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Wildfires are becoming increasingly frequent and intense due to ongoing climate change, affecting
not only ecosystems but also the stability and integrity of rock masses in fire-prone landscapes.
High temperatures associated with wildfires can alter the physical and mechanical properties of
rock faces, with significant implications for slope stability, weathering rates, and landscape
evolution in affected regions. In this study, we investigated the effects of thermal shock on rock
mechanical properties in four lithological groups: igneous and metamorphic rocks, sandstones,
limestones, and volcanic rocks. For each group, samples were collected from 25 different locations
across the Czech Republic, Central Europe to provide a representative dataset covering the
regional geological diversity. Specimens were subjected to fast short-term heating at target
temperatures (from 105 °C to 800 °C). After each heating step, changes in the propagation
velocities of Vp and Vs were measured, allowing the calculation of dynamic elastic moduli. Our
results reveal markedly different thermal responses across lithological groups. In several cases,
a surprising increase in wave velocity was observed after heating to 200 °C. However, higher
temperature exposures generally resulted in progressive degradation of material properties,
including a sharp decrease in tensile and uniaxial compressive strength and Mode I fracture
toughness. These findings highlight the complex and non-linear nature of thermal alteration in
rocks and stress the importance of considering lithology-specific behaviour when assessing post-
fire landscape stability and rock mass quality. Our results contribute to a better understanding of
how wildfires, intensified by climate change, may accelerate rock degradation processes and

reshape geomorphological systems.

1. INTRODUCTION

Over the past few decades, patterns of wildfire
activity have undergone significant changes due to the
ongoing climate crisis, resulting in profound impacts
on both populations and economies in many countries
(McCaffrey, 2004; Moreira et al., 2011). Regions that
have historically not experienced extreme hazards,
such as wildfires, droughts, and prolonged dry spells,
are now increasingly exposed to such processes. These
hazards are expected to grow in severity with the
anticipated increase in wildfire frequency and
intensity. Despite this trend, the physical implications
of these changes, particularly concerning mechanical
and  thermo-hydro-mechanical  responses  of
geomaterials, remain underexplored (Scaringi and
Loche, 2022).

The link between wildfires and mass wasting
events stems from the transformative impact that fires
have on the physical properties of rocks. During
a wildfire, the high temperatures can cause thermal
cracking and rock mass alteration, leading to,
a decrease in strength, and increased susceptibility to
mechanical failure (Nyman et al., 2019; Buckman et
al., 2021). The fire-induced heating of rocks can have,

as its main macroscopic effect, rock spalling, resulting
in increased weathering and sediment supply, as well
as changes in rock physico-mechanical properties.

As climate models predict an increase in
wildfires and dry spells in the future, thus
understanding these relationships is becoming urgent.
For instance, in 2022, a devastating wildfire hit the
Czech Republic (Hruska et al., 2022; Kudlackova et
al., 2024). This event shed light on the emerging
frequency of forest fires in higher latitudes such as the
Czech Republic, as highlighted by several authors
(Hillayova et al., 2023; Trnka et al., 2021; Dupuy et
al., 2020; Ruffault et al., 2020; Shtober-Zisu and
Wittenberg, 2021a; Yildiz et al., 2023; Loche et al.,
2026), and thus leading to a higher likelihood of
affected rock masses (Hlasny et al., 2014; Schelhaas
et al., 2010; Filippi et al., 2026).

In this perspective, it is crucial to investigate the
response of diverse lithologies. Notably, analyses are
generally focused on evaluating single lithotypes and
adopting thermal treatments on cylindrical rock
samples (Goudie et al., 1992; Dorn, 2003; Sarro et al.,
2021; Shtober-Zisu and Wittenberg, 2021a, 2021b).
However, it is beneficial to quantify the response of
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each rock type following a temperature shock (Lainas
etal., 2021). The impact of fire temperature on mineral
composition and crystal structure has already been
discussed in previous studies (Aboayanah et al., 2024;
Kompanikova et al., 2014; Ram et al., 2025). Research
on sandstone materials indicates resistance to cracking
at temperatures up to 400 °C, while mineral
transformations and physical changes are associated
with superficial Fe reactions observed above 300 °C.
On the other hand, studies on granite show that
thermal crack density and aperture increase with pre-
treatment temperature, significantly affecting the
thermal cracking pattern under subsequent gradient
heating.  This  suggests a  transition in
thermomechanical behaviour between 300 and
500 °C. The samples are thus sensitive to heating
strategies, and attention should be given to artificial
oven testing to better account for the natural
heterogeneity of rocks and lithologies (Rimnacova et
al., 2024).

Given the profound link between Brazilian
tensile strength (BTS), which governs rock spalling
and rockfall development, and fire-prone materials,
we have chosen to use Brazilian samples (Zhao et al.,
2018). Parallelly, classical uniaxial compressive tests
(UCS) have been performed to represent and derive
the UCS and Fracture toughness samples (#7), which
were utilised to evaluate Mode I fracture toughness. In
parallel, non-destructive techniques have been
employed as a practical tool for providing an analysis
of even disturbed samples (Goudie, 1999; Yeste-Lizan
etal., 2023).

In this study, we investigated the effects of rapid
thermal shock on rock mechanical properties, with
destructive and non-destructive techniques, in four
lithological groups: igneous and metamorphic,
sandstones, limestones and volcanic rocks. For each
lithological group, samples were collected from 25
different locations across the Czech Republic, Central
Europe to provide a representative and statistically
robust dataset covering the region’s geological
diversity (Dally, 2008; Gill et al., 2005).

2. MATERIALS AND METHODS

The territory of the Czech Republic comprises
avariety of lithological groups and a complex
geological evolution. Most of the country is dominated
by the Bohemian Massif, whose Variscan basement
comprises granitoids, gneiss, migmatites, and
amphibolite rocks of Proterozoic and Palaeozoic age.
Younger sedimentary rocks overlay the basement,
mostly in the central and northern parts (Matula and
Pasek, 1986). The Bohemian Karst in the Central part
of the Czech Republic is composed of Palacozoic
limestones, similar to the other limestone area of
Moravian Karst in the southeast of the country. A large
part of central and northern part of the Czech Republic
is formed by the Bohemian Cretaceous Basin, where
thick sandstone layers have developed into peculiar
rock formations, including ‘“sandstone cities”
(Svoboda et al., 1966). In the north-western part of the

country, Tertiary volcanic rocks are present. The
flysch zone of the Outer Western Carpathians (Alpine-
Himalayan orogeny) dominates the eastern part of the
Czech Republic (Chlupac et al., 2002).

To capture the large geological variety of the
Czech Republic in relation to existing rock slopes that
may have been affected by wildfires, we used the
engineering-geological map at 1: 500 000 (Fig. 1)
(https://mapy.geology.cz/arcgis/rest/services/Geohaz
ardy/IG_rajony500/MapServer), which is divided into
a number of classes that reflect the engineering-
geological properties of the rocks. Taking into account
the presence of rock outcrops and rock slopes that
might be affected by the wildfires, the classes were
grouped into four categories: (i) igneous and
metamorphic rocks; (ii) sandstones; (iii) limestones;
and (iv) volcanic rocks (Fig. 1). The areas of the
different lithological groups are varied, but this
selection and grouping allowed us to gather
information about the large variety of existing
outcrops and rock walls, including those located in
protected areas. The remaining areas were excluded
from sampling as they mostly represent soils and soft
rocks, which usually do not form rock outcrops and
steep, rockfall susceptible rock slopes.

For each lithological rock group, 25 samples
were collected to allow robust statistical analysis and
comparison of the selected lithological groups. From
each of these samples, five BTS, two UCS, and three
FT specimens were prepared (Fig. 2). All of the
prepared specimens (1000 pieces in total) were
vacuum-saturated in water for 24 hours under -1 atm
pressure to ensure complete saturation of pores, after
which their saturated weights were recorded to
calculate effective porosity. Subsequently, the
specimens were oven-dried at 105 °C for 24 hours,
following the ISRM recommended Methods (Ulusay
and Hudson, 2007). After cooling at room
temperature, the specimens were measured, weighed,
and their bulk density was calculated. They were kept
in a desiccator to prevent moisture from entering the
specimens. After drying, the ultrasonic pulse velocity
(UPV) test was performed on all BTS and UCS
specimens to assess their initial conditions and
changes during the testing. We remind that for the FT
ultrasonic test was not possible given the peculiar
geometry. However, UPV was selected as a standard
non-destructive  technique, allowing for the
determination of dynamic elastic moduli of the BTS
and UCS specimens.

Laboratory UPV employed two pairs of
Olympus resonant ultrasonic sensors (V103 for
P-waves, V153 for S-waves) with a resonant
frequency of 1 MHz, where the distance between the
centres of the transducers was kept at a constant of
25 mm in BTS and 100 mm in UCS. Based on the
experimentally determined wave velocities, it was
possible to calculate some principal dynamic elastic
parameters such as Young's modulus (Ed), shear
modulus (Ud), Poisson’s ratio (¥d) and bulk modulus
(Kd) (Schon, 2015).



CHANGES IN ROCK MECHANICAL PROPERTIES DUE TO HIGH TEMPERATURES: 4 ...

12°30"

13°

13°30'

14°

14°30'

15°

15°30'

16° 16°30'

17k

17°30' 18° 18‘?30'

209

Dresden
<)

Tegnica
qed

Dolnoslgskie

Wroc
©

B l
Sampling locations

Sachsen|
1

o

” N
66“@0

50°30'

50°
|
|
)
)

Aus

tria

o) Igneous and o
metamorphic

/\ Sandstones

D Limestones

O Volcanic
; Lithological groups

o
owmm{?’)d

=3
I
———
=3
o)

. <P Igneous and

metamorphic
@ Sandstones
@ Limestones
@ Volcanic rocks
AU Soft rocks and soils

49°30'

e
$RLRKR S
SIS

49

- O
42
| e

48°30"

13° 13930 14930

12930

14° 159

15930'

16° 16°30'

17°30 18° 30

Study location and sampling sites across the Czech Republic. The map shows the extensive sampling

locations of the four lithological units, along with their relative correspondence and coverage within the
associated lithological groups. The inset presents the global location of the Czech Republic in Central

Fig. 1
Europe.
The dried specimens were exposed to
acontrolled rapid thermal treatment using

a programmable laboratory furnace (CLASIC 1013).
This allowed the investigation of controlled repeated
heating and thermal fatigue. BTS specimens were thus
subjected to four short-term heating phases at target
temperatures of 200 °C, 400 °C, 600 °C, and 800 °C.
A steady heating rate of 100 °C/min was used, and
specimens were held at each target temperature for
5 minutes to ensure uniform thermal distribution
before cooling naturally to room temperature.
Following each heating stage, UPV tests were
performed on the specimens, enabling the assessment
of changes in their dynamic elastic moduli. Similarly,
the UCS was tested for 200 °C, 400 °C, 600 °C,
800 °C, while the FT, given they restrict number of
samples were heated to 350 °C, and 600 °C. Finally,
specimens at each target temperature were tested to
determine their corresponding tensile strength,
uniaxial strength and Mode I fracture toughness
(ISRM, 1978).

For BTS, tests were performed on the prepared
thermally treated rock specimens with the load applied
continuously at a constant displacement rate until
failure. The maximum load at failure was recorded and
converted to tensile strength using equation 1:

PmaxBTS

o = 0.636 * )

where o; is the calculated tensile strength, Ppaars is the
maximum recorded load, D is the sample diameter, ¢
is the sample thickness, according to ISRM standard
(ISRM, 1978).

While it is known that the peak BTS values
usually overestimate the true tensile strength
(Packulak et al. 2025), the BTS test was selected
because of its ease of implementation for a large
number of specimens (500 in total).

For UCS, the peak axial load at failure was
recorded during the unconfined compression test and
converted to uniaxial compressive strength using
equation 2:

0. = Pma:UCS (2)
where oc is the calculated compressive strength,
Puavcs is the maximum load sustained by the
specimen, and A is the initial cross-sectional area
perpendicular to the loading direction (Bieniawski and
Bernede, 1979). Although UCS testing requires
careful specimen preparation to meet geometric
tolerances, it remains the standard method for
characterising the compressive strength of intact rock
due to its straightforward interpretation and
widespread acceptance in rock mechanics.

The fracture toughness method was selected
because it enables reliable estimates of Mode I crack
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initiation resistance. It was determined from the peak
load measured during the semi-circular bend test and
converted to Mode [ fracture toughness using
equation 3:

P
Kic = ~Batiie 4 ¥ (a) (3)
where Kic is the calculated fracture toughness, Puaxrr
is the maximum applied load, R is the radius of the
specimen, B is the thickness, a is the notch length, and
Ha) is the normalised geometry factor (Kuruppu etal.,
2014).

In this study, only changes of mechanical
properties were analysed, as the widespread nature of
the study did not allow for detailed thin-section
analysis of the mineralogical changes of the samples,
which was also not the main aim of the study.

3. RESULTS
3.1. NON-DESTRUCTIVE TESTING

In this section, we present the experimental
results of the thermally treated B7S and UCS
specimens, with focus on P-wave (Vp) and S-wave
(Vs) and their velocity decrease trend. Additionally,
results on the computed dynamic elastic moduli are
presented in the Supplementary Materials
(Figs. S1-2).

3.1.1. BTS SPECIMENS

For igneous and metamorphic rocks, both Vp and
Vs show a decrease with increasing treatment
temperature. Vp values decline gradually up to
400 °C, followed by a sharper drop between 400 °C
and 800 °C, with most values reaching around 40—
60 % of the initial velocity (Fig. 3). Vs values follow
a similar trend, although the reduction is slightly more
gradual, with values at 800 °C stabilising between 30—
50 % of the original value.

In sandstones, the initial Vp values are near
3 km/s and remain relatively stable up to 200 °C
(Fig. 3). Beyond this temperature, a progressive
decrease is observed, reaching approximately 50—
70 % of the starting value at 800 °C. Vs velocities
display a more gradual decline, with moderate
dispersion among data, particularly beyond 400 °C. At
800 °C, Vs velocities typically range between 40—
60 % of the initial values.

For limestones, Vp velocities start near 6 km/s
and decline steadily with increasing temperature,
showing a more linear reduction compared to
crystalline rocks and sandstones. At 800 °C, most
samples retain between 60—-80 % of their initial Vp
velocity, indicating lower thermal sensitivity in this
velocity mode (Fig. 3). Vs velocities decrease more
noticeably, particularly beyond 400 °C, with final
values at 800 °C around 50-70 % of the original. The
spread among data is greater for Vs, showing that
thermal treatments affected shear wave propagation in
limestone more than compressional wave propagation.

Volcanic rocks display the most variable
response to thermal treatment. Vp velocity values

remain close to initial up to 200 °C, after which they
decrease irregularly, with some samples maintaining
over 80 % of original velocity even at 800 °C and
others dropping to nearly 50 %. Vs values show a
similarly inconsistent decline, with significant
divergence between samples at high temperatures. At
800 °C, Vs velocities range from approximately 40 %
to 80 % of the original values (Fig. 3).

3.1.2.UCS SPECIMENS

In igneous and metamorphic rocks, both Vp and
Vs exhibit a monotonic velocity decrease with
increasing temperature. Vp values remain relatively
stable between 105°C and 200 °C, after which
a progressive decline starts. The reduction intensifies
beyond 400 °C, and by 800 °C, most samples fall to
roughly half of their initial velocity. Vs follows the
same general trend, but with slightly greater sensitivity
and values at 800 °C commonly lie well below those
of Vp for the same temperature steps.

Sandstones show comparatively stable Vp values
up to 200 °C, after which a gradual decline begins. By
800 °C, Vp typically reaches about half of the initial
velocity, though variability among samples increases
at higher temperatures. Vs decreases more
progressively, with a noticeable spread emerging
beyond 400 °C; final values at 800 °C generally fall
between 40—60°% of the initial state.

Limestones display a more linear and moderate
reduction in Vp compared to the other lithologies. Vp
decreases steadily with temperature, yet even at
800 °C, many samples retain 60—-80 % of their initial
velocity values, indicating comparatively lower
thermal sensitivity. Vs, however, shows a stronger
response with a decline accelerating beyond 400 °C,
and values at 800 °C commonly fall to around 50—
70 % of the initial velocity, with greater dispersion
than observed for Vp.

Volcanic rocks exhibit the highest variability
across all measured parameters. Vp remains close to
initial values up to 200 °C, but the response becomes
irregular at higher temperatures. Samples maintain
more than 80°% of their initial velocity at 800 °C,
while others drop to around 50 %. Vs shows
a similarly heterogeneous pattern, with divergence
between samples increasing markedly above 400 °C
and final values at 800 °C range broadly from 40°% to
80°%.

3.2. DESTRUCTIVE TESTING

In this section, we present the experimental
results of the thermally treated BTS, UCS, and FT
specimens, with attention to their strength reduction.
The different strength response (o, oc and Kic) permit
the evaluation of the capacity of the samples to sustain
stresses and resist failure under diverse target
temperatures.

3.2.1. BTS SPECIMENS

Figure 5 shows the tensile strength in igneous
and metamorphic rocks, which mirrors the previous
patterns, with an initial constant value at 105 °C,
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Vp and Vs velocities of thermally treated BTS specimens of igneous and metamorphic, sandstone,
limestone, and volcanic rocks were measured at five temperature levels (from 105 °C to 800 °C).
Boxplots show the distribution of velocities for each rock type and temperature condition, highlighting
the progressive thermal degradation and the contrasting sensitivity of different lithologies to heating.
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Vp and Vs velocities of thermally treated UCS specimens for igneous and metamorphic, sandstone,
limestone, and volcanic rocks across five temperature conditions (from 105 °C to 800 °C). Each subplot
displays the distribution of velocities, highlighting lithological contrasts in material behaviour. Median
values, interquartile ranges, and outliers illustrate the progressive degradation of wave propagation with
increasing temperature.
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slightly reduced at 200°C, and decreasing Sandstones exhibit a small reduction in

progressively around 400 °C and 600 °C to a more
pronounced decrease at 800 °C.

In sandstones, tensile strength initially averages,
with only a minor reduction up to 200 °C. However,
between 400 °C and 600 °C, tensile strength declines
sharply to 800 °C, reaching approximately 30-40 % of
its original value.

Limestone specimens show that tensile strength
has a corresponding decrease, starting at 200 °C. At
400 °C, tensile strength averages without clear
changes, and by 600 °C, it drops by roughly 20 %. At
800 °C, tensile strength is often reduced by about 40—
50 % of its original value. Conversely, in volcanic
specimens, tensile strength begins and remains
relatively unchanged at 100-200 °C. At 400 °C, the
reduction becomes clear. By 600 °C, tensile strength
decreases by approximately 25 %, and at 800 °C, it
often falls by 40 % of its original value.

3.2.2.UCS SPECIMENS

In igneous and metamorphic rocks, compressive
strength decreases markedly between 105 °C and
800 °C. The distributions at 80 °C show substantially
lower median values and reduced upper ranges
compared to 105 °C, indicating pronounced thermal
weakening.

compressive strength from 105 °C to 800 °C. While
strength at 105 °C spans a relatively wide range with
higher medians, and values at 800 °C cluster at lower
levels, suggesting strong sensitivity to
high-temperature exposure.

Limestones show a decrease in compressive
strength between 105 °C and 800 °C. The 800 °C
boxplots display both lower medians and narrower
ranges, suggesting that most samples undergo
significant strength loss at elevated temperature.

Volcanic rocks present a more variable response,
but still with an overall decline in compressive
strength from 105 °C to 800 °C. Some specimens
retain comparatively higher strength at 800 °C,
whereas others drop to low values, highlighting
heterogeneous thermal behaviour within this
lithology.

3.2.3.FT SPECIMENS

Igneous and metamorphic rocks show a clear
reduction in Kjc with increasing temperature. Values
at 105°C are the highest and display moderate
variability, while at 350 °C, no decrease is observed.
By 600 °C, Kic drops sharply, with most samples
reaching the lowest range of the dataset, reflecting
substantial thermal degradation.
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Sandstones exhibit a progressive decline in Kic
across the temperature steps. Kic at 105 °C has high
dispersion, but a small reduction appears already at
350 °C. At 600 °C, median K¢ falls to low values,
with a narrower distribution indicating that most
samples converge toward a similarly weakened
condition.

Limestones show an unusual behaviour in KIC
values between 105 °C and 350 °C. The reduction
becomes more pronounced at 600 °C, where KIC
values drop significantly, and variability decreases.

Volcanic rocks display the most variable
response, where KIC at 105 °C spans a wide range,
350 °C, decreases but retains considerable scatter, and
600 °C, most samples show a strong reduction.
However, a few retain comparatively higher FT,
highlighting the lithological diversity.

4. DISCUSSIONS

It has to be pointed out that the presumed
mineralogical changes of rock under thermal treatment
discussed in the following paragraphs are extracted
from the literature, as the nature of the nation-wide
study did not allow to analyse large number of thin-
sections (1000 specimens from 100 sites).

4.1. BTS SPECIMENS

For igneous and metamorphic rocks, the strong
reduction in both Vp and Vs amplitudes with
temperature is most probably mainly due to the
formation and propagation of thermal microcracks
along grain boundaries and cleavage planes, as also
shown by the decay in tensile strength (Figs. 5, 8).
Above 400 °C, differences in thermal expansion
coefficients between mineral phases (e.g., quartz,
feldspar, micas) become critical, producing
intergranular fractures that disrupt the continuity of
the elastic wave path. Several studies of granite show
extensive microcracking during cooling and
contraction, leading to reduced wave velocities, while
heating itself causes fewer new cracks but still
degrades elasticity (Guo et al., 2023). Above 600 °C,
the alpha-beta quartz transition (Tomas et al., 2021) is
most probably responsible for the sudden drop in Vp
and Vs velocities. The Vp velocity decreases with
temperature following the quadratic function (R?* =

c108 C350 Ce00
Temperature [°C]

C105 C350 €600
Temperature [°C]

and metamorphic, sandstone, limestone, and volcanic FT

0.973). At 100 °C, values remain above 4.0 km/s,
while by 800 °C, velocities fall below 2 km/s,
indicating a significant thermal sensitivity. Vs
velocities show a similar trend (R? 0.982),
decreasing from above 2.2 km/s at 100 °C to below 1
km/s at 800 °C. Tensile strength declined from
~10 MPa at 100 °C to less than 2 MPa at 800 °C.
These results confirm the strong degradation of

igneous and metamorphic rocks at elevated
temperatures,  associated  with  microcracking
phenomena.

In sandstones, the moderate decrease in

velocities up to 400 °C and the sharper decline
thereafter can be possibly linked to the behaviour of
quartz grains and the nature of the cementing matrix
(Fig. 8). However, in recent study of Filippi et al.
(2026) from wildfire affected sandstone area in the
Czech Republic, only minor mineralogical changes
were observed for temperatures from 250 to 310 °C.
At lower temperatures, expansion of the grains and the
cement is relatively uniform, so damage is limited.
Beyond 400 °C, differential expansion between quartz
grains and cement, along with the breakdown of clay
minerals or iron oxides in the cement, can cause
progressive loss of grain-to-grain contact (Hajpal and
Torok, 2004). The slightly higher resistance of Vs at
moderate heating suggests that shear wave paths
initially remain less affected by intergranular changes,
but high-temperature cracking disrupts both Vp and
Vs propagation similarly. Particularly, our sandstone
specimens show moderate reductions in Vp velocities
up to ~400 °C, followed by accelerated declines
beyond this temperature. Vp velocity decreases
according to a quadratic function (R* = 0.991),
similarly to the crystalline rocks. The initial velocity
of ~2.8 km/s at 100 °C decreases steadily to ~1.5 km/s
at 800 °C. Similar behaviour was also observed in the
study of Yang et al. (2022). The Vs velocity trend (R?
=10.967) indicates a reduction from ~1.9 km/s to below
1.0 km/s over the same temperature range. Tensile
strength shows larger scatter (Fig. 5), dropping from
~4 MPa at 100 °C to about 1 MPa at 800 °C. This
demonstrates that sandstones lose both stiffness and
strength more gradually than crystalline rocks but still
undergo notable deterioration.
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Limestones show a steadier decline, with Vp
amplitudes being less affected than in crystalline rocks
or sandstones (Fig. 8). This behaviour might be linked
to the thermal expansion of calcite, which is more
uniform than that of crystalline rocks. However, above
400 °C, incipient calcite decomposition and pore
enlargement from microcracking lead to a more
pronounced decrease in Vs velocities. The greater
variability in Vs is likely due to the sensitivity of shear
wave propagation to small-scale anisotropy caused by
preferential crack orientation. Calcite recrystallisation
at high temperatures may locally reinforce some wave
paths, accounting for the smaller Vp losses in some
specimens. Beyond ~400 °C-500 °C, calcite and
dolomite phases undergo decomposition, causing
microcracking, increased porosity, and loss of elastic
properties (Vagnon et al., 2023; Zhang et al., 2024).
The Vp velocity reduction (R? = 0.996), with initial
values around 5.7 km/s at 100 °C, declines to
~3.0 km/s at 800 °C. Vs velocities (R? = 0.918)
showed a less pronounced reduction from ~3.0 km/s to
~2.0 km/s (Fig. 8). While tensile strength decreases,
with values dropping from ~6 MPa to below 2 MPa at
800 °C (Fig. 5). The higher initial velocities and
strength of limestones confirm their denser and less
porous fabric, although they still exhibit pronounced
thermal weakening. Tensile strength showed a high
variability, especially around 400 °C.

Volcanic rocks display a wide range of responses
due to their heterogeneous mineralogy, textures, and
porosity (Fig. 8). The presence of glassy phases and
phenocrysts means that thermal damage is unevenly
distributed, with some specimens showing early crack
development and others remaining relatively intact up
to high temperatures. Expansion mismatch between
crystalline phenocrysts and the glassy matrix often
causes localised damage that disrupts wave paths
irregularly. Volcanic rocks heated and cooled show
that most thermal damage and cracking occur during
cooling, when tensile stresses propagate microcracks
more widely than during heating. These thermal
contraction cracks degrade elastic wave velocities and
mechanical integrity (Browning et al., 2016; Ahmed et
al., 2022). Vp velocity (R? = 0.923), decreased from
~5.3 km/s at 100 °C to below 3.0 km/s at 800 °C.
Vs velocity shows limited sensitivity (R* = 0.786),
with values remaining ~3 km/s across the entire
temperature range. Tensile strength declines sharply
(Fig. 5), from ~14 MPa at 100 °C to ~5 MPa at 800° C.
Compared to the other lithologies, volcanic rocks
retain Vs velocities but exhibit a strong loss of tensile
resistance, likely linked to heterogeneous textures and
pore structures.

4.2. UCS SPECIMENS

UCS specimens have also been used to represent
larger sample heights and to compute uniaxial
strength. In general, the results seem in accordance
with the BTS samples, although differences in
velocities are present. Temperature-dependent
reductions in seismic velocities and compressive

strength have been documented and are commonly
attributed to thermally induced microcracking and
differential thermal expansion within the rock matrix
(Janssen et al., 2021; Pimienta et al., 2019; Keshavarz
etal., 2010; Kern et al., 2011). In Figure 9, the Vp for
igneous and metamorphic rocks decreases with
temperature following a quadratic trend (R? = 0.989),
starting at approximately 4.1 km/s at 100 °C and
dropping below 2.5 km/s by 800 °C. The Vs velocity
also follows a quadratic decline (R* = 0.979),
beginning around 2.3 km/s and falling to just above
1.0 km/s at the highest temperature. The uniaxial
compressive strength showed, instead, a marked
reduction between the two measured points, with
values decreasing from roughly 10 MPa at 100 °C to
below 2 MPa at 800 °C (Fig. 6). All sources agree that
high temperatures or thermal cycling led to the
formation and growth of microcracks because of
different mineral thermal expansion rates. This causes
reductions in rock elastic moduli and compressive
strength. Additionally, factors such as fluids (water)
and cooling regimes (timing, temperature) influence
mechanical changes, including crack opening or
closing (Popoola et al., 2025; Zhang et al., 2022, Yu et
al., 2021, Gao et al., 2021)

Sandstone plots show a quadratic decrease in Vp
velocity (R? = 0.998), beginning at about 2.9 km/s at
100 °C and declining to near 1.5 km/s at 800 °C. The
Vs velocity remains nearly linear (R?>=0.998), starting
at approximately 1.85 km/s and ending below
1.0 km/s. The UCS data points indicate a drop from
around 4 MPa at 100 °C to approximately 1 MPa at
800 °C, with visible error bars suggesting variability.
The wave velocity regressions are tightly fitted, while
the strength data show more scatter. Similar behaviour
has been reported for sandstone and quartz-bearing
rocks subjected to elevated temperatures, where
differential thermal expansion among mineral grains
promotes intergranular microcracking and crack
opening, leading to progressive reductions in P- and
S-wave velocities as well as in compressive strength.
(Lokajicek et al., 2026; Pimienta et al., 2019), often
resulting in tensile failure at elevated temperatures
(Yang et al., 2026).

Limestones exhibits high initial Vp velocities
(~6.0 km/s at 100 °C), which decrease quadratically
(R?=10.995) to about 3.5 km/s at 800 °C. Vs velocities
follow a similar pattern (R? = 0.996), starting near 3.1
km/s and reducing to around 2.0 km/s. UCS values
drop from roughly 6 MPa to below 2 MPa between the
two temperature points. The plots show consistent
trends across all three properties, with relatively tight
regression fits for both wave velocities and moderate
variability in strength. In carbonate rocks, such
reductions are commonly linked to thermally induced
microfracturing and the decomposition of carbonate
minerals at elevated temperatures, which significantly
affect both elastic wave propagation and mechanical
strength (Ferrero and Marini, 2001).

Volcanic rocks display a quadratic decrease in
Vp velocity (R? = 0.999), from about 5.3 km/s at
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100 °C to below 3.0 km/s at 800 °C. Vs velocity also
declines (R? = 0.999), starting at approximately
2.9 km/s and ending near 1.5 km/s. The o. values show
a sharp reduction, from around 14 MPa at 100 °C to
about 5 MPa at 800 °C, with error bars indicating
some variability. Both destructive and non-destructive
methods  exhibit clear temperature-dependent
declines, suggesting the volcanic rocks as a possible
target of fire degradation. Similar temperature-
induced degradation has been reported for volcanic
rocks, where thermal cracking and pore expansion
contribute to reductions in elastic wave velocities and
compressive strength (Heap et al., 2014).

5. SUMMARY AND CONCLUSIONS

Igneous and metamorphic, and volcanic rocks
exhibited rapid P and S wave velocity loss with
increasing temperature, most probably due to the
development of thermal microcracks driven by
mineral expansion mismatches and cooling-induced
tensile stresses. Sandstones showed a more gradual
reduction, reflecting the role of cement mineralogy
and grain-boundary structure in moderating thermal
damage. Limestones instead were particularly
sensitive  beyond 400 °C,  where  thermal
decomposition of calcite and dolomite probably
accelerated porosity growth and mechanical
weakening. Interestingly, initial velocity increases
observed in some samples at 200 °C may suggest
transient  strengthening mechanisms such as
microcrack closure. However, these effects were
outweighed by progressive degradation at higher
temperatures and warrant further investigation.
Additionally, it was observed that tensile strength and
Kic in igneous and metamorphic rocks and limestones
were non-linear, while sandstones and volcanic rocks
showed a marked linear behaviour.

We are aware of missing thin-section analyses,
which might decipher the mineralogical changes.
However, the purpose of the study was to assess the
mechanical changes in a broad, quantitative way, by
collecting samples from 100 sites across the country
and 1000 specimens analysed. Selected samples will,
however, be subject to more detailed analysis,
including mineralogical composition changes and
mercury porosimetry in the near future.

Overall, the large sampling and variety of tests
and destructive and non-destructive techniques helped
in better defining the possible behaviour of the four
lithotypes. In this perspective, our work, incorporating
lithology-specific  thermal response data and
functions, might be beneficial for estimating material
behaviour, and it will improve predictions of high
temperature rock degradation and thermal fatigue and
support targeted risk mitigation in landscapes
experiencing more frequent and severe fires under a
warming climate in Central Europe, and particularly in
the Czech Republic.
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Suppl. Fig. 2 Calculated dynamic elastic moduli for the thermally treated igneous and metamorphic, sandstone,
limestone, and volcanic UCS specimens.
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Suppl. Table 1

Overview of the locations of the 100 rock samples, including rock type, age, and sampling

coordinates.
Sample Rock Rock Type Lat. Lon. Era Period
Group
1. 2. 3. 4. 5. 6. 7.
Igneous
CB10 and met. Granite 49.6943 14.4428 Paleozoic Carboniferous-Permian
Igneous Proterozoic— | Neoproterozoic—Lower
CB13 and met. Gneiss 49.7004 14.7174 Paleozoic Paleozoic
Igneous
CB2 and met. Gabbro 499112 14.6601 Paleozoic Carboniferous-Permian
Igneous
CB3 and met. Gabbro 499113 14.6585 Paleozoic Carboniferous-Permian
Igneous
CB5 and met. Granite 49.9424 14.7948 Paleozoic Carboniferous-Permian
Igneous Proterozoic— | Neoproterozoic—Lower
EB1 and met. Phyllite 50.3776 16.1887 | Paleozoic Paleozoic
Igneous Proterozoic— | Neoproterozoic—Lower
EB2 and met. Paragneiss 49.7497 15.0830 Paleozoic Paleozoic
Igneous
EB3 and met. Granodiorite 49.8814 14.7277 Paleozoic Carboniferous-Permian
Igneous
G4 and met. Granodiorite 498718 14.5328 Paleozoic Carboniferous-Permian
Igneous
G5 and met. Granodiorite 498715 14.5320 Paleozoic Carboniferous-Permian
Igneous
NB1 and met. Granite 50.7270 15.1583 Paleozoic Carboniferous
Igneous
NB14 and met. Gneiss 50.5513 13.4998 Paleozoic Lower Paleozoic
Igneous
NB2 and met. Gneiss 50.7462 13.9175 Paleozoic Lower Paleozoic
Igneous
NB25 and met. Gneiss 50.5447 13.4715 Paleozoic Carboniferous
Igneous
NB8 and met. Granite 50.5546 15.5575 Paleozoic Carboniferous
Igneous
NB9 and met. Granite 50.7513 15.5527 Paleozoic Carboniferous
Igneous
SB1 and met. Granite 49.0946 14.5803 Paleozoic Carboniferous
Igneous Proterozoic— | Neoproterozoic—Lower
SB4 and met. Migmatite 49.1438 15.1189 | Paleozoic Paleozoic
Igneous
WB17 and met. Rhyolite 50.0701 13.6929 | Paleozoic Cambrium—Ordovician
Igneous Porphyritic Proterozoic— | Neoproterozoic—Lower
WB19 and met. granite 49.9721 13.4160 | Paleozoic Paleozoic
Igneous
WB20 and met. Phyllite 49.9852 13.2447 | Proterozoic | Neoproterozoic
Igneous
WB21 and met. Granite 50.0833 13.4665 Paleozoic Paleozoic
Igneous
WB22 and met. Phyllite 49.9448 13.0789 | Proterozoic | Neoproterozoic
Igneous Proterozoic— | Neoproterozoic—Lower
WB33 and met. Migmatite 49.4729 12.7278 Paleozoic Paleozoic
Igneous Proterozoic— | Neoproterozoic—Lower
WB6 and met. Granite 50.0831 13.3396 Paleozoic Paleozoic
CB22 Limestones | Limestone 49.8961 14.0294 Paleozoic Devonian
CB23 Limestones | Limestone 49.9077 14.0664 Paleozoic Devonian
CB24 Limestones | Limestone 49.9010 14.0727 Paleozoic Devonian
CB25 Limestones | Limestone 49.9472 14.1364 Paleozoic Devonian
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CB27 Limestones | Limestone 49.9606 14.1836 Paleozoic Devonian

CB30 Limestones | Limestone 49.9754 14.2308 Paleozoic Devonian

CB32 Limestones | Limestone 50.0030 14.2719 Paleozoic Devonian

CB33 Limestones | Limestone 50.0010 14.3290 Paleozoic Devonian

CB35 Limestones | Limestone 49.9338 14.1522 Paleozoic Devonian

CB36 Limestones | Limestone 49.9691 14.2248 Paleozoic Silurian

CB37 Limestones | Limestone 49.9390 14.1175 Paleozoic Devonian

CB41 Limestones | Limestone 49.9723 14.2563 Paleozoic Devonian

CM10 Limestones | Limestone 49.3561 16.6979 Paleozoic Devonian

CM12 Limestones | Limestone 49.3355 16.7347 Paleozoic Devonian

CM13 Limestones | Limestone 49.2924 16.7230 Paleozoic Devonian

CM14 Limestones | Limestone 49.3055 16.6937 Paleozoic Devonian

CM15 Limestones | Limestone 49.2553 16.7553 Paleozoic Devonian

CM16 Limestones | Limestone 49.2656 16.7476 Paleozoic Devonian
Carboniferous—

CMS5 Limestones | Limestone 49.3496 16.7438 Paleozoic Devonian

CM6 Limestones | Limestone 49.3896 16.7661 Paleozoic Devonian

CM7 Limestones | Limestone 49.3999 16.7671 Paleozoic Devonian
Carboniferous—

NB15L Limestones | Limestone 50.7906 14.8812 Paleozoic Devonian

NB44 Limestones | Limestone 50.6940 15.8497 Paleozoic Silurian—Devonian

SM1 Limestones | Limestone 48.8567 16.6340 | Cenozoic Paleogene

SM3 Limestones | Limestone 48.8097 16.6557 Mesozoic Jurassic—Cretaceous

CBl16 Sandstones | Sandstone 50.5948 14.4949 Mesozoic Cretaceous

CB6 Sandstones | Sandstone 50.5270 15.0380 Mesozoic Cretaceous

EB10 Sandstones | Sandstone 50.3880 15.5300 Mesozoic Cretaceous

EB4 Sandstones | Sandstone 50.4670 15.3026 Mesozoic Cretaceous

EB5 Sandstones | Sandstone 50.5736 15.9307 Paleozoic Permian

EB6 Sandstones | Sandstone 50.4619 15.9320 | Cenozoic Paleogene

EB7 Sandstones | Sandstone 50.4471 15.8600 Mesozoic Cretaceous

EBS Sandstones | Sandstone 50.3961 15.7699 Mesozoic Cretaceous

EB9 Sandstones | Sandstone 50.3893 15.5329 Mesozoic Cretaceous

NB13 Sandstones | Sandstone 50.6292 15.0927 Mesozoic Cretaceous

NBI15 Sandstones | Sandstone 50.2613 14.0131 Paleozoic Carboniferous

NB16 Sandstones | Sandstone 50.9020 14.4712 Mesozoic Cretaceous

NB17 Sandstones | Sandstone 50.9195 14.4596 Mesozoic Cretaceous

NB18 Sandstones | Sandstone 50.8954 14.4564 Mesozoic Cretaceous

NB20 Sandstones | Sandstone 50.8570 14.4399 Mesozoic Cretaceous

NB21 Sandstones | Sandstone 50.8388 14.4324 Mesozoic Cretaceous

NB4 Sandstones | Sandstone 50.4472 15.4836 Paleozoic Carboniferous

P2 Sandstones | Sandstone 50.5673 16.2679 Mesozoic Cretaceous

P5 Sandstones | Sandstone 50.8039 14.0516 Mesozoic Cretaceous

SM4 Sandstones | Sandstone 49.0972 17.3025 Cenozoic Paleogene

Mesozoic—

SM6 Sandstones | Sandstone 49.1086 17.3110 Cenozoic Cretaceous—Paleogene

SM8 Sandstones | Sandstone 49.1468 17.7380 | Cenozoic Paleogene

SM9 Sandstones | Sandstone 49.2171 18.0475 Cenozoic Paleogene

WBI11 Sandstones | Sandstone 49.7391 13.5483 Paleozoic Ordovician

WB14 Sandstones | Sandstone 49.7958 13.8746 Paleozoic Ordovician

CB19 Volcanic Spilite 50.0029 13.8053 Proterozoic | Neoproterozoic
Tertiary (Paleogene-

CB38 Volcanic Basalt 50.1854 14.0947 Cenozoic Tertiary)
Tertiary (Paleogene-

CB39 Volcanic Basalt 50.4133 13.8380 Cenozoic Tertiary)
Tertiary (Paleogene-

CB40 Volcanic Basalt 50.4376 13.7692 | Cenozoic Tertiary)

NBI11 Volcanic Andesite 50.5636 15.3822 Paleozoic Carboniferous
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Tertiary (Paleogene-
NB22 Volcanic Basalt 50.8208 14.4623 Cenozoic Tertiary)

Tertiary (Paleogene-
NB23 Volcanic Trachybasalt 50.5976 14.2627 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB24 Volcanic Basalt 50.5947 14.1128 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB26 Volcanic Basalt 50.6178 14.3703 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB27 Volcanic Basalt 50.6129 14.3572 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB28 Volcanic Phonolite 50.5260 13.7639 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB29 Volcanic Trachyte 50.5365 13.9177 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB30 Volcanic Trachyte 50.5523 13.9282 Cenozoic Tertiary)

Tertiary (Paleogene-
NB31 Volcanic Basalt 50.5307 14.0915 Cenozoic Tertiary)

Tertiary (Paleogene-
NB32 Volcanic Basalt 50.5645 14.0891 Cenozoic Tertiary)

Tertiary (Paleogene-
NB33 Volcanic Nephelinite 50.5648 14.1167 Cenozoic Tertiary)

Tertiary (Paleogene-
NB34 Volcanic Basalt 50.5902 14.1501 Cenozoic Tertiary)

Tertiary (Paleogene-
NB35 Volcanic Trachyte 50.5873 14.1826 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB36 Volcanic Trachybasalt 50.6458 14.3098 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB37 Volcanic Trachyte 50.6893 14.3056 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB38 Volcanic Phonolite 50.6883 14.3323 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB39 Volcanic Basalt 50.7024 14.3518 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB41 Volcanic Basalt 50.7496 14.2680 | Cenozoic Tertiary)

Tertiary (Paleogene-
NB42 Volcanic Basalt 50.6882 14.4375 Cenozoic Tertiary)

Tertiary (Paleogene-
WB23 Volcanic Nephelinite 49.8754 12.9799 Cenozoic Tertiary)
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