the firsfive freezethaw cyclegFig—4a)compared to later cycles, as shown

340 in Fig.3a, suggesting that the actual temperatures were likely lower than those reédtelefive cycles, aemperature sensor

was added to the cooling platBetween freez¢haw cycles 5 and 20 the bottom rock temperature reached minimal

temperatures ofL0 to-8 °C and maxima of 8.5 to 9.5 2Che-uppetemperaturgwhile thetop sensoshewedoverall-positive
temperaturevarying-betweeconsistently registereth ando 24 °C.\We-detected-317
More AE hits inthe-100%-sample—415-in-the 70-%-sample-and-180-in-the-30 —were recordedluring

345 freezing phasesiore-AE-hits-were-detectaabmpared to noffreezingphasesMesibnes(Fig. 3c). The majorityof thehits
were-detectauccurredwhenthebottomsenseoishewediemperatures/erebelowthefreezingpeint, with the highly saturated
sample registerin@35 hitsfor, the fulhypartly saturated sampl&26 hits and the low saturated sample 123 hits. Positive
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350 the70%rockand54-higmmplesTotal AE hits observed were 31@r the30-%rockFhe AEloggersystestoppedrecording

hitshighly saturated sample, 415 for the partly saturated

sample, and 18for the100-%ow saturatecdsamplefollowed-by-73
Throughout the cycles, a pattern of accumulatinghi& for-the-70-%-and-51-hits famongthe 30-%samples is evident.

355 |Initially, the highly saturatedeck sampletn-the-last-periothetweerscan3-and4-the70-%accumulated the majority of hits
in the first 10 cycles (121 hits). However, there was a notable increase in AE hits for thegtardyed samplghowed-the

highest-AE-aeccumulation-witheventually leading to a higher total than liighly saturated sample between 10 and 20 cycles
(173 hit : : Hasven the consistent trend observed in bothhigbly

and low saturated samples, a likely shift in the coupling between the AE sensor and the sample is suggested. Consequently,

360 is probable that the total AE hits for the partly saturated sample were fewer than thosaifghlyheaturated onddue to two

recording interruptions of the AE logger, AE hits for the E€ycle are likely underestimated.
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a) Freeze-thaw cycle (FT-1) b) Sustained freezing cycle (FT-2)
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Figure 4:3: FT-1 resulted in significantly more AE hits than FT-2, as indicated bythermal stress models but not reflected in frost
cracking models where FF2 showed higher predicted ice stresses. More AE hits were recorded during freezing phases compared to
non-freezing ones.a-b) Respectively neasured rockand cooling platetemperatures c-d) recorded AE hits (coloured dots) and
cumulative AE hits (coloured lines),and ef) modelled thermal and ice stresssat bottom temperature sensomplotted against time
370 for FT-1 and FT-2 with AE hits from all samples. The dashed black line highlightscooling plate temperaturesaccording to the
controller while black lines indicated measured plate temperature(cooling plate sensor was attached after first 5 cyclesJhe
temperature offset betweenscan 0 and 1 during FT-1 (a) is a result of poor connectivity of the bottom temperature sensorBlue
rectangledackgroundshighlight periods when bottomrock samples were exposed to temperatures below Q.

375 Our medellirg-yielded-a-maximum-occurrencenuddel indicated that botthermal and iceinduced stressgseakedduring
freezing temperatures (Fige)-The3e). However, due to temperatureffsetbetweediscrepancy in the initial fivéreeze

thaw cyclest-5+esulted-in-an-underestimation,dhemodelledthermal and icetressestress were underestimat@ig. 4e):
During-freex-thawBe). From the fifth to the twentiettycle5-to-eyele20,peak the highesthermal stresseacreasedvhen

temperature—shiftartcurred as temperatures transitiorfesin thawing to freezingconditionswith—resulting reaching
380 pressures of 2.25+ 0.25 MPa and 2.95+ 0.20 MPafrem-freezing-to-thawingespectively. These stresses were miniatal

stable temperatureghermal-stressreached-its-minimultoe stressvas presenbnly eceurredduring freezingghasesinside
the-freezing-regimewith the modelbredicted-risingredicting increasinice stressesAthup to amaximum of 6.8% + 1.35
MPa at the end of each freezing phaskich Thisis farsignificantly below thresheld-feithe critical ice pressuréreshold

(13.7 MPa)hat-can-be-referred-for subcritical cracking.

385
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3.1.2 Sustained freezing cycle (FR)

In the FT2 run, the partially saturated sample registered the highest number of AE hits, with ice stresses being a major factor
Therock samplesvereexposed-tainderwent 68 hours dfeezingeonditions-for68-h-with-66-h-being-atafixedaintaining
a constanbottomreektemperature of10= + 0.5 °C (Fig-4b 3b). Duringfixed-temperatureonditiondhis period the middle

temperatursensorstayed-atecorded a slightlpositivetemperatursiemperaturef 0.9+0.3 °C and the top sensatayedat
9.8+0.4 °C.OurAE loggers-detectddgqging reveale@8 hitsatfor the 200-%highly saturated, 77 hitstfor the 70-%partially
saturatedand 23 hitsaffor the30-%ow saturatedecksample (Fig4d3d). The fixed freezing phase caused 11 hits to occur at

thefulhrhighly saturated rock, 53 hits at the partly saturated rock and 8 hits at the low saturat@tieacial stress modelling
predictedndicatedpeakvaluestresseof 3.6 MPaforduring cooling and 3.9 MP&+rduringwarming at th iringycle's
startand endbf-the-freezing-eycl€Fig. 4H-—DPuring-fixed-temperatures-thermal-stress-st8fjedroppingbelow 0.1 MPa at

stable temperatures. Ice stress models showed a continuous increase in itlretrglssut the freezing phatesice-stress

modelpredicted-a-rising-ice-stress-withachinga maximum of 21 MPace-pressure-exceedeslrpassinghe critical ice
pressurehresholdof 13.7 MPa after 5.4—hours.

3.2Results-oDiscontinuouspCT _monitoring

3.2.1 FreezeThaw cycles (FT-1)

As-the-experiments-were-execdfmmhductedwith a spatial resolution of 60 pyrthe uCT scansheowindicatedthat mesthe
majority of the pore volume in our samplesronsisted otracksandthatvelume, with changeseeurin ferm-efvolume
manifesting agrackgrowthexpansion(Fig-5 4). The datarevealethat-crack-growth-was-independengxgfansion of cracks
was found to be consistent throughothie height inof the sample,however—crack—growthrevealed—a—pesitive

correlatiorindicating that the growth of cracks was uniform from the topmost scanned section (19 mm) to theblowekst (

However there was a discernible positive relationdbgtween initial crackelsmeandsubsequentrack growth (Fig6aba-
c). Fhe-initialCrackfractione i
0) before freezingrari @ . 6 3 :
100-%rock—The-crack-volumecreased-uniformiyndependentlgxhibited variationsrom height-at-al-teststdt ¢ 0§  in

thelow saturatedock, @t 1t @8 _in thepartially saturatedock, andrgt it x§ _in thehighly saturatedock. The final(scan

orin the initial scangcan

00141 0-042for the-30-% DE 0-C 5 e 00 e

4) crack fractionwast@t o p§ _(an increase a85 %) for the low saturated rockgt 1 § (an increase a83 %) for the

partially saturated rocki8t p p8 _(an increase d51 %) for the highly saturated sample.

To exeludanitigate the sensitivibinfluence of erack—growths—tdnitial crack distributionon crack growth analysisve
normalized thegrowth of crack volumegrewth-for each sampldsyrelative toits initial crack velume-Neormalization
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420

425

revealedraction (see Eg. 2)This normalization showethat crackveldme-growth wasnet-dependent—oveonsistent

throughoutthe sample'sheight though the exterf the-samples,—however—the-ameount-of-crack—volgnoavth persean
varieszaried with saturationlevels (Fig. 6g50-i). Fer-the-whele-experimenthe-finalScan 4shewedevealeda final mean
normalized crack growth of 1.34 +0.i8{equivalent tB4% more crack volume thamtialhythe initial valug for the30%low
saturated sample, 1.29 +0.12{29 % more-crack-volume-than-initially increaskfor the 70-%partially saturated sample
and 1.52 +0.13ie-52% more-crack-volume-than-initially increasgfor thefullyhighly saturated sample. Theeragenean
normalizedgrowth-eincrease in crackolumein-between scans was 0.8 +0.08(8-% meore-crack-volume-thanitially %
increasg for the36-%+oeckjow sauratedsample0.07 +0.04 {e-7-%more-crack-volume-thanitially % increasgfor the70

%-rockpartially sauratedsampleand 0.13 +0.05He-13%-more-crack-volume-thanitially % increasgfor the100-%roek.
highly satiratedsample.
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Figure 4: uCT visualizes crack growth at both cycles FT1 and-2.a) 3DEFUCT scans beforgscan 0) and after the last freezethaw

440 cycle(scan4) of low-saturated {(30-%)-rock samplesampleexperiencing FT-1-CTF and c) partially saturated rock sample The initial
distribution of cracks/voids is depicted in black, whereas red illustrates solely the isolated growth of these crackgample of uCT
scan slices at 8 mnalepthheight from the bottom for b) the 36%/ow saturated sampleexposed to FF1 and ed) for the 70-%partially
saturated samples experiencing F2.
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Figure 5: uCT effectively showcases the progression of cracks in our samples, illustrating a steady growth in crack volume that is
uniform throughout different heightsin the sample and directly correlates with the initial crack volumea-f) Measuredcrack velume
fraction (volume of cracks/voids divided by total volume_refer to Fig. 2b) using uCT plotted against rock depth.g-1) Quantified
normalized crack-velume fraction by initial crack volume (blue line af) plotted against rock depth.

3.2.2 Sustained freezing cycle (F2)

Fhe-sustaineBuring the prolongedreezing experimentevealedthat the highesiost significantcrack velume-growth
oceurredvas observeih the70-%partially saturated rock sample, followed by théy-highly saturatedeck-samplewhileone.
In contrastthe30-%low saturatedecksampleshevwedalmestr@xhibited minimatrack growth (Figéd5d-f). Sear0-showed
anTheinitial crackvelumefraction betweeat scar0-005i-0-008 ranged fronrdr 1t v8  for the30-%ow saturatedeck,
0.008i-0-01Bampley8t p § for the70-Y%partially saturated samplend9-004i-0.01418t 11 @8 for the fully-saturated
rock-Normalizationrevealedhe-highediighly saturated sampl&he final crack fraction wasgt 1t 8 _(an increase of 0
%) for the low saturated sampiegt p ¢§ _(an increase of 17 %) for the partially saturated ro@k,7t @8 _(an increase of
0 %)

Normalized data indicated the most pronounceack growthaiin the parthypartially saturated sample (Figi5j-1). We
caledlatedThe final scan revealeal meannormalized crack growtferthe-30% rockwithas1.02 +0.02 e.indicating a2-%
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moere increase icrack volumehan-nitiatlyy),) for the70-%reckwithlow saturatedample1.12 £0.04 ke-12% mere-craek
volume-than-nitialhy2 increase) for theartially saturatedample andfor-the-100-%rochkyith-1.05 £0.03 ke-5% more
crack-volume-than-initialy% increase) for thhighly saturated sample.

4 Discussion

4.1 CTCritical discussion onAE Monitoring, stress modelling anduCT technique

Thermal andce stressesr a combination of these stresses can cause rock damage. We monitored AE as a proxy for cracking

as previous stress experime(Eppes et al., 2016; Hallet et al., 1991)d analysaéthe timing of AE eventin combination

with simplified thermal stress and ice stress mottetkecipher the potential stress souf@er. findings indicate a proportional

relationship between the number of AE events and rock damage quantified via uCT (Figvietdyvas also shown by

findings ofWang et al. (2020agrd. However,in our studythe highest count of AE hits does not always align with the most

visible rock damage (Fig. 6a). Specifically, the partially saturated sample exhibited over 415 AE hits with a nocnagkzed

growth fraction of 47%, while the low saturated sample displayed 180 AE hits alongside a 53% cracklgroovttrast to

our setup Wang et al. (2020&)stery utilized a rock sample with artificially created macro fractures that predominantly drove

the generation AAE signals.Thediscrepancyn our resultsnight be due to variations in volume growth per crack propagation,

potentially causing fewer AE releases with greater porosity growth. Additionally, the distinct responses of our natural rock

samples to stress, influenced by slightly varying rock parameters, crack distribution and saturation, could also impact the

number of AE hitsA potential alteration in the AE sensor's attachment to the rock might alfestgnal detection. Although

we reattached sensors and conducted lead break tests duringthey€l€, the connection could have changed over time.

Given the consistent AE accumulation trend observed in both the highly and low saturated samplegcaupketyshift at

the partiallysaturated sampis suggested (Fig. 3ewhich was not reflected in uCT crack growth data (Fig. 5b, h). Despite

these variables, the partially saturated sarsipteved before the shift already a higher AE accumul#tian the less saturated

one, underscoring that AE hits did not completely correlate with crack growth.

Our approach to mod#termal stress did not account for the complex geometries of the cracks in the samples. As a result, our

analysis concentrated on the timing of thermal stresgher than their precise magnitudes. In our frost cracking modelling,

we presented results for ellipsoidal cracks starting at a length of 1 mmimbbortant to note, however, that cracks vary in

size and exhibit more intricate geometréssseen by uCT imaginig. 4) Additionally, slight variations in mechanical and

elastic properties may occur since parameters were derived from different boulders of the same lithology or were based ol

data fromWalder and Hallet (1985Dur sensitivity analysiésee Supplementary S1 and &#)frost cracking models revealed

that the timing of increasing ice pressure was largely consistent across variations in parameters such as fracture toughnes

growth law parameters, shear modulus, and Poisson's ratio. Nevertheless, thengtaskgnificantly influences the timing
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and the critical threshold for crackind.larger crack lengthresults in lower and delayed ice stresses, as well as a reduced

critical threshold

Prior uyCT measurements have demonstrated the capability to quantify crack growth, as illusttspcelyet al. (2020bh

their study on highly porous (380%) oolithic limestone building stone, andDg Kock et al. (2015n their examination of

highly porous (~35%) miliolid limestone. These studies revealed the microscopic activities taking place within limestone pore

throughout freez¢haw cycles.The authordinked the pore processes pwmtential patterns of macroscopic damaagetheir

experiments, both groups worked with small samples measw9nu® in diameter, achieving resolutions of 21 (Deprez
et al., 2020bkxnd 20.4 um(De Kock et al., 2015)espectivelyln contrast, aiming to create a thermal gradient and water

movement, we utilized larger samples, which led to a reduced spatial resolution of 60 um. Our experiments demonstrated ou

capability to visualize and quantify damage in {pwrosity rock samplesacised by freezthaw cycles, while also

acknowledging the possibility of minor additional damage not detectable by uCT resdRigeimus laboratory freezbaw

testshaveused a decrease elastic propertiesuchasP-wave velocity Youngd sodulus or increases porosity(Whalley et

al., 2004; Matsuoka, 1990; Draebing and Krautblatter, 2842) proxy for frost damag¥et, detecting frost damage in lew

porosity alpine rocks poses challenges due to the minimal or undetectable alterations in these elastic properties or porosit

levels Moreover the use of measured elastic properties or porosities does not pirdfgideation on crack geometry and

crack growth. We demonstrated that cracks grow alongxisting cracks antighlightedthatuCT is a powerful analycal

tool.

4.2 Influence of initial crackson crack growth
In alpine rocks, freezindgeads-tegauses expansion in tlporespace—growilspacesalong pre-existing cracks which—is
influenced by the initiakrackdensity-Ournormalted pCTresultsrevealedof thesecracks Although our samples were

extracted from the same boulder and appeared to &awsform distribution of cracks visually, uCT scanning revealed

differences in the internal distribution of cracks across the san@esiormalized pCT findings show a consistiErtrease
in pore spacgrewth-along-the-depth-of-the-samplgansion across the height of the samples, evident acressgigtiag
cracks through both freegzbaw cyclesThis uniform patternsuggest-an-influenceof-crackindicates that theensityonof
cracks plays a role in the extent ariick grewthexpansionwith inereased notable increase icrack growthdudinked to
higher initial erack-densitgdensities of cracksr initial-pore velume{volumes, as shown iRig. 6g5¢-i}.. This finding is
suppertetlighlightedby the scawisualizatioimagedFig. 54), whichhighlightpredominantly displathe expansion opore
space—growth—ainly—inspaces withinpre-existing cracks as captured within the resolution of uCOur results—are
eonsisterfindings alignwith theoreticalassumptionsiodels proposebly Scherer (1999xnd Walder and Hallet (1985},
which suggedthat icecrystallisatiomrystallizationpressureéncreasesscalatefn pore spacesyhichpotentially leading to the
enlargement of pores or cracks. Tisisupportefurther corroboratetly microscopidindingsanalysedby Gerber et al. (2022)

who confirmed that such pressure could indeed facilitate pore or crack exp&Maiug et al. (2020butilizing uCT with a

35 um resolution, found that pore space expansiamanite occuied exclusivelyas propagatioof artificial createccracks,
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without evidence of new crack formation. Similafewanckele et al. (201-8)atcanlead-tgporeorerack-growthPrevioeus

no-stone-byv—or Hiahporo %) miliolid

through uCT imaging at a 2.5 um resolution in kjgdrosity Lede and Noyant limestop@ipointing that pore space growth

transpires at prexisting weak zones (such as fossils). We state that most frost damage opraexistingcracks or voids

and lead to crack propagation or widenwith the process intensifying as crack density increases

4 .3 Efficacy of freezethaw and sustained freezing cyclke

Based on uCT datardezethaw cycleqFT-1) revealed higherock damage cmpared taasustained freezirgycle (FT-2) in

low-porosity crackdominatedalpine rocksFinal crack growth isaffected by initial crack densityr porevolumedistribution

and cannot be comparéitectly; however, normalized crack growltactionrevealedan increaséetween?29 and52 % for

FT-1 compared to an increase betweéeand12 % for FT-2 (Fig. 6a, d. The increase varied betwesamples of different

saturation levels. While thew number of samplgsrohibit a quantitative analysis of saturation effects on o@rkageour

results are consistent and reveal higher damage-dfdémparedo FT-2 independent of saturation levels (Fég, d).
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Figure 6: Freezethaw cycles (FF1) have a higher frost cracking efficacy compared to a sustained freeziuycles (FT1) in low-
porosity crack-dominated alpine rocks.Normalized crack fraction in relation to accumulated AE hits, simulated summed ice stress
and thermal stress for ac) FT-1 and df) FT-2. Simulated stresses by our frost cracking models are higher for F? in comparison
to FT-1 which is notaligned by normalized crack fraction.

The setup of FI1 enables the development of thermal stresses dudoling and warmingof the samplesvolumetric

expansioralongside the expanding freezing framd ice segregatiosuring freezing conditionrig. 7a) In addition FT-2

favours the development of ice segregatdrentemperatures agistainedandrock moisture is able to migrate towards the

freezing front(Fig. 7a).

During warming and cooling thermal stresggth a magnitude slightly higher tharMIPaoccurred Due to the highenumber

of temperature cycles FT-1, higher cumulative thermatresses occurreith FT-1 than FF2 (Fig. 6c,f) which could

contribute to the increased rock damage observed and quantified via uCbhdfFigNonetheless, when compared to the

predicted ice stresséBig. 6b,e)or accumulated AE hits during freezing tin{€&. 7), the thermal stresses were significantly

lower, pointing to frost cracking as the predominant cause of rock damage.

Simulatedstresses by odrost crackingmodels are higher for FZ in comparison to F1L (Fig. 6b,e)which is not supported

by our uCT findingqFig. 5¢-1). Our frost cracking modelling revealed eight times higher ice strasfiessustained freezing

phase than the freetleaw cycle A fundamental requirement for our frost cracking model is complete saturation, a condition

not consistently met throughout the experiment due to evaporation affecting our sdimpleighlysaturated samples sheds

in contrast toour modelpredictions that highest frost damad®&53 % more crack volume than initiallpccurred during FT

1, whilst in FT-2 significantly less crack growth $% more crack volume than initiallwyas observedFig. 5i,). This

observation could potentially be explained by variations in ice formaBenber et al. (20233uggests that the pressures

exerted by ice depend on its structure, which in turn is influenced by the rate of ice formation and its aging process. Rapic

freezethaw cycles may result in fingrained ice and a sharp increase in segsghereas prolonged freezing, through aging,

may result in coarse ice grains exerting less stress. Nevertheless, the transformation and aging of ice over an eatended peri

of freezingi_acharacteristic of alpine conditioiiscould result in an increase in ice stress, thereby enhancing the potential for

frost damageA different explanation could be thate segregation relies on water migration towards the freezing front,
facilitated by the presence of unfrozen water at the top of our sarGadser et al. (2028u+experimenthave-showrhat

AE N\, e and-g ntify eeAdbawind ad ro damaace-in-lavoro VAlda mbleconsidering-poten mall
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favering-ice-segredmnnoted water migration in limestone samples similar in size, with porosities ranging from 26 ¥.48.2

In contrast, our rock samples exhibit much lower porosities of around 0.1%, offering a substantially smaller water reservoir.

This suggests that the water supply inZimay have beealsoa limiting factor for ice segregation, despite the temperature
conditions being conducive to this procésg. Walder and Hallet, 1988rd-therefereAs a resultourice-stressimulations
eventuallypf ice stress might havaverestimatedthe actual stresses involvdd.addition, ar frost cracking modaimplified

the complex crack geometriebserved in the sampld§ig. 5)-and-simulated-a-singleim-long-craecld). Therefore, the
magnitude ofnodellegimulatedice stresses potentialtieviatessignificantly from occurred ice stressghichresulted in the

deviation between modelled ice stresses and measured rock damage especiall\(figEdheb, e).
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During freezing of water to ice, volume expansion occurs that can produce rock damage if saturation levels are above 91%

The hgh number of freezing cycles FT-1 could result in more volume expansion induced frost cracking as-ih Fiie full

satuated samie in FT-1 revealed the highest normalized rock damage (58d¥hpared to partially (29% increase) and low

675 (34% increase) saturated samples (Fig. Saafich could indicate the involvement of volumetric expansion. We only

estimated initial saturation and rock moisture can redistribute during the experiments resulting in higher moisturéhlevels at
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freezing fronts that could exceed moisture threshold enabling volume expansion induced diammddéion to volume

expansionhigher saturation can also incsedhe efficacy of ice segregation by providing more moisture able to migvate.

conclude that within the constraints of our experimémszethaw cyclescause higher frost damage compared to sustained

freezing cyclesvith ice segregatiorerving as the primary contributing factorfrost cracking while the occurrence of volume

expansion induced damage is likely within high saturated samples and cannot be exclude in low and partially saturated sample
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Figure. 7: Cooling phases accumulate more AE hits compared to warming phases, suggesting frost cracking as the roairiributor

to rock damage. a) Timing examples of potential stress occurrences include thermal stresses during sample cooling and warming

volumetric expansion along with the expanding freezing front, and ice segreqgation under freezing conditions. CumwatiAE hits
690 are plotted against the bottom rock temperature sensor forful) FT-1 and eq) FT-2.
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4.4 Implications for reck-weathering-in-alpine rockwalls

Our results reveatthat the presence and arrangement of voids and fractures within rock significantly impact frost damage.

We have shown that micimrack expansion tends to follow pegisting fractures, extending their width and lendgiy. 4and

5¢1), leading to a gradual increase in crack size. As a result, sampleshigtiea crackdensityexperience more severe frost

damage. In natural rockwalls, both micro and magexksare present, the latter often arising from tectonic forsabr

weathering effects. These fractupgay a crucial roldor erosion processes as they influence rock cohesion and modify the
dynamics, patterns, and locations of geomorphic activities on vaspmatsal and temporacales(Scott and Wohl, 2019)
Studies byHales and Roering (200@nhdDraebing and Mayer (202hjave established a link between frost cracking intensity
and the density of fractures, with rockwalls exhibiting more fractures also showing greater evidence of frost cracking.

FurthermoreEppes et al. (2018)ave demonstrated through both field and laboratory observations that an increase in the

length and quantity of cracks leads to higher itgrgn erosiomrates Neely et al. (2019Y)evealed that higher fracture density

decreasesteepness of cliffs anidcreasegatchmenerosion ratedn New ZealandClarke and Burbank (201@howed that

bedrock fracturing by geomorphic processes including weathe&dmdrols the depths of erosive processes as bedrock

landsliding.We infer thatupscaing ourfindingsfrom micro to macro cracksighlightsthe connection between erosion and

fracture density. However, such extrapolation must consider the scale dependencies and complex fracture interaction

influenced by broader geological and environmental factors, including tectonic forces, weatheriisg &fft@ariations in

material properties, which could significantly modify erosion dynamics beyond4sgeale observations.

Our findings indicate that frost cracking is more effective duftiegzethaw cycles than during prolonged periods of freezing.

Matsuoka et al. (1998hdicated thasouthfacing rockwalls typically undergo more freelgaw cyclesdue to lack of snow

cover, whereas those facing north are subjedbimer durations of freezind@ his leads to the initial assumption ttsauth

facing rockwalls would sustain more frost damage, contributing to increased erosion. Hofgevekistingempirical data

indicateghat erosion rates are actue?lp to 3 timegSass, 2005k)r up to one magnitud€outard and Francou, 1988pher

on northfacing rockwallsMatsuoka et al. (1998uggested that while freefigaw cycles can causballowfrost damageup

to 0.3 m deep), prolonged freezing can result in more significant frost damage (up to 5 m deep), leading to larger rockfalls.

This indicates that the temporal scale of fredwmav cycles plays a crucial role in determining weathering and erosion rates, a

coneept further supported bylatsuoka (2008)who found that shotterm freezethaw cycles cause minor crack expansion,

whereas londerm freezing leads to more substantial crack widening.

Our research suggests a direct correlation between the frequency of AE events and the extent of rock damage, as measured

UCT scanning. However, the highest occurrences of AE hits do not consistently correspond to the most significant observable

rock damage. This discrepancy could be attributed to ice formation influenced by thermal gradients, as well as changes an

aging in be ice, as discussed Berber et al. (2023 his insight has implications for studies that employ AE as an indicator

for thermal stresenduced crackingEppes et al., 2016; Collins et al., 20B8)frost cracking(Amitrano et al., 2012; Girard

et al., 2013)n natural rockwalls
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The estimated ice stresses in our simulations may significantly diverge from the actual ice stresses experienced, leading t

differences between simulated ice stresses and observed rock damage, particularly P teeefdrio. This mismatch

between modabredictions and actual frost damage observations could stem from the model's oversimplified representations

of crack geometries and rock properties, or the relatively brief duration of sustained freezin@ wHeh compared to

conditions on a real rockall. Research efforts such as thoseDraebing and Mayer (2021y Sanders et al. (2012)hich

utilize frost cracking models to assess frost damage, might have overemphasized the effects of frost weathering. Nonetheles
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showed thafrost weathering simulations do correspond with the erosion rates observed ofaomdghrockwalls, where

extended periods of freezing are more common.

5 Conclusion

We-guantifiedin our investigation ofrostinducedreck-damage on Dachstein limestamgcombining we employeX-ray
computed micraomography (uCT), acoustic emission (AE) monitoriagd frost crackingnodelling—Fe-differentiateto

assess the damage. We aimed to distingoetiveenpetentiatlifferent mechanisms of rock damagde/ simulatingthermat

and iceinduced stressesere-simulate@ndecompareccorrelating thenwith AE activity: in samples with varying saturation
levels. Our study-showerksearch demonstrat¢hiat pCTean-be-used-to-guantdifectively measurefrost damage in low
porosity (0.1%) rockOverali—pek, primarily revealingddamagesceurred-by-propagatitimough the expansion or deepening
of pre-existing cracks rather thawy-initiation-of-new-cracks—-AE-activity,-thermaland-ice-stress-mtitelsreation of new

ones. Our findings also revealed that the presence and distribution of voids and cracks significantly influence frost damage

with rocks having a higher initial crack density exhibiting more dam@agl@ect link was found between the rate of AE events

and the degree of rock damage as determined by hd@iAlever, the most frequent AE hits did not always match the areas of

greatest visible damage, suggesting complexities in the relationship between AE activity and rock damage.
Our studiesuggest that rock damagepisedominantly-caused-pyimarily a eembinatiomesultof thermal stresses arfigbst
crackingduring cooling phases, witiost crackingidentified as a key contributor to damage. Yet, the ice stresses predicted

by our simulations might greatly differ from the actual stresses, potentially due to the model's simplified assumpigons or

short duration of sustained freezing in ourE$cenarioAnalysis of uCT data revealed that repeated freébaw cycles (FT

1) resuled in more effective cracking compared to extended periods of freezin®) (Fhis observation contrasts with field

study outcomes that associate frost damage and rockwall erosion, showing greater erosion ratesaoimgadhbkwalls,

which typically undergo longer periods of sustained freezing rather than-feezeycles. We assume that the limited water

accessility in FT-2, due to the samples' low porosity or the dynamidsaxegregation-during-cooling—tn-thermation,and
the short experiment timmight explain this discrepancgiven the finite sample size and varied saturation levels, our

experiments gugest that higher levels of saturation tend to increase-ifrdsted rock damage, as inferred from acoustic
emission activity. This preliminary evidence emphasizes the need for additional resehuith saturated-samples—the

data-in-combination-withnderstand saturation's impact on frost damage.
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