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Abstract. Wildfires and rockfalls are among the major hazards in forested mountainous
regions across Europe. Understanding processes and conditions that lead to rockfalls during
and after a wildfire in different geological contexts is, therefore, of great relevance. The increase
of rockfalls associated with the occurrence of wildfires is connected to several factors, not only
in the detached area but also in the propagation and affected area. Wildfires cause changes in
the mechanical properties of rocks and discontinuities as well as the loss of protective capacity
from vegetation, complemented by the effect induced by firefighting activities and by extreme
temperatures that may deteriorate the installed protective measures. After the occurrence of a
wildfire, there is an increase in the frequency and intensity of rockfalls in the burned area, causing
a major impact of rockfalls on road networks and inhabited areas. Additionally, the rockfall
risk perception is usually increased due to the removal of vegetation by wildfires, exposing both
rock blocks and the rock mass. In this review, the main factors that influence the occurrence
of rockfalls after a wildfire are briefly reviewed.

1. Introduction

Wildfires are very frequent in semi-arid and arid climates, particularly during the summer season
where the high temperatures, the strong winds, and the scarcity of precipitation converge.
During fires, the temperature can reach near 400 °C, causing important physical and chemical
effects on the soil and rock mass [1]. According to the ‘Annual Report on Forest Fires in
Europe, Middle East and North Africa 2019’ [2], Spain, Portugal and Poland are the European
countries with the highest number of wildfires. In the last fifty years, almost 600,000 wildfires
were recorded in Spain, affecting about 7.5 Mha, being the 1990s the decade with the highest
number, with an average of 19,000 fires per year, and an average of 160,000 ha burnt per year [3].
During the last years, the number of fires and the burned area has decreased. Nevertheless,
the occurrence of large wildfires (affected area > 500 ha) remains high. Wildfire activity
is changing dangerously, as climatic conditions due to global warming clearly influence the
frequency, severity, and extent of wildfires.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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In addition to the environmental effects, wildfires increase the frequency of landslides, and
specifically debris flows [4-6] and rockfalls [7]. These post-fire processes increase the risk posed
to infrastructures and people within the burned area. Several studies during the past decade
analysed the susceptibility to debris flows in burned watersheds [8-12]. After a wildfire, there
is an alteration of the hydrological and soil conditions by changing the evapo-transpiration and
infiltration rates, which increase the probability of occurrence of debris flow [13]. These rapid
slope-movements can be very dangerous, capable of causing significant damage and fatalities in
a single event [10, 14].

In the case of rockfalls, a lack of exhaustive research on the effects of wildfires has been
observed. Rockfalls are dangerous phenomena, due to high kinetic energy related to the velocity
of the falling blocks. This often explains the difficulty of taking fast-enough and effective actions
as well as of designing appropriate protection and mitigation measures [15, 16].

After detachment, boulders move by falling, bouncing, rolling, or sliding. A single block may
be fragmented into several boulders during its impact with ground or trees. When the block
loses enough kinetic energy, it stops, reaching its final stable position [17]. Understanding the
conditions leading to rockfalls during and after a wildfire in differents geological contexts [16] is
crucial, as rockfalls are very frequent in mountain ranges, coastal cliffs and slope cuts.

There are some studies in the literature that report the increase in rockfall-activity during
and after wildfires [7,17,18]. This occurs by the confluence of rock fragmentation by high
temperatures, changes in the rock mechanical conditions, and loss in the protective capacity
of vegetation. In granular soils, chemical-mineralogical variations take place: dehydration,
dihydroxylation or oxidation; while in rocks, mechanical effects by thermal expansion occur
[19]. Furthermore, fires increase the erosional processes in the slope, modifying the original
topography [20-22] which can significantly change the rockfall trajectories [20,23].

Wildfires cause great social impacts such as home loss, property damage, number of residents
evacuated and severe ecological effects. When wildfires occur in mountainous areas, the loss of
vegetation exposes the rock and the perception of rockfall risk increases. This is the main reason
behind the understanding of rockfall hazard impact from two perspectives: physical and social,
focusing on civil works and built-up areas, but also on people’s lives and their environment.

The review of effects of wildfire on rockfall occurrence is organized following schema showed
in Figure 1. It is mainly divided into three zones: the detached or source area where rockfalls
originate, the detached area, that is the portion of the talus where the rockfall mostly travels
down the slope, and the potential affection zone where the majority of the boulders and fragments
stops.

Regarding the detached or source area, we present the effects on the rock mass that are
directly related with rockfall initiation processes due to thermal degradation of rock, crack
initiation and damage stresses. Then, the study is focused on the propagation zone that is also
modified when there is a loss of vegetation by the fire. Vegetation is extremely important to
protect against rockfall, reducing the velocity and the rebound heights of falling rocks, therefore,
it is necessary to consider its loss in the evaluation of the boulders trajectories, mainly the
variation of restitution and friction coefficients in the numerical simulations. Finally, we present
how influence wildfires in the degree of affection by rockfall, analysing their social and economic
impact.
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Figure 1. Diagram showing the main effects of wildfires on rockfall occurrence and the three
main areas.

2. Effects of wildfires on the rock mass: source area

High temperatures induced by wildfires can relevantly affect the rock matrix. The thermal
expansion of constituent minerals origins an increase of contact surfaces between them causing
structural changes that affect the rock strength [24-26]. Processes such as dehydration or
decarbonization can lead to relevant changes in the mechanical properties of rocks [25, 26].
Minero-chemical changes also cause polymorphic transformations, melting, and even the
disappearance of certain minerals [27-29]. These processes are behind the development of new
microcracks and the coalescence and enlargement of existing ones that are responsible for the
important changes in the physical and mechanical properties of rocks after a fire. The strength
loss, especially in compression, was studied in detail for granitoids and sandstones, observing
decreases of up to 80% of UCS observed for temperatures about 800 to 1000 °C.

The effect of temperature on intact rocks has been widely studied in laboratory [30-33].
These studies allow evaluating the changes in the chemical, physical and mechanical properties
of rocks when heated. Most of the studies use regular specimens of intact rock heated in an oven
following standard heating curves, which represent the phenomena under study. These heating
curves usually present three main stages: an initial heating ramp, between 1 to 15 °C/min,
starting at room temperature and reaching typical values of 200 to 1000 °C (this part of the
curve represents the initiation of the fire); a second stage with constant temperature during an
interval of time that varies from 1 to 24 h (this part of the curve represents the duration of the
fire); a last stage, the cooling process, replicated in different ways: sometimes by cooling down
the samples within the oven up to room temperature to simulate the slow and natural cooling of
the rock, and sometimes in a faster way, by submerging the samples into water or even applying
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liquid-nitrogen to cause a thermal shock that reproduces the extinguishing operations.

The effect of the cooling method is also a factor of importance in rock masses affected by
wildfires. Previous studies highlighted that the reduction of strength and elastic parameters
of rocks is more relevant in rapidly cooled samples than in air-cooled (slowly cooled) samples,
being the crack density increased due to sudden thermal shock [34-36].

The effect of temperature on the shear strength of joints has been scarcely studied. Some
studies were focused on the evaluation of the shear strength of rock discontinuities that were
subjected to thermal treatments at different temperatures (up to 800°C) by means of direct
shear tests [37-39]. These results show a gradual decline of the peak shear strength as the
temperature increases under normal loading condition. However, this thermal effect gradually
became more reduced as the normal stress increased.

Wildfires mainly affect rock masses expanding the outer parts causing internal stresses that
exceed tensile strength of the rock-forming fractures. The presence of matrix in detritic rocks
causes a dampening effect of mineral crystal dilations. However, in massive rocks, the absence
of matrix and the greater packing of the crystals increase the efforts between them as they dilate
and cracking occurs. Considering massive rocks with similar porosity and mineral packing, those
of carbonate composition have been found to be less sensitive to the action of fire than those of
siliceous composition [19].

3. Changes in the slope: propagation zone

The occurrence of forest fires will remove the vegetation coverage and modify the soil and rock
properties, affecting relevant factors or input parameters into numerical models for rock slope
stability assessment, before and after the fire.

3.1. Vegetation loss

Vegetation (in general terms, trees and undergrowth) acts as a natural barrier for protection
against rockfalls since they can significantly reduce the runout of rockfalls [40] and provides
stability [18]. Vegetation not only decrease the intensity of rockfalls, reducing the energy and
the velocity of the falling boulders, but also reduce the frequency of rockfall events [41, 42].
The distribution and types of trees on the slope influence this protective effect. An increase
of the Diameter at Breast Height (DBH) has been reported to improve the capacity of block
retention [43,44]. Moreover, the role of roots is also extremely important on retaining the soil.
As a result, rockfall hazard at a forested slope should be analysed by focusing on both forest
characteristics and rockfall dynamics.

When a forest fire occurs, the natural defense of the vegetation is lost. Wildfires cause damage
from the tree crown to the roots, and shrubs used to be completely burned. Moreover, the burned
roots in the rock joints accelerate physical weathering processes. The effects of the wildfire on
the vegetation depends on the intensity and duration of the fire. The total recovery of the
environment after a fire can take from a few years to several decades, depending on the weather
and the climatic conditions [12]. The critical role of climate change combined with high severity
fire is demonstrated, as well as a slower capacity of vegetation recovery after wildfires [45].
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Figure 2. Rockfall boulder ‘catched’ by a pine in Cala Sant Vincent (Ibiza, Spain).

3.2. Increase of rockfall occurrence

Regarding geomechanical characteristics, the number of sets of discontinuities that affect the
rock mass, as well as the nature of its filling (if any) and the presence or absence of water, stand
out first [96]. During a wildfire, these conditions are altered. Furthermore, there is a degradation
in the rock matrix properties reducing the rock strength and increasing the fracturing of blocks
and the potential to disaggregation of the initial rock mass and breakage of the blocks during the
occurrence of rockfall processes (i.e., increase fragmentation potential). The increase of rockfall
after a wildfire is not only associated with the effects on the rock mass but also with the loss
of vegetation. Dorren et al. [46] explained that trees reduce the energy of the boulders mainly
in three ways: rotation and translation over the roots, deformation by their hit in the tree
stem, and penetration of the rock in the impact. With regard to these considerations, there is a
relation between the type of forest (i.e., DBH or density) and its capacity to hold back boulders
of a specific size. Some studies [44,47] suggest that a forest should account for one-third of the
size boulders with the mean DBH, producing a reduction of rockfall velocity in 26% on average
and the maximum rebound height by 75% on average.

3.8. Influence on modelling parameters

Numerical modelling can help on determining the rockfall trajectories and estimating the
kinematic behaviour of the boulders. The most important input parameters when performing
numerical simulations of rockfalls are the restitution coefficients and the dynamic friction
coefficients. The first one depends basically on the angle of impact and the properties of the
soil, and the second one determines the force in the opposite direction of the sliding of the
block. The value of the friction coefficient depends not only on the shape of the rock but
also on the characteristics of the surface of the slope. Both coefficients quantify control of the
amount of energy lost during the impact of a block over the slope surface. The estimation
of restitution and friction coeflicients is a complex task still not standardised. This is due to
the difficulty in calibrating and validating the soil parameters in the models. In any case, if
the simulation is carried out in a burned area, the effect of the fire is a factor that must be
taken into account. Wildfires induced impacts on soil properties. The severity of these impacts
depends on the duration, intensity, and frequency of the fires [48]. In the case of low-intensity,
fires in which the temperatures reached are not very high, the effect on the vegetation is low
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and only the outermost layer of soil is affected. However, during high-intensity fires, in which
the temperatures reached are higher, there is an important removal of the vegetation coverage
which can lead to important alterations in the properties of the soil.

Nevertheless, literature on the modelling of rockfalls shows that few studies take into account
how the restitution coefficients and the dynamic friction coefficient change after wildfires.
Sabatatakis et al. [49] estimated the values of the restitution coefficients in five cases in western
Greece, showing the influence of the loss of vegetation, founding values that are reduced by 15%
to 256% after the fire.

4. Potential affection during and after wildfire

4.1. Firefighting activities and rockfalls

Wildfire fighting is a hazardous activity. Despite the fact that many studies are made regarding
on exposure for firefighters during a fire extinction to gases or temperature, little is known
regarding the exposure of firefighters to rockfalls. The main statistic to evaluate the effect of
rockfalls in firefighting activities is the number of fatalities. In the US, data provided by U.S. Fire
Administration (USFA) shows a general upward trend in deaths of fightfighters. In the period
of January 2000 to October 2019, there were 99 fatal injuries in wildland fires. Regarding the
cause of fatal injury, 32.3% of the fatalities are by caught or trapped. 23.2% of the fatalities is
due to collision of vehicle and 20.2% of them by stress/overexertion. Nevertheless, the fourth
cause of fatalities are related to struck by elements such as rocks or trees (16.2%). Almost 70%
of these deaths occurred during extinction of the wildfire [50].

In Spain, there is a lack of information about firefighter fatalities; the official information
records 3 deaths caused by rockfall impacts during the last 10 years [51]. According to direct
information from Spanish firefighters, some actions developed during firefighting can trigger
rockfalls. The main causes are: a) the destabilization of boulders due to the stretching of the
hose lines; b) the movement of firefighting equipment (e.g. fire trucks) and personnel near slope
edges or on slopes; ¢) the impact of water projection on slopes and cliffs by hoses or aerial forest
fire-fighting means.

4.2. Impact on infrastructures

The wvulnerability to rockfalls can be evaluated for different types of elements at risk:
population, buildings, infrastructures, environmental areas or cultural heritage. To do this,
the characteristics of these processes, triggering factors and spatial and temporal distribution
of the rockfalls have to be known. In many cases, protection elements are used to deal with
rockfalls risk: bolt fixing, cable netting, shotcrete or rockfall protective barriers (which usually
include systems of cables, anchors and energy dissipators).

However, when a fire occurs, the already referred protective measures can be affected by the
high temperatures reached. One of the main effect of wildfire on rockfall protection barriers is
the afection of the cables and energy dissipators, changing their properties of friction/tightening
with cable ties. In that cases. cables, energy dissipators and nets need to be replaced. High
temperatures can also affect nets and bolts making them more brittle and weak, depending on
the composition of these elements and the temperature reached during the wildfire.

5. Concluding remarks
Wildfires can induce physical and chemical changes on the rock masses, increasing rock—
fragmentation and decreasing rock and discontinuity strength.

Rockfall trajectory (runout) is also modified when the vegetation is lost. Forests are extremely
important to protect against rockfalls, as trees reduce the velocity and the rebound heights of the
falling rocks. In rockfall modeling, the loss of vegetation tends to change the input parameters,
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in particular the restitution coefficients. Comparing pre- and post-fire simulations would be an
effective tool to evaluate the new hazard of the slope.

Specific attention should be paid to match the characteristics of the wildfire (intensity,
duration, etc.) with the rockfalls. Mapping fire intensity and burn severity in combination
with the rockfall inventory (pre- and post-wildfire) would help to understand their correlation.

Stabilization and protection measures can be greatly deteriorated by the high temperatures
and may lose their functionality. Furthermore, social risk awareness is increased after a wildfire,
and people demand new, urgent and expensive protecting measures.

In addition, firefighting actions can increase the rockfall activity. Firefighters and emergency
authorities should develop strategies for rockfall risk reduction during wildfires in collaboration
with the scientific community.

Acknowledgements

The authors wish to thank Paramassi and V-Traverca companies for granting use of their images
of rockfalls triggered by wildfires and fence and barriers affected by a wildfire. Extended thanks
are given to the Consorcio Provincial de Bomberos de Alicante (Spain) for their support and
valuable information provided to develop this paper.

References
[1] Wotton B M, Gould J S, McCaw W L, Cheney N P and Taylor S W 2012 Int. J. Wildland Fire 21 270
[2] San Miguel J, Durrant T, Boca R, Maianti P, Liberta‘ G, Artes T, Jacome D, Branco A, De Rigo D, Ferrari
D, Pfeiffer H, Grecchi R, Nuijten D and Leray T 2020 Forest fires in Europe, Middle East and North Africa
2019. (Publications Office of the European Union) ISBN 978-92-76-23208-7
[3] Andrade A, Bello J, Chopo S, Elazar J M, Enriquez E, Herndndez E, Lépez-Santalla A and Mufioz A 2019
Los incendios forestales en Espania: decenio 2006-2015 (Ministerio de Agricultura, Pesca y Alimentacion)
ISBN 003190315
[4] Cannon S H, Gartner J E, Rupert M G, Michael J A, Rea A H and Parrett C 2010 GSA Bulletin 122
127-144
[5] Santi P, Cannon S and DeGraff J 2013 Treatise on Geomorphology ed Shroder J F (San Diego: Academic
Press) pp 262287 ISBN 978-0-08-088522-3
[6] Staley D M, Tillery A C, Kean J W, McGuire L A, Pauling H E, Rengers F K and Smith J B 2018 Int. J.
Wildland Fire 27 595
] De Graff J V and Gallegos A J 2012 Environmental & Engineering Geoscience 18 389-397
| Parise M and Cannon S H 2012 Nat Hazards 61 217-227
| Nyman P, Sheridan G J, Smith H G and Lane P N J 2011 Geomorphology 125 383-401
| CuiY, Cheng D and Chan D 2019 ISPRS International Journal of Geo-Information 8 5
] Kean J W, Staley D M and Cannon S H 2011 Journal of Geophysical Research: Earth Surface 116
] Carabella C, Miccadei E, Paglia G and Sciarra N 2019 Geosciences 9 175
| Rengers F K, McGuire L A, Oakley N S, Kean J W, Staley D M and Tang H 2020 Landslides
] Dowling C A and Santi P M 2014 Nat Hazards 203-227
] Jaccard C J, Abbruzzese J M and Howald E P 2020 Nat Hazards 104 459-491
| Sarro R, Mateos R M, Garcia-Moreno 1, Herrera G, Reichenbach P, Lain L and Paredes C 2014 Landslides
11 493-503 ISSN 1612-5118
] Melzner S, Shtober-Zisu N, Katz O and Wittenberg L 2019 Nat. Hazards Earth Syst. Sci. 19 2879-2885
| Gehring E and Maringer J 2020 RO 122-125
| Gomez-Heras M, McCabe S, Smith B J and Fort R 2009 Journal of Architectural Conservation 15 47-58
| Vick L M, Zimmer V, White C, Massey C and Davies T 2019 Natural Hazards and Earth System Sciences
19 1105-1117 ISSN 1561-8633
[21] Rammer W, Brauner M, Ruprecht H and Lexer M J 2015 Scandinavian Journal of Forest Research 30
719-731 ISSN 0282-7581
[22] Stoffel M, Wehrli A, Kiihne R, Dorren L K A Perret S and Kienholz H 2006 Forest Ecology and Management
225 113—-122 ISSN 03781127
[23] Sarro R, Marfa Mateos R, Reichenbach P, Aguilera H, Riquelme A, Herndndez-Gutiérrez L E, Martin A,
Barra A, Solari L, Monserrat O, Alvioli M, Ferndndez-Merodo J A, Lépez-Vinielles J and Herrera G 2020
Journal of Maps 16 605-613



Eurock 2022 - Rock and Fracture Mechanics in Rock Engineering and Mining 10P Publishing

IOP Conf. Series: Earth and Environmental Science 1124 (2023) 012122 doi:10.1088/1755-1315/1124/1/012122

David C, Menéndez B and Darot M 1999 International Journal of Rock Mechanics and Mining Sciences and
Geomechanics Abstracts 4 433-448 ISSN 0148-9062

Sygata A, Bukowska M and Janoszek T 2013 Journal of Sustainable Mining 12 45-51 ISSN 2300-3960 URL
http://www.sciencedirect.com/science/article/pii/S2300396015300689

Zhao Z 2016 Rock Mechanics and Rock Engineering 49 747-762 URL
http://adsabs.harvard.edu/abs/2016RMRE. . .49. .747Z

Hajpadl M  and  Tordk A 2004 Env Geol 46 311-322 ISSN  1432-0495 URL
https://doi.org/10.1007/s00254-004-1034~-z

Véazquez P, Shushakova V and Gémez-Heras M 2015 Engineering Geology 189 58—67 ISSN 0013-7952

Martinez-Ibanez V, Benavente D, Hidalgo Signes C, Tomés R and Garrido M E 2020 Rock Mech Rock Eng
ISSN 1434-453X

Gomez-Heras M, Vazquez P, Fort R, Carrizo L and Alonso F J 2010 Effects of high temperatures in building
granites: {Micro}-cracking patterns and ultrasound velocity attenuation vol 39 (XIX Congress of the
Carpathian-Balkan Geological Association) ISBN ISSN 0324-0894

Liu S and Xu J 2014 International Journal of Rock Mechanics and Mining Sciences 71 188-193 ISSN 1365-
1609

Yin T b, Shu R h, Li X b, Wang P and Liu X 12016 Transactions of Nonferrous Metals Society of China 26
1926-1937 ISSN 1003-6326

Biré A, Hlavicka V and Lubldy E 2019 Construction and Building Materials 212 92-101

Kumari W G P, Ranjith P G, Perera M S A, Chen B K and Abdulagatov I M 2017 Engineering Geology 229
31-44 ISSN 0013-7952 URL http://www.sciencedirect.com/science/article/pii/S0013795217304593

Shao S, Wasantha P L P, Ranjith P G and Chen B K 2014 International Journal of Rock Mechanics and
Mining Sciences 70 381-387 ISSN 1365-1609

Zhang F, Zhao J, Hu D, Skoczylas F and Shao J 2018 Rock Mech Rock Eng 51 677-694 ISSN 1434-453X
URL https://doi.org/10.1007/s00603-017-1350-8

Khamrat S, Thongprapha T and Fuenkajorn K 2018 Journal of Structural Geology 111 64—74 ISSN 0191-8141

Tang Z C 2020 Rock Mech Rock Eng 53 4043-4060 ISSN 1434-453X

Kim T and Jeon S 2019 Rock Mech Rock Eng 52 2207-2226 ISSN 1434-453X

Zabota B, Mikos M and Kobal M 2019 Rockfall modelling in forested areas: the role of digital terrain model
spatial resolution preprint

Moos C, Dorren L and Stoffel M 2017 Nat. Hazards Farth Syst. Sci. 17 291-304 ISSN 1684-9981

Dupire S, Bourrier F, Monnet J M, Bigot S, Borgniet L, Berger F and Curt T 2016 Forest Ecology and
Management 382 269-279 ISSN 03781127

Jonsson M J O 2007 Energy absorption of trees in a rockfall protection forest Ph.D. thesis ETH Zurich

Dorren L K A, Berger F and Putters U S 2006 Nat. Hazards FEarth Syst. Sci. 6 145-153 ISSN 1684-9981

Davis K T, Dobrowski S Z, Higuera P E, Holden Z A, Veblen T T, Rother M T, Parks S A, Sala A and
Maneta M P 2019 PNAS 116 6193-6198 ISSN 0027-8424, 1091-6490

Dorren L, Berger F, Jonsson M, Krautblatter M, M&lk M, Stoffel M and Wehrli A 2007 Schweizerische
Zeitschrift fur Forstwesen 158 128-141 ISSN 0036-7818

Jancke O, Berger F and Dorren L. K A 2013 Farth Surface Processes and Landforms 38 994-1003 ISSN
1096-9837 URL https://onlinelibrary.wiley.com/doi/abs/10.1002/esp.3381

Zavala L M, De Celis R and Jordén A 2014 Cuadernos de Investigacion Geogrdfica 40 311 ISSN 1697-9540,
0211-6820 URL https://publicaciones.unirioja.es/ojs/index.php/cig/article/view/2522

Sabatakakis N, Depountis N and Vagenas N 2015 Engineering Geology for Society and Territory - Volume 2
ed Lollino G, Giordan D, Crosta G B, Corominas J, Azzam R, Wasowski J and Sciarra N (Cham: Springer
International Publishing) pp 2023-2026 ISBN 978-3-319-09056-6 978-3-319-09057-3

Administration U S F 2020 Firefighters fatalities report

MAP 2016 Fallecidos en incendios forestales en {Espania} 1991-2015 Tech. rep. Ministerio de Agricultura,
Pesca y Alimentacién



