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Abstract

Climate significantly impacts the stability of rock masses and associated engineering structures,
primarily through altered water regimes, thermal variations, and shifts in the 0°C isotherm. The IPCC
(2019) highlights increased global temperatures, extreme weather events, intensified precipitation,
droughts, and rising sea levels, all of which affect the physical and mechanical properties of rock
masses. While water-related factors like rainfall and snowmelt are major triggers for rock instabilities,
some rockfall events seems to be linked to other climatic factors, such as thermal cycles and freeze-
thaw processes or may have combined triggering factors.

This paper briefly reviews the key processes influencing rock mass evolution, including the impact of
atmospheric water (saturation, joint lubrication, and karstification), positive thermal cycles (thermal
shock and fatigue), and changes in the 0°C isotherm (permafrost thaw, cryoclasty, and freeze-thaw
cycles). Field observations and laboratory experiments demonstrate that these processes degrade
mechanical properties, reduce strength, and increase instability risks. However, their integration into
constitutive laws remains challenging. Understanding these complex interactions is crucial for
assessing and mitigating climate change impacts on rock mass stability.
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1 Introduction
If the reality of climate change is less and less questioned, taking into account its impact on rock
masses or engineering structures is much more complicated. A very synthetic summary of the latest
IPCC (2019) report provides:
e average rise in global surface temperatures, but very important local changes, some areas will
see their average temperature cool while others will increase,
e increase in the number of extreme weather events (storms, droughts, heat domes or, on the
contrary, cold drops),
e intensification of precipitation (same amount of water annually but concentrated in a smaller
number of days),
increase in the frequency of drought periods,
increase in catastrophic weather events (hurricanes, storms, floods),
melting glaciers and frozen soils,
increase in the salinity of groundwater near the coast due to rising sea levels.

These events will have a major impact on the physical and mechanical characteristics of rock masses
and consequently on their mechanical stability and associated structures (underground structures, rock
embankments, open-air quarries, sea cliffs, etc.). But before evaluating the effect of climate change, it
is important to better describe the effect of the climate. When considering the effect of climatic
variations on rock instabilities, the first thought is destabilisation following heavy rain. But water
variations should not be the only ones to be considered. Indeed, Delonca et al (2014) analysed the
database of rock falls that reached La Réunion principal highway and showed that while rain is the
main trigger, more than 50% of events are linked to other factors. Eisbacher and Clague (1984)
showed that 66% of landslides in the Alps were due exclusively to precipitation or snowmelt and 25%
to anthropogenic activities or earthquakes. Ravanel et al. (2017) also in the Alps, showed an increase
in rock fall events during hot summers, with this increase being related to ice melting.

Having outlined the main factors to be considered in the evolution of the rock mass, we will review
the description of climate factors in terms of processes, following the work presented by the CFMR
(French Rock Mechanic NG) working group on climate change (Conil et al., 2024), that is: impact of
atmospheric water, positive thermal cycles, changes in the 0°C isotherm.

2 Key-factors in the evolution of the rock mass

The natural rock mass evolution over time is weathering. Its speed will depend both on the intrinsic
characteristics of the rock masses and on various external factors. A summary diagram of these factors
and characteristics is provided in Fig 1.

Climate and atmospheric chemistry A

Human activities properties

Fig. 1 Intrinsic characteristics of rock masses (brown) and main external factors (purple).

The intrinsic characteristics of the rock site under consideration, shown in brown in Fig 1, include:
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e Geological and mineralogical nature of the rock as well as hydrogeological and structural
conditions,

e Geomorphological conditions: localisation, morphology, topography of the site (height of the
slopes, their inclination exposure(s), etc...),

e Regional tectonic conditions, which will have an influence on the initial state of stress of the
massif,

e "Physical" condition of the rock mass (depth of alteration, in Situ stress, presence or absence
and type of vegetation),

e Fracturing conditions of the rock mass (identification of discontinuities families, persistence
and extension, fracturing density, opening and/or filling of discontinuities, etc.),

e Hydraulic conditions (permeability, drainage, etc.)

e Mechanical characteristics of the rock mass at the appropriate REV (Representative Elemental
Volume) scale, i.e., constitutive laws for both the rock matrix and the joints or, if
homogenisation, the properties (strength and modulus) of the homogenised rock mass.

External factors correspond to everything that will disturb the "balance" of the rock massif and will
therefore influence its weathering as well as the creation of potential instabilities. They are shown in
purple in Fig 1. These are mainly:
e Local climatic conditions (rain, snowmelt, freeze-thaw, sun exposure, daily and seasonal
temperature ranges),
e Factors related to the water cycle (climate, precipitation, evapotranspiration or effective
rainfall distribution parameters, etc.),
e Presence or absence of rivers or sea at the foot of the cliff, which will lead to mechanical
erosion up to under-caving,
e Permafrost local conditions (if any),
e Seismicity and regional tectonic activity,
e Human activities.

3 Impact of water variations on rock masses

As briefly described in the introduction, climate change is already imposing, and will continue to
modify the water regime in various parts of the world (IPCC (2019). We will not detail here these
evolutions but we will focus on their impact on the rock mass and the rock discontinuities.

3.1 Increased of water content

Numerous studies (Zhou et al., 2016; Althaus et al., 1994 among others) have shown that when the
saturation of the rock increase, its strength decrease. Pan et al.(2020) studied the influence of
saturation on UCS and Young's modulus of several rock types (Fig 2). Gombert et al. (2013) and
Lafrance (2016) have shown that for clayey limestones or porous rocks such as chalk, the deterioration
in mechanical properties could result in a loss of up to 70% in UCS compared with the dry state.
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Fig. 2 Decrease in the mechanical properties of several types of rock as a function of saturation. a-simple compressive
strength, b-Young's modulus after Pan et al.(2020).
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3.2 Joint Lubrication or leaching

Heavy rainfall can lead to leaching of fractures, which in turn can lead to a decrease in the cohesion of
discontinuities and therefore an increase in instabilities. Moreover, water has a lubricating effect on
the stratification joints and fracture planes. This lubricating effect contributes to lowering the friction
coefficient of discontinuities and consequently to a decrease in the strength of the rock mass (Al Heib
et al., 2023; Paquette 2014). Pan et al. (2020) have for example shown that slates with a dry state
friction angle between 35.5° and 44.5° have a saturated state friction angle of 30° to 36.9°.

3.3 Covering land loading

Over the main predisposing and/or triggering factors for widespread collapses of underground
quarries, water and more particularly floods, very heavy rains and leaching, are in a good place (Al
Heib et al. 2023). The stability of underground excavations, particularly in soft rock (limestone,
calcarenite, gypsum, etc.), is significantly affected by climatic and hydrological factors such as heavy
rainfall, drought (Castellanza et al., 2018).

The effects of hydraulic loading are relatively complex: rapid changes in water levels in abandoned
underground caves can have opposing effects, particularly when the caves are located below the water
table. If submersion occurs, as noted above, there is a decrease in the mechanical properties of
sensitive rocks (unconfined compressive strength, modulus, etc.) and/or in the shear strength of
submerged discontinuities, as well as an increase in pore pressure within porous rocks. Nevertheless,
these effects can be mitigated by confining the pillars through hydrostatic pressure and by relieving
pressure on the overlying strata.

3.4 Correlation of rainfall — slope instabilities?

The influence of rainwater infiltration on slope stability has been extensively under study in recent
years (Bernardie et al., 2014; Brooks et al., 2004; Iverson, 2000; Song et al., 2020). Wang et al. (2003)
pointed out that it is now proven that water is a major factor in triggering slope instabilities, with
preferential circulation in rock discontinuities rather than in the rock mass. Furthermore;
discontinuities often act as channels for groundwater in rock masses (Cascini et al., 2010; Djerbal &
Melbouci, 2012; Raj & Sengupta, 2014; Terajima et al., 2013; Uwihirwe et al., 2020; X. Zhao et al.,
2018, among others). In these cases, the water pressure depends on the density of fracture and of the
joint properties such as their alteration and filling with fine materials such as clay and gouge.

However, the correlation between rainfall and landslide is not so obvious: Sandersen et al. (1997)
observed that the influence of a large water supply in the last 24 hours is minimal on most rockfall
events, while the water supply acting over a longer period seems to be of greater importance.
However, no direct link has been established between the increase in water quantity and the
movements recorded in the massif. Delonca, et al (2014) highlighted several statistical correlations
between rock falls and meteorological factors, such as precipitation (daily precipitation interval,
frequency of the interval) as a function of the geology and climate of the sites studied (Réunion,
Burgundy, Auvergne). They confirm the link between precipitation and boulder falls in some regions,
but not in others where more than 50% of events are linked to other factors (Fig 3).
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Fig. 3 Correlation between rockfalls and climatic factors, reworked from Delonca et al. (2014).



Eurock 2026, Skopje, RIN Macedonia

3.5 Modification of the calc-carbonic balance in the karstification process

A rather less intuitive aspect of the water table variations linked to climate change, is the changes to
calc-carbonic balance in the karstification process. This phenomenon will be all the more important as
the rocks are more soluble (gypsum, anhydrite).

Fig 4, inspired by Gombert (1994) shows the different stages of the karstification process. Binet et al.
(2019) showed that the increase in global temperature will lead to an increase in the dissolved CO,
content and thus modify the aggressiveness of seepage water. Similarly, increased temperatures and
humidity will lead to an increase in the production of pedogenetic CO, which will make seepage water
more aggressive and therefore disturb the calc-carbonic balance. It seems that climate change affects
both hydrology, dissolution rates and mass movements, thus modifying karst patterns.
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Fig. 4 The karstification process, inspired by Gombert (1994).

4 Impact of positive thermal variations on rock masses

4.1 ‘Thermal shock

It is well known that thermal loading by temperature variation of the rock can induce inter- and
intragranular micro-cracks related to the differential expansion of minerals (e.g., Fortin et al., 2018).
But most of the studies carried out on this subject have been realized for temperatures well above
100°C which is not particularly relevant here. Nevertheless, they identify the phenomenon of thermal
shock, which causes damage or even cracking of the rock under the influence of a sudden, large-
amplitude temperature change. Hall (1999) proposes a critical thermal loading rate associated with
thermal shock of approximately 2°C/min. The physical phenomenon is that related to quenching
(Fortin et al., 2018), with an amplitude that will depend on the temperature variation. Classical
quenching involves rapidly immersing a sample that has been heated up to 300°C in water at 20°C.
The core of the sample is still hot and tends to contract, while the edges are already cold. In this case,
the stresses at the edges of the sample can cause microcracks to form, extending from the edge of the
sample toward its core. In the context of climatic variations, and considering the 2° threshold, it is
reasonable to question whether such phenomena occur locally when (very) cold rain fall on a still-
warm rock massif or in the case of wildfires fuelled by droughts.

4.2 Thermal fatigue

Beyond the effect of the punctual variation in temperature, thermal fatigue which results from repeated
thermal cycles also plays an important role in the evolution of the rock mass. The oldest study found
on the subject is from Grigg (1936). In recent years, more and more studies are proposing in-situ
observations and measurements of the phenomenon (Bakun-Mazor et al., 2013; Breytenbach, 2022;
Cloutier et al., 2015; Collins and Stock, 2016; Greneng et al., 2011; Gunzburger et al., 2005; Vargas et
al., 2004; Vicko et al., 2009 among others). Merrien-Soukatchoff and Gasc-Barbier (2023) presented
an up-to-date review of the measurement methods and in situ tools. Depending on the site, recording
periods range from a few hours to more than a decade, and all types of rock are affected. The most
commonly used measurement method involves installing crackmeters to observe the opening and
closing of cracks with temperature. Fig 5 shows 2 examples for 4 days and 10 years.

Although observations and in-situ measurements are becoming more frequent, we still have very few
experimental works to describe the corresponding mechanical behaviour (Aires-Barros, 1977; Gasc-
Barbier et al., 2014; Gomez-Heras et al., 2006). Thermal fatigue significantly degrades the elastic
moduli, tensile strength and uniaxial compressive strength of rocks (Villarraga et al., 2018) as well as
tensile and shear parameters (Alzo'ubi and Alneasan, 2025). This damage is in fact a process of micro-
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cracking caused by the combined action of differential expansion of rock constituents and local
thermal gradients, both of which can give rise to high-intensity internal stresses (Hall and Thorn,
2014). Thus, while small temperature fluctuations may be considered an elastic phenomenon on a
macroscopic scale, their repetition over time leads to fatigue damage, the formation or propagation of
cracks, which can result in instability.
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Fig. 5 Fracture openings/closures as a function of temperature. a- 4 days (Collins and Stock, 2016), b- 10 years (Gasc-Barbier
et al. 2024).

5 Impact of changes in the 0°C isotherm

5.1 General concepts - definitions

Permafrost is a layer of ground (soil or rock) that remains frozen continuously for at least two
consecutive years. It can occur both at the surface and at depth, sometimes extending hundreds of
meters below the surface. This frozen ground typically contains ice, sediments, gases, and ancient
organic matter. Permafrost is characteristic of polar and subpolar regions, but it also exists in high
mountain areas. In Europe, it is found mainly around the Arctic Circle and in the Alps, and to a lesser
extent in the Sierra Nevada and the Pyrenees.

Cryosuccion is a phenomenon in which liquid water is drawn, by capillary forces, toward the freezing
zone within the rock in order to restore the water film that forms between the ice surface and the pore
wall: when a rock cools below 0°C, the water contained in its pores or cracks freezes, but a thin layer
of water always remains between the pore wall and the frozen water. As the volume of ice increases,
this layer of water shrinks compared to what it would be on a free surface. Cryosuccion refers to the
transport of liquid water toward the freezing front. If the increase in pressure caused by cryosuccion
exceed the rock tensile strength, it can induce fracturing of the rock mass.

Cryoclasty is the process by which rock is fractured as a result of repeated freeze-thaw cycles.

In a given area, the depth of frost depends on both internal factors (water content, temperature, thermal
conductivity, etc.) and external factors (outside temperatures, variations, ranges, frequencies, and
snowpack thickness), which strongly influence the geological and climatic dynamics of cold
environments. Climate change is leading to a decrease in the number of days with freezing
temperatures, which will profoundly alter soil thermal conditions. The average increase in the 0 °C
isotherm will reduce the cumulative period during which materials remain frozen. At the same time,
this rise in the isotherm may lead to an increase in the number of freeze-thaw cycles that the ground
will undergo, since areas that were initially frozen throughout the winter may be subjected to multiple
cycles over the same period. This phenomenon is particularly significant in mountainous and polar
regions.The change in thermal rhythm is accentuated by a faster melting of the snowpack, which
exposes the ground to longer temperature variations. These transformations have several major
consequences on the landscape. On the one hand, increased cryoclasty intensifies rock fragmentation,
weakening slopes and cliffs (Fig 6). On the other hand, the gradual degradation of permafrost disrupts
soil stability, contributing to landslides, subsidence, and the release of trapped gases. Finally, the
accelerated melting and retreat of glaciers are profoundly transforming mountain environments,
altering hydrology, ecosystems, and natural hazards.
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Fig. 6 Photos illustrating slope destabilization related to Permafrost thawing. a. https://thenarwhal.ca; b. Photo K Orlinsky

5.2 Thawing of land that was initially permanently frozen

To understand the issue of ground thawing, it is important to recall the stabilizing role that ice plays in
frozen ground: fissural ice acting as a very rigid cement, increases the cohesion and shear strength of
rock fractures. Furthermore, it causes the ground to become artificially impermeable, since the water is
frozen and cannot flow. Thus, the melting of ice trapped in rock fissures has significant consequences
for the stability of rock masses. The temperature increase destabilizes the rock mass through three
main mechanisms: increased ice plasticity, loss of adhesion between the ice and the rock, and
increased hydraulic pressure within the rock mass due to meltwater. This process is particularly
evident in high-mountain areas, where the degradation of permafrost leads to an increase in rockfalls
and landslides (Ravanel et al. 2020). During thawing, the melting of ice affects not only the
mechanical properties of the bedrock but also its waterproofing function, thereby accelerating
cryogenic erosion of surface layers, particularly in the case of weathered rocks (see fig 6a).

Other erosive processes related to ice degradation must be taken into account, particularly paraglacial
processes, such as glacial decompression: as glaciers retreat, the release of stress exerted by the ice on
rock faces can lead to their destabilization. Ice shelves, which form a band of ice along the coastlines
of cold regions, play a dual role. On the one hand, they protect these coastlines from mechanical
marine forces, such as waves and currents, thereby slowing erosion. On the other hand, they play an
erosive role by promoting abrasion on outcrops, particularly in soft rocks, and by contributing to
cryoclasty.

5.3 Impact of freeze/thaw cycles

The impact of freeze-thaw (FT) cycles on rocks is probably the most widely studied climate-related
phenomenon both on site and in laboratories. For instance, D'Amato et al. (2014) showed that the
frequency of boulder fall on the St Eynard cliff was multiplied by 7 during freeze-thaw episodes.

In laboratories, it is observed that as the number of FT cycle increase, UCS, Elastic Young Modulus,
elastic waves velocities and shear properties decrease (Aral et al., 2021; Deprez et al., 2020; Gasc-
Barbier and Merrien-Soukatchoff, 2022; Liping et al., 2019; Liu et al., 2020; Ma et al., 2020;
Martinez-Martinez et al., 2008; Yavuz, 2011; Zhou et al., 2020 among other)and depending on the
experimental conditions, with a sufficient number of cycles, the sample can reach macroscopic failure,
which is the illustration of cryoclasty. The physical process behind it lies in the fact that water expands
by approximately 9% when it freezes. However, this increase in volume alone cannot explain the
damage caused to rocks by freezing. Taber (1930) demonstrated that even when water in soils is
replaced by an interstitial fluid that tends to contract, the ground surface still heaves up following
freezing. This ‘heaving’ is linked to the cryosuccion described above and has a direct impact on the
hydromechanical behaviour of the rock. It leads to the formation of segregation ice (ice lenses) that
forms at the freezing front, causing a local increase in volume and a water deficit at depth, which can
then result in desiccation fractures. When the ice melts, ice lenses gradually disappear, and in weak or
highly fractured rock, this melting causes the rock to deform gradually. This phenomenon is called
gelifluxion and macroscopically it looks like creep.
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6 Conclusion and outlook

The impact of climate on the stability of rock masses is a complex subject that requires consideration
across multiple temporal and spatial scales. In this paper, we have examined three different processes,
impact of atmospheric water, positive thermal cycles, changes in the 0°C isotherm, which we have
sought to illustrate briefly by describing both field observations and laboratory experiments. Although
most of them are clearly identified on field, they are still often poorly described, particularly in terms
of constitutive laws. A lot of work remains to be done to be able to accurately model the impact of
climate on the rock mass, and even more so if we wish to anticipate the effects of climate change.
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