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SUMMARY

Slope instabilities, including prone-to-fall rock columns, are known to exhibit clear vibrational
modes. The resonance frequencies of these modes can be tracked by seismic instrumentation,
allowing the rock column’s mechanical and structural properties to be monitored, as well
as providing precursors of imminent irreversible failures. In previous studies, superficial
thermoelastic effects were assumed to drive daily fluctuations in resonance frequencies, but no
qualitative or quantitative evidence was provided. The results presented here corroborate this
hypothesis and quantify the physical processes involved. We interpreted daily variations of
resonance frequencies in the Les Arches study site (Vercors, French Prealps) using a thermo-
mechanical finite-element model. Modelled fluctuations of the resonance frequencies over a
day closely matched experimental observations, reproducing the daytime frequency increase
of around 2 per cent. In addition, our model provides explanation of the various behaviours
observed across study sites: the frequency response strongly depends on solar exposure, as well
as the timing and intensity of both radiative and convective heat fluxes. We highlight acousto-
elastic constants as key parameters of our semi-quantitative model, although they remain
poorly constrained here. For future instrumentation, we therefore recommend the deployment
of pyranometers on rocky sites to accurately invert these parameters over time, thus allowing
rock fracturing to be quantitatively tracked by acousto-elastic monitoring.

Key words: Fourier analysis; Numerical modelling; Acoustic properties; Seismic noise.

shapes and attenuation retrieved from spectral analysis of ambient

Introduction noise recordings (Burjanek et al. 2010; C. Colombero et al.2015,

Since unstable rock sites may be the cause of significant geohazards
in mountainous regions, critical sites are most often instrumented
to predict catastrophic events and mitigate any damage downslope
(Colombero et al. 2021a). Over the last few decades, there has been
a growing interest in environmental seismology as a means to moni-
tor changes in the Earth’s subsurface. In a transdisciplinary context,
this research field combines fundamental studies, natural hazard
assessment, and risk management (Larose et al. 2015). Long-term
seismic monitoring systems provide a set of methods to characterize
and monitor the volume of slope instabilities, including landslides
and potentially unstable rock sites as rockslides and rock columns.
These systems generally involve continuous recording of ambient
noise by passive seismometers. Several observables can be extracted
from these seismic data: (i) relative seismic velocity changes (often
called dV'/ V) retrieved from ambient noise cross-correlations, and
(i1) modal parameters such as resonance frequencies (f;), modal

2016; Larose et al. 2015; Hausler et al. 2019; Dietze et al. 2020).
Both dV/V and modal parameters are directly related to the ge-
ometry and elastic behaviour of the medium monitored, such as
its stiffness and its density. Seismological monitoring methods are
thus useful to investigate and keep track of the mechanical state of
potentially unstable sites. Several studies have shown the applica-
bility of these methods to track the failure of rock columns (Levy
et al. 2011; P. Bottelin ef al. 2017; Colombero et al. 2021b; Pierre
Bottelin ez al. 2021), jointed rock masses (Grechi & Martino 2021),
slope instabilities (Iannucci et al. 2018; Dietze et al. 2020) and the
acceleration of clayey landslides (Mainsant et al. 2012; Biévre et
al. 2018; Fiolleau et al. 2020).

From these studies, it has emerged that temperature variations,
precipitations, freezing and changes in atmospheric pressure are the
major environmental factors triggering reversible changes in the
mechanical parameters of rocks. For monitoring purposes, these
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reversible effects must be distinguished from irreversible changes
due to physical processes which could potentially lead to failure (flu-
idization for landslides; crack formation, alteration and destabiliza-
tion for rock instabilities). Although the interpretation of changes
in seismological observables is often not straightforward (see re-
views from Le Breton er al. 2021; Colombero et al. 2021a), there
remains a need for a comprehensive understanding and a quan-
titative assessment of the respective effects of the environmental
forcings exerted at rock sites. Among the environmental drivers
identified, thermal effects are particularly relevant in rock walls and
rock columns (Vlicko et al. 2009; do Amaral Vargas et al. 2013; Gis-
chig er al. 2015; Collins & Stock 2016; Draebing et al. 2017; Leith
etal. 2017; Collins et al. 2018; Villarraga et al. 2018). Surface rock
temperature can be directly measured using thermal cameras and
thermistors, yielding valuable—albeit superficial—information. In
summer in a temperate climate, sun-exposed rock surface temper-
atures can undergo considerable changes over the course of a day,
with amplitudes of about 20 K (Guerin et al. 2019; Racek et al.
2021a). Significant variations in energy fluxes can also accumulate
within the rocky mass as a result of these daily changes, or due to
seasonal fluctuations in air temperature and sun exposure (Grechi
et al. 2021). However, the temperature field inside the rock mass
remains poorly known, as temperature and solar radiation are gen-
erally measured on the surface. Few studies have quantified solar
radiation (also called radiative heat flux) in the field using pyra-
nometers (Racek ef al. 2021b). Nevertheless, radiative heat flux is
known to be strongly influenced by the orientation of the slope and
its exposure to the sun, with a maximum value of about 1000 W m~2
(Racek et al. 2021a).

Significant thermal forcing at the surface leads to diffusion of a
heat wave in the rock body, modifying its stress state, thus changing
its mechanical behaviour (Marmoni et al. 2020). Seismological ob-
servables, such as seismic velocities and resonance frequencies f;,
may reflect these thermally induced processes. Many field-studies
report correlations between temperature of the air 7, and resonance
frequencies f; with various temporal scale, amplitude and delay
time.

Most of the studies report a positive 7,-f; correlation at daily
scale (P. Bottelin et al. 2013, 2017; Starr et al. 2015; C. Colombero
et al. 2017, 2018; J. Valentin et al. 2017; Burjanek et al. 2018;
J. Valentin 2018, see Colombero et al. 2021a, for review). When
quantified, the daily relative variation in resonance frequencies
(A fi/ f;) ranges between 1.5 and 6.5 per cent. The time delay be-
tween changes in air temperature and altered resonance frequency
is highly variable, generally ranging between 0 and 4 hr (Colombero
et al. 2021a). On a daily scale, the periodic thermal wave front does
not penetrate the rock more than a few centimetres: thermal forc-
ing therefore remains superficial. Rock expansion in this shallow
layer may partly close the rear fracture (RF) and increase contact
stiffness between the stable cliff and the column (P. Bottelin et al.
2013). Alternatively (or in complement), superficial rock expan-
sion induces differential stress, thus generating a confining pressure
which increases the effective elastic moduli of the rock column
(Larose & Hall 2009; Tsai 2011; Richter ef al. 2014; Starr et al.
2015). This process yields an increase in both seismic relative ve-
locity (dV/V > 0) and the resonance frequencies f; measured on
the rock column.

A negative T,- f; correlation is rarely observed when monitoring
seasonal fluctuations. At a seasonal scale, this negative correlation
may be interpreted as a bulk thermal effect on elastic properties:
the whole column is affected by the seasonal change in the rock’s
temperature 7. An increase in 7 may lead to a decrease in the
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effective elastic moduli of the volume (Xia et al. 2011), but this
effect is tiny and mostly overwhelmed by thermo-mechanical strain
stiffening. These negative correlation is rather linked to site-specific
RF geometry effects, or freezing (Colombero ef al. 2021a).

In this paper, we delve further into the interpretation of the posi-
tive correlation between air temperature and resonance frequencies
at daily scale. Since resonance frequency tracking is the most di-
rect way to observe and model thermo-mechanical issues on rock
columns, rather than dV/V monitoring, we focused on resonance fre-
quency results in this paper. First, we propose a semi-quantitative
assessment of thermally induced stresses within a rock column, pro-
viding details of theoretical and experimental studies of acousto-
elasticity. Then, we reinterpret seismic observations recorded on an
unstable limestone column at the Les Arches site (Vercors, French
Alps). For this purpose, we developed and executed a finite-element
thermo-mechanical model which considers acousto-elastic effects.
We then discuss the results and limitations of our model. We finally
underline the benefits of taking thermo-acoustoelastic effects into
account for monitoring purposes, and propose adaptations in terms
of instrumentation strategies and slope-instability modelling.

Study site description

For this study, we focused on the prone-to-fall rock column at Les
Arches (Vercors, French Prealps, see full description in P. Bottelin et
al. 2013). The site’s location and a picture of the column are shown
in Figs 1(a) and (b), respectively. The rock cliff is composed of
fractured, highly porous bioclastic limestone (known as Glandasse
limestone). The first three experimental resonance frequencies of
the column (labelled fi., f2. and f3,, respectively) were picked out
on passive seismic recordings. Their average values over the course
of summer 2009 were 6.0, 6.9 and 8.8 Hz, respectively. Winter and
freezing temperatures caused fluctuations in f; and/or unclear res-
onance values to emerge, and were therefore not processed in this
paper. Meteorological data were continuously recorded at a station
located 3 km from the site at an altitude 120 m lower. Over sum-
mer 2011, filtered time-series showed a clear positive correlation
between the fundamental frequency £}, and air temperature 7, at a
daily scale. Thus, the air temperature 7, oscillated between 283 and
298 K. Relative change in frequency amplitude response was about
42 per cent and followed after a 4.5-hr delay (see full description
in P. Bottelin ef al. 2013 and Fig. 2). On this site, thermal forcing
was not directly measured, we thus lack strong quantification of the
heat fluxes.

Acousto-elasticity theory

Various environmental phenomena can cause variations in elastic
wave velocity, including air and rock temperature, water content,
freeze-thawing cycles and chemical variations (Larose & Hall 2009;
Le Breton et al. 2021). For this study, we focused on the influence of
temperature of the medium, since it clearly acts as the major driving
parameter during the daytime in summer (Colombero et al. 2021a).

A direct link has been established between the temperature of
an elastic material 7 and its mechanical wave velocity: when T
increases, micro-cracks dilate and the free structure as a whole
expands, leading to a decrease in wave velocity. This effect has
been observed notably for multiple scattered acoustic coda waves
in homogeneous concrete structures (Larose et al. 2006). As an
example, coda wave interferometry revealed a thermal dilation rate
of acoustic velocities in concrete of 0.15 per centK~!, suggesting
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Figure 1. (a) Map showing the location of the study site. The ‘Les Arches’ site is indicated by the black star. Coordinates are given in Lambert 93 (EPSG2154).
(b) Picture of the prone-to-fall rock column (RC) taken from south-east into north-west direction. The RF is delineated by the orange dashed line.
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Figure 2. (a) Monitoring of the fundamental frequency fj. for Les Arches
site throughout 2011 August. The colour scales with spectrum amplitude
were normalized between 0 and 1. (b) Relative variation of the fundamental
frequency fi. (A fie/ f1e) at daily scale over the same period (red continuous
line). Daily changes in air temperature are indicated by the continuous blue
line. Data and results are adapted from P. Bottelin ez al. (2013).

that this was an accurate method to monitor this thermal effect in a
damage-assessment context. Nevertheless, the negative correlation
between temperature of the medium 7" and acoustic wave velocity
cannot explain the positive correlation observed between 7' and
resonance frequency in most studies, since elastic (or acoustic)
wave velocities and resonance frequencies are positively correlated
and directly linked.

Another effect must therefore be taken into account: for a con-
fined structure subjected to heat fluxes at its surface, a confinement
pressure occurs as a result of differential dilation inside the struc-
ture, described as additional thermally induced stress. Such changes
in mechanical strain or stress field cause variations of wave velocity
propagating through the medium. This relation forms the basis of
acousto-elasticity, which has been extensively described both theo-
retically and experimentally (Murnaghan 1951; Bach & Askegaard
1979; Larose & Hall 2009; Tsai 2011; Xie et al. 2018). For most
materials, additional stress causes higher rigidity leading to an in-
crease in wave velocity (Planés & Larose 2013). The influence of
solar heat flux on the Earth’s subsurface elasticity has also been

revealed thanks to geodesic measurements, along with stress and
seismic velocity monitoring (Tsai 2011; Richter ez al. 2014). These
observations can be modelled based on thermally induced stresses
(Tsai 2011). At a smaller scale, the positive correlation found be-
tween air temperature and resonance frequency (or seismic velocity)
in Les Arches (P. Bottelin ez al. 2013) could also be effectively ex-
plained by thermo-acousto-elasticity.

Consequently, we applied the acousto-elasticity equations pre-
sented by Murnaghan (1951) to the Les Arches rock column pre-
sented in Fig. 1. To quantify this relation in a simple case, we
considered a normal (uniaxial) stress o applied to a uniform solid
medium with a body wave velocity Vl(]) propagating in direction
i and polarized in direction j. An additional stress Ao (e.g. ther-
mally induced) is then applied, leading to a modification of the wave
velocity in the first order, as described below:

v
Vij=V) + a—aon 1
where o(€) is negligible that

Introducing the relative velocity change, this relation becomes:
Vi — V2
’T = 4,70 @

This formalized relation introduces an acousto-clastic constant
A;;, which can be expressed as:

)= -2 0
E is the Young modulus of the material, whereas the coefficient § <
0 is strongly related to its second (Lamé) and third (Murnaghan)
elastic constants (Tsai 2011; Planés & Larose 2013; Richter et al.
2014).

We account for the acousto-elastic effect by the relation between
hydrostatic pressure (or stress) and elastic P and S waves. We
average eq. (2) in all directions, assuming that thermal stress applied
to a rock column acts like an isotropic confining pressure. The
relative velocity change then becomes linear with the absolute stress
variation, as described by eqs (4a) and (4b) below:

Ve =Vp (14 4pAc) (4a)
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Figure 3. (a)—(c) 3-D visualization of the first three vibration modes of the modelled rock column at Les Arches. Colour indicates the normalized displacement

amplitude of the column. The red arrow indicates the main direction of vibration.

Vs=Vd (14 AsAo) (4b)

with the usual definition of P- and S-wave velocities:

o_ E(l1—-v)
VT oa 200 ©
/ E
0 _
Vs = 2(14+v)p )

Several studies have reported highly variable experimental val-
ues of parameters 4; for various rock materials (Murnaghan 1951;
Hughes & Kelly 1953; Johnson et al. 1999; Guyer & Johnson 2009;
Richter et al. 2014). Moreover, it is worth noting that this acousto-
elastic constant is very sensitive to aging and the degree of rock
mass fracturing (Planes & Larose 2013). Hence, the acousto-elastic
constant for a highly damaged (altered) material is generally one
order of magnitude higher than that of the corresponding healthy
material, making a precise estimation of its value difficult without
recourse to damage-assessment of rock samples. This statement will
be discussed in the following section, where we deal with modelling
issues as well as monitoring damage and fracturing.

Thermo-mechanical modelling

We simulated the behaviour of the Les Arches rock column using
both modal analysis and a transient thermo-mechanical analysis
(TTMA). To do so, we built a 3-D finite-element model using the
COMSOL Multiphysics software 2022, applying a simple geometry
constrained by a Digital Elevation Model derived from Lidar mea-
surements. The column is 30 m high, 15 m wide and 5 m thick at
its top. The open RF (see Fig. 1b) separates the column from the
stable cliff, extending to 15 m depth. Our model was composed of
25 000 quadratic tetrahedral finite elements, with maximum size of
0,9 m side. To adequately resolve surficial changes in the rock mass,
we added 10 boundary layers to the mesh in order to densify the
elements located near the surface of the 3-D rock column. Elements
from boundary layers form a smooth transition to interior mesh,
with averaged size of 0,05 m side. This mesh refinement provided a
precision better than 1 per cent in all computed thermo-mechanical

fields over the range of frequencies below 50 Hz. The fractured lime-
stone composing the rock column was modelled by a homogeneous
linear elastic material, with Young modulus £ = 6900 MPa, Pois-
son’s ratio v = 0.43 and density p = 2650 kgm~ (Lévy et al.
2010; P. Bottelin ez al. 2013).

Modal analysis yielded numerical resonance frequencies for the
structure (f;,), as well as associated modal shapes. The first three
vibration frequencies fi,, f», and f3, were 6.2, 8.8 and 11.6 Hz
(Fig. 3), close to the experimental values ( fi, 6.0 Hz, f;. 7.5 Hz
and f3. 9.0 Hz). As expected, the first (respectively, the second)
mode corresponds to flexure of the rock column in the direction
perpendicular (respectively, parallel) to the RE, whereas the third
mode reflects torsion around the vertical axis.

To perform TTMA, we simulated heat fluxes to reproduce realis-
tic daily thermal forcing. Four heat fluxes evolving over time were
imposed on the geometry, and are summarized in Fig. 4:

i) a convective heat flux Q. based on the temperature of the air
T, in direct contact with the rock wall. This convection was applied
to the top of the cliff and to the surface of the rock column, with a

heat transfer coefficient #; = 50 Wm™2K~!, as described below:
Ta = TO + AT sin [an (t - gaconv)] (7)
Qconv =h (Text - T) (8)

This expression reflects the thermal forcing induced by the
air temperature at a daily scale, with the daily mean air tem-
perature T, = 20°C, the daily amplitude of the sinusoidal oscil-
lation AT = 10°C, the periodicity f = 1 day~' and the phase
Qeony = 10 : 00 AM.

i) a convective heat flux similar to (i) but located only inside
the RF of the column. The parameter that distinguishes this flux
from (i) is the thermal exchange coefficient, which was taken at a
much lower value due to the sheltering effect inside the fracture.
We set this coefficient at half an order of magnitude lower than the
first i, = 10 Wm™2K~!. The value applied to this coefficient is
very approximate, but was shown to play only a minor role in the
subsequent study.

ii) a radiative heat flux Q.,q based on the solar radiation hitting
the external surface of the rock column. Assuming similar solar
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Figure 4. Daily thermal forcing imposed on the surface of the 3-D geometry. Top (a) air temperature 7, over time used as input to model convective heat flux.
(b) Radiation over time used as input to model radiative heat flux Q;,q. Bottom Heat flux applied to surfaces with the geometry shown, highlighted in blue.

conditions to those described by Racek et al. (2021a), we modelled
this flux as a smoothed periodic impulse acting once a day, with a
maximum value ¢ = 1000 W m~2 and lasting 10 hr per day. For
the sake of simplicity, we made the strong assumption that the max-
imum values of radiative and convective fluxes were synchronized
(at 4:00 PM). In reality, convective and radiative heat fluxes may
not be in phase. We later address the effect of time shifts in fluxes
in the discussion section and Appendix B.

iii) A geothermal heat flux located at depth within the structure
(more than 20 m), usually fixed at the constant value gg, =5 x
102 W m™2. But as expected for a daily-scale study, we confirmed
that this flux had a negligible influence on results compared to those
of the other surface fluxes mentioned above.

The thermal fluxes (i)—(iii) applied to the surface led to changes
in the temperature field inside the rock column, as a result of heat
diffusion. Heat wave propagation was modelled by applying the

usual Fourier heat diffusion equation, assuming a thermal conduc-
tivity of limestone of the order of k = 1 Wm™' K~' and a thermal
capacity at constant pressure of C,, = 800 Jkg™' K~! (P. Bottelin
et al. 2013; Lowrie & Fichtner 2020).

Fluctuations to the rock temperature field cause a change in stress
conditions within the rock column as a result of thermally induced
expansion. The thermal expansion coefficient for the whole rock
structure was fixed ata = 2,8 x 107°K~! (Feng et al. 2020).

The acousto-elastic constant A p ¢ was evaluated using the range
of dp¥?/dc values reported (Winkler & McGowan 2004; Richter
2014), and applying the following relation:

(1—-v) a/OV/'Z
4 —b } 9
J J E ao- ( )
With
1 1-2
bp = M ~ 0.3 for P—waves (102)

2(1 — v)?
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Figure 5. Relative change over time of resonance frequency of the first three
modes for the modelled rock column at Les Arches A f;/ f; (fundamental
mode i = 1 in red, mode i = 2 in orange and mode i = 3 in yellow), along
with the air temperature imposed 7}, (in blue). Only two days at steady state
(days 5 and 6) of the transient simulation TTMA are shown.

1
bs = ] Ty 2.5 for S—waves (10b)

Eq. (9) yields 4p € [2 x 1075%,6 x 107%]Pa! and 45 €
[1 x 1077;5 x 107 7]Pa~" for healthy limestone samples at labora-
tory scale. According to the increase of this value by around one or-
der of magnitude for fractured and altered material (Planes & Larose
2013) and assuming a high degree of fracturing and porosity for
the rock column (see Part 2 and Fig. 1b), we set the acousto-elastic
constantsto 4dp = 6 x 1078 Pa~'and 43 = 5 x 1077 Pa~!.

We applied the TTMA to the rock column with a temporal step
of 1 hr. The simulation duration was set to 6 d. It showed a perma-
nent regime for the variable fields (temperature and stresses) over
the last 4 d. We estimated the resonance frequency of the structure
by computing a modal analysis, with temperature, stress and elas-
tic fields monitored hourly throughout the permanent regime. The
change over time to the RF gap was also estimated by our TTMA: it
corresponds to the relative displacement between the rock column
and the stable part of the cliff. Fracture opening corresponds to a
positive displacement, whereas fracture closing corresponds to a
negative displacement. To distinguish the influence of convective
heat flux from that of radiative flux, we also ran the same simulation
by imposing only the convective heat flux. In complement to these
results, changes to pressure, temperature and displacement on the
rock column over time were evaluated for each simulation.

Thermo-mechanical results

The relative variations in numerical resonance frequencies fi,, f2,
and f3, in response to both convective and radiative thermal forc-
ing are shown in Fig. 5. Our results show good agreement between
numerical frequency variations and air temperature 7,: the funda-
mental frequency correlates positively with 7', and the amplitude
Afi/ fi (around £2.5 per cent) and time delay (around 2.5 hr) are
close to experimental observations (Fig. 1b, Bottelin ef al. 2013).

Temperature, pressure, P- and S-wave velocity fields inside the
rock body are presented at four times during the day (Fig. 6 and
Appendix A).

RF opening is observed to negatively correlate with and follow
the same sinusoidal pattern as air temperature when considered at
a daily scale (Fig. 7). A detectable time delay of about 2.5 hr is ob-
served, almost in phase-opposition with the resonance frequencies
recorded (see Fig. 7d). The amplitude of RF gap variations over
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a day is around 2 mm (Fig. 7b), according to several studies (see
Colombero et al. 2021a).

Discussion

The aim of this study was to model the effects of thermal forc-
ing and its relation to resonance frequency on a prone-to-fall rock
column. Our TTMA analysis revealed physical relations between
thermal forcing acting on the rock column and resonance frequency
at a daily scale. During daytime, convection warms up the rock
surface and solar exposure adds a positive radiative heat flux. Heat
penetrates the rock body until 1 m depth by diffusion, inducing a
differential expansion within the rock mass at depth during daytime
(Fig. 6). This generates thermally induced stresses in the bulk rock,
leading to an increase of elastic parameters and wave velocities (43
per cent for P-wave velocity, +19 per cent for S-wave velocity at
the near-surface, see Fig. Al in Appendix A). This change in stress
field penetrates until around 50 cm inside the rock column drives
changes in resonance frequencies at a daily scale. In response, the
resonance frequencies increase by several percent. At nighttime,
when radiative flux disappears and convective flux cools the rock
surface, the resonance frequency decreases, returning to its original
value (Fig. 5). These frequency oscillations show a stable perma-
nent regime which has been measured in the field and is reported
elsewhere (Colombero et al. 2021a). The amplitude and delay re-
sponse modelled by TTMA compare very well to values measured
at the Les Arches site (Bottelin ef al. 2013).

For the fundamental mode, the amplitude of the decrease in res-
onance frequency at night is lower (around —1.5 per cent) than
the corresponding increase during daytime (+2.5 per cent, Fig. 5).
In contrast, the experimental positive and negative variations were
of the same order of magnitude (Bottelin et al. 2013). This dis-
crepancy may be due to the lack of consideration of the outgoing
radiative emission (assimilated to black body radiation) occurring
at nighttime on the surface of the rock column. This negative energy
flux is not taken into account in our model, even though it should
significantly cool the rock mass during the night. This would lead
to a more significant drop in frequency in the absence of positive
radiative flux.

For all three modes modelled, the respective variations in res-
onance frequencies show the same sinusoidal pattern, with com-
parable orders of magnitude (£2 per cent) over time (Fig. 5, red,
orange and yellow curves). However, the amplitude variation for
fundamental mode £, is higher than for modes f>, and f;,,, suggest-
ing a higher sensitivity to daily thermal cycles. More precisely, the
frequency of the second mode is less sensitive to thermal effects
than the first and third modes (Fig. 5, yellow curve). For the thermal
conditions applied, this difference in sensitivity can be related to
the geometry of the rock column, together with the corresponding
modal shape (global solicitation as bending or torsion).

We assessed the respective influence of convective and radiative
heat fluxes on resonance frequency. Hence, our simulations reveal
that around 50 per cent of relative frequency variations are due
to convective heat flux induced by air temperature (see Appendix
C), whereas the rest is due to the influence of solar radiation. The
respective significance of these factors should be quantitatively in-
vestigated in future studies, using time-series from pyranometers
and thermistors installed on sites. In particular, such studies may
better explain the variability of A f;/f; amplitude over time by
meteorological conditions.
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midnight, (b) 06:00 AM, (c) midday and (d) 06:00 PM. (e) Temperature and (f) pressure profiles along the modelled rock column (highlighted by the dashed
black arrow on cross-sections) are also shown at these four times (colour code indicated in the legend).

In addition, we noted that the time delay between the modal re-
sponse and thermal forcing is strongly linked to the timing and
duration of convective and radiative heat fluxes during the day. In
our model, we made the strong assumption that both fluxes have
a simultaneous maximum (reached at around 4:00 PM). In reality,
convective and radiative heat fluxes may not be in phase. Indeed,
exposure of the column to sun is really more complex that the singu-
lar, external face exposure simulated in our model. We hypothesize
that the time delay measured between the air temperature 7, and the
resonance frequencies f;, is controlled by (i) differences in the tim-
ing of heat fluxes, and (ii) variability in the orientation of the rock
column with respect to the sun. To illustrate this hypothesis, we sim-
ulated a radiative flux shifted two hours earlier than the convective
flux (see Appendix B). As expected, the time delay observed with
the fundamental frequency f}, shifted one hour earlier compared to
the simulation with simultaneous heat fluxes (Fig. B1). Once again,
future field instrumentation with pyranometers and thermistors in-
stalled at several locations, in multiple geometries and orientations
should improve our understanding of the amplitude of the frequency
response, as well as the variability of its delay time across the sites
studied (Colombero et al. 2021a).

The amplitude of the relative change in resonance frequency
A f;/ fi is mainly controlled by a small number of parameters act-
ing on our thermo-acousto-model. The thermal dilation coefficient,
thermal diffusivity and elastic parameters appear confidently con-
strained for our case study. In contrast, we roughly assessed the

acousto-elastic constants 4 p and A4, with some uncertainties. These
uncertainties are related to our poor knowledge of the degree of frac-
turing, mesoscopic damage and porosity of the material composing
the rock column. Our results show that these acousto-elastic con-
stants are key parameters that characterize resonance frequencies
measured on unstable rock masses in response to thermal forcing
at a daily scale. The larger the acousto-elastic constants, the larger
the daily amplitude of the change in resonance frequencies. Study
of this parameter in the field may also reveal the state of fracturing
and damage of the material on site.

In addition to these results on resonance frequency, our numerical
model also performed very well in simulating the daily cycle of
opening and closing of the RF induced by thermal dilatation (Fig. 7).
Both the magnitude and time delay are comparable to those reported
following experimental observations (Starr et al. 2015; Valentin
et al. 2017; Burjanek et al. 2018; Colombero et al. 2018). We
interpret the negative correlation with rock surface temperature 7
as a consequence of the thermal expansion of the rock column upon
warming, which closes the RF. In addition, according to the model,
fracture opening correlates negatively and almost in phase with
oscillations of fundamental frequency f}, (Fig. 7d). The increase
in frequency is almost in phase-opposition with displacement, with
just a slight delay (less than 10 min) with respect to closure of the
fracture (Fig. 7d). This offset between fracture displacement and
resonance frequencies is modified if convective and radiative fluxes
are not synchronized (see Appendix B) or if only the convective flux
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Figure 7. (a) Crack displacement is defined as the gap between the two points on either side of the RF, as indicated by the red arrow. (b) Change to the air
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day (11:59 PM).

is applied (see Appendix C). This dependency of our results on the
timing and intensity of heat fluxes could explain the high variability
of observations between sites. It also reinforces the need to fit rock
columns with pyranometers to allow quantitative interpretation of
changes in resonance frequencies at daily scale.

Conclusion

As a semi-quantitative proof of concept, the thermo-mechanical
model using acousto-elasticity presented here supports our assump-
tion about the influence of daily temperature variations on the modal
parameters of unstable rock structures, and confirms the impact
of thermally induced stress. We recommend further field experi-
ments with specific instrumentation on rocky sites, with the goal
of obtaining simultaneous measurements of surface temperature by
thermistors, solar radiation by pyranometers, fracture opening by
extensometers and resonance frequencies by seismometers. Using
these data, it may be possible to calibrate the model on a reference
deformation, with realistic heat fluxes and precise geometry pro-
vided by Digital Elevation Models (by using Lidar if possible, or
unmanned aerial vehicles in mountainous regions for example), to
finally allow truly quantitative parametrization of the model. In this
framework, fitting frequent observations during summertime with
this thermo-mechanical model allows the acousto-elastic constants
to be accurately estimated, and these values can be even better
monitored over time. The seasonal fluctuations in acousto-elastic
constants may provide new valuable knowledge in terms of ero-
sion processes: if these values increase significantly over a certain

time, fracturing and damaging of the material would be suspected.
Hence, this new model allows to correct for frequency changes in
rock columns caused by environmental (reversible) changes, thus
opening the possibility to better detect irreversible frequency drops
linked to fracturing, paving the way for better early warning systems
to alert to imminent rock column failures.
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Appendix A: Seismic velocity evolution
along rock column cross-section

In this appendix, additional results of the simulation mentioned in
the paper are presented (Part 3: Thermo-mechanical model), with
both radiative and convective heat fluxes, the maximums of which
were synchronized at 4:00 PM.
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Figure B1. Relative change in resonance frequency of the three first modes
of the modelled rock column at Les Arches over time A f;/ f; (fundamental
mode i = 1 inred, mode i = 2 in orange and mode i = 3 in yellow);
imposed air temperature 7}, is also indicated (in blue). The modelled radiative
flux Qg Was shifted two hours earlier than the simulation, for which results
are shown in Fig. 5. Only two days at steady state (days 5 and 6) of the
transient simulation TTMA are shown.

Appendix B: Influence of thermal flux
timing on thermo-mechanical results

Here, the results of the simulation mentioned in the paper are pre-
sented (Part 3: Thermo-mechanical modelling), using the same
parametrization except the timing of heat fluxes: the convective
flux modelled Q.ony 1s kept unchanged (maximum at 4:00 PM),
but the modelled radiative flux Q.,q is shifted to two hours earlier
(maximum at 2:00 PM). The goal of this run was to assess how far
our results (frequency variations over time) depend on the timing of
heat fluxes, with realistic cases.

Compared to the simulation described in the main part of the
paper, the A fi,/ f1, amplitude was slightly lower (£2.2 per ecnt
versus £2.3 per cent, see Fig. B1 and Fig. 5) and the A f1,/ fi.
maximum emerged more than one hour earlier (5:30 PM instead of
6:30 PM). The pattern of fracture opening is also sinusoidal, and
fracture closing reaches its maximum at around 5:00 PM (instead
of 6:30 PM). The relation between fracture displacement and reso-
nance frequency shows a tiny distortion (Fig. B2d), with frequency
delayed by about an hour.

Appendix C: Thermo-mechanical results
with only convective forcing

Here, we present the results of the simulation mentioned in the
paper (Part 3: Thermo-mechanical modelling), using the same pa-
rameters, but only convective heat flux Q.o (no forced radia-
tive flux Qp,q). The goal of this run was to quantitatively as-
sess the sensitivity of our results (frequency variations of vi-
brating modes and fracture displacement) to heat fluxes, and the
respective influence of convective and radiative forcing on our
results.

Compared to the simulation described in the main part of
the paper, the amplitude of A f;/f; is much lower (1.1 per
cent compared to 2.3 per cent, see respectively Fig. C1 and
Fig. 5) whereas the timing of the A f;/ f; maximum is almost un-
changed (around 6:30 PM). As well as air temperature and fre-
quencies, the fracture opening pattern shows a sinusoidal pattern
over time, and fracture closing reaches its maximum at around
6:30 PM. Fracture displacement and resonance frequency are
slightly out of phase (Fig. C2d); with frequency late by a few
minutes.
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Figure B2. (a) Crack displacement is defined as the gap between the two points on either side of the RF, as indicated by the red arrow. (b) Air temperature 7,
(in blue) and crack opening (in black) over two days at steady state. Crack displacement is defined as the gap between the two points on either side of the RE,
as depicted above by the red arrow. (¢) Changes to crack opening with respect to air temperature 7, over one day at steady state. (d) Changes to crack opening
with respect to the relative variation in fundamental resonance frequency fi,, over one day at steady state. For (c) and (d), time is indicated by the line colour,
from blue at the beginning (00:00 AM) to red at the end of the day (11:59 PM). For this simulation, the modelled radiative flux was shifted two hours earlier
than the simulation for which results are show in Fig. 7.
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Figure C1. Relative change in resonance frequency of the three first modes
of the modelled rock column Les Arches A f;/ f; over time (fundamental
mode i = | in red, mode i = 2 in orange and mode i = 3 in yellow), along
with imposed air temperature 7, (in blue). Only convective heat flux Qcony
was applied in this simulation, in contrast to the simulation shown in Fig. 5.
Only two days at steady state (days 5 and 6) of the transient simulation
TTMA are shown.
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Figure C2. (a) Crack displacement is defined as the gap between the two points on either side of the RF, as indicated by the red arrow. (b) Air temperature 7,
(in blue) and crack opening (in black) over time for two days at steady state. Crack displacement is defined as the gap between the two points on either side of
the RF, as depicted above by the red arrow. (c) Changes in crack opening with respect to the air temperature 7, over one day at steady state. (d) Changes in
crack opening with respect to the relative variation of fundamental resonance frequency fi,, over one day at steady state. For (c) and (d), time is indicated by
the line colour, from blue at the beginning (00:00 AM) to red at the end of the day (11:59 PM). Only convective heat flux Q,,, Was applied for this simulation,

in contrast to the simulation shown in Fig. 7.

zzoz Ainr 2z uo 1senb Aq £££5099/768/2/1 £z/810n1B/IB/woo dno-ojwspeoe//:sdiy wolj pspeojumoq



