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Is it really plausible that earthquakes break speleothems? May unbroken speleothems
prove that no strong earthquake has ever occurred during a certain period of time?
The mechanical behaviour of speleothems has been investigated through static bending
tests performed on stalactites and soda straws. These tests give an indication not only
of the mean tensile resistance, but also | more importantly | of its variation. In
fact, it is this variation that makes it di cult to estimate the acceleration necessary to
break an individual speleothem. That is why a statistical approach is mandatory. The
potentially most vulnerable unbroken as well as broken stalactites were measured in a
pilot cave (Milandre, Switzerland). Four classes of stalactites were de ned, according
to their shapes. For each of these classes, a vulnerability curve (probability of breaking
as a function of peak ground acceleration) was obtained by means of a Monte Carlo
simulation. Dynamic ampli cation as well as heterogeneity of bending resistance within
each speleothem were taken into account. Finally, an original statistical approach, valid
for incomplete and imprecise data, was developed. This approach allowed to estimate
the probability that at least one moderate earthquake has occurred in the past.
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1. Introduction

Many reports that interpret broken speleothems (soda straws, stalactites and sta-
lagmites) as indicators of past earthquakes can be found in various literature. A
concise overview of what has been published so far can be found in Forti [1997;
1998]. Most of these publications are purely descriptive from a mechanical point of
view. However, several e orts have been undertaken to date broken speleothems by
means of radiometric methods [Postpischl et al., 1991]. Before broken speleothems
can be related to earthquakes, it is obvious that all other possible breakdown causes
must be discounted. And this is not an easy task [Delange & Guendon, 1998, Gilli,
1999]. Gilli [1999] further cites high seismicity areas in Costa Rica and Japan where
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no evidence of broken speleothems have been seen. However, these caves may ac-
tually contain no vulnerable speleothems.

The key question is whether it is really plausible that earthquakes break
speleothems. The complementary question is whether unbroken speleothems may
prove that no strong earthquake has ever occurred throughout their lifetime. To the
knowledge of the present authors, the publication of Gilli et al. [1999] presents the

rst attempt of quantitatively looking at the mechanical behaviour of speleothems
during an earthquake. Cadorin et al. [2001] performed static and dynamical bend-
ing tests on four broken stalagmites of the Hotton cave in Belgium in order to
determine the calcite rupture stress. They found a minimum tensile rupture stress
of 0.42 MPa. Based on this value, they calculated the acceleration that would have
been necessary to break 34 broken stalagmites observed in the Hotton cave. A
1 m high stalagmite, 50 mm in diameter, would be expected to break at 2 m/s?.
For all others, the acceleration values varied between 9 m/s? and 667 m/s2. These
values can decrease to 0.3 to 100 m/s? if geometrical irregularities are taken into
account.

Lacave et al. [2000] carried out in situ measurements to determine the range
of fundamental natural frequencies and structural damping of typical speleothems.
It turned out that only exceptionally long and thin speleothems have natural fre-
guencies within the range of seismic excitation, say below 30 Hz (see Fig. 1). This
means that most of them do not undergo dynamic ampli cation phenomena during
seismic motion. They move along with their basement as a rigid structure. How-
ever, those few having natural frequencies within the seismic range may undergo
signi cant dynamic ampli cation, of a factor of 4 or 5, due to extremely low struc-
tural damping of the order of 0.1% critical damping. It seems that speleothems can
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Fig. 1. Estimation of the natural frequency of a speleothem as a function of its type and length.
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only be expected to break during an earthquake either if they are exceptionally
long and thin or at particularly weak sections due to structural anomalies. Hence,
a statistical approach is mandatory. This means that many more material tests are
necessary other than those that were carried out so far in order to constrain the
distribution of the bending tensile rupture stress in speleothems.

The general objective of the present study is to nd out what can be concluded
from the observation of broken and unbroken speleothems in quantitative terms. Is
it plausible that earthquakes break speleothems? If broken speleothems do indicate
past earthquakes | \speleo-earthquakes™ |, then is it possible to quantify the
\strength" of such earthquakes in some way? And if yes, what would be the uncer-
tainty of this quanti cation? Can unbroken speleothems de ne an upper limit of the
\strength" for earthquakes that could have ever occurred during the speleothems’
life time?

The rst step was to develop vulnerability curves for typical speleothems. To
achieve this aim, the bending resistance of a relatively large number of speleothems
taken from the pilot cave was determined in the laboratory. This resulted in a
probability density function for the rupture stress in bending. In the pilot cave, the
geometry of many speleothems was measured in situ by photographic means. A
simpli ed numerical model for the dynamic behaviour of the measured stalactites
and soda-straws, allowing for geometrical irregularities and uncertainties, was then
developed. Finally, a comparison was made between the stress induced by a seismic
event and the rupture stress, giving us a vulnerability curve for each investigated
speleothem. It was assumed that the ground motion in a shallow cave is similar
to that at the free surface. Hence, the di raction of the waves by the cave was
neglected. This approximation is justi ed in view of the large uncertainties linked
to other aspects of the modelling. In fact, what counts for the present study are
the orders of magnitude.

The second step was to estimate whether past earthquakes can be identi ed and
quanti ed for the pilot cave under study. To achieve this aim, an original statistical
approach for incomplete inhomogeneous data was developed.

The cave \Milandre" near Porrentruy in the Swiss Jura, close to the French
border, was chosen as the pilot cave. This cave is characterised by a wide variety of
speleothems, particularly many stalactites and soda-straws, some of them broken.
The history of the exploration of Milandre indicates that none of the investigated
galleries was visited by human beings before 1964, because of the existence of some
siphons along the river, and the great distances from the natural entrance (before
the construction of an arti cial pit). It is also impossible, for the same reasons, that
animals have ever been to these parts of the cave. This makes it clear, at least, that
the broken speleothems observed in these galleries are not broken by human beings
or animals. In fact, most of them are re-calci ed on the oor, which indicates that
they have not been broken recently.



434 C. Lacave, M. G. Koller & J. J. Egozcue

2. Laboratory Resistance Tests on Stalactites

In order to preserve the unigue cave environment of Milandre, no intact speleothems
were broken. Only pieces lying on the ground that were not re-calci ed on the oor
were collected within the upper part of the cave. In total, about 30 pieces of broken
stalactites were collected.

A fundamental problem could not be circumvented: all the test specimens have
fallen down to the ground. Their internal structure could have been damaged, so
the measured bending stress might be too low. However, the opposite could be true
as well: the stalactites had to break before falling down, and then may have broken
up into several pieces at the impact on the oor. It is reasonable to assume that the
weakest sections broke at the time. Thus, in today’s bending tests, one can no longer
measure the lowest bending resistance. Since calcite is nearly an ideally brittle
material, there is little or no damage expected until a sudden fracture develops. This
seems to give more weight to the second hypothesis, i.e. that the bending resistance
measured on broken stalactites might be | statistically speaking ] too high.

In order to avoid any structural disturbance in the test specimens, the bending
tests were carried out on stalactites without any previous treatment. The \base"
was glued into a metallic ring that could be held by the testing machine (clamped
end). The load was applied statically to the thin end (Fig. 2). These tests were
carried out at the Swiss Federal Laboratories for Materials Testing and Research.
The rupture moment was calculated with respect to the true rupture section which
was in many cases not the section at the clamped end. The maximum rupture stress
was evaluated with respect to an ellipse matching the rupture section.

The laboratory tests were made on 20 stalactite specimens. This gave 20 bending
tensile rupture stresses, henceforth called \rupture stress", for the calcite material

Fig. 2. Procedure used to perform the laboratory tests on stalacties.
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Table 1. Rupture stress obtained from laboratory tests on 20 stalactite specimens.

N° VV1 | VWV2 | V1 |V2|V3|V4]|V5]| V6 | V7| V8| V9 |VIO|VIl|VI12|VI13|V14|VI15|V16 | V17| V18

MPa | 3.3 70 | 62 (43|30 33|28 |77 |29 |26 (56|40 (20|45 (26|27 35|61 ]|70](40
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Fig. 3. Rupture stress probability density obtained with a kernel estimation of density from the
results of the laboratory tests.

(Table 1). Based on these 20 values, a distribution of the rupture stress was es-
timated. A parameter free kernel estimation of densities [Silverman, 1986] that
does not need any a priori for a particular distribution shape was used. The kernel
distribution obtained from the laboratory test data is shown in Fig. 3.

The material tests conducted by Cadorin et al. [2001] gave lower values than the
ones performed for the present study. Their tests were performed on specimens from
only 4 distinct speleothems, whereas here, 20 distinct stalactites were used. This
simple comparison between the di erent rupture stresses, shows the great variability
of this parameter (even within the same cave population: see the variability of the
results shown in Table 1). It is therefore not possible to consider a single value
for the rupture stress in the modelling of the speleothems’ behaviour. This is the
reason why a kernel distribution of this parameter was used here (Fig. 3), allowing
the variability to be accounted for between di erent speleothems, as well as along
a single speleothem (see Sec. 4.2).

3. Measurements of the Stalactites

An inventory was made in the Milandre cave. The goal was to gain an overview
on the speleothem population and to be able to measure later on | as precisely
as possible | the geometry of the speleothems. To this aim, digital photos of
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Table 2. Geometrical features and natural frequency of the 10 test stalactites.

Name Stt01 | Stt02 | Stt03 | Stt04 | Stt05 | Stt06 | Stt07 | Stt08 | Stt09 | Sttl0

Length [m] 1178 | 0.803 | 1.970 | 0.770 | 1.260 | 0.780 | 0.806 | 0.510 | 0.578 | 0.376

do [mm] 89.0 | 218 | 290. | 146 | 760 | 251 | 153 | 297 | 258 | 20.0

d1 [mm] 917 | 218 | 293. | 172 | 720 | 155 | 167 | 109 | 19.0 | 150

d2 [mm] 862 | 233 | 264. | 223 | 700 | 148 | 189 | 121 | 153 | 9.50

d3 [mm] 777 | 233 | 246. | 137 | 740 | 126 | 113 | 134 | 163 | 100

d4 [mm] 638 | 247 | 216. | 129 | 760 | 126 | 104 | 134 | 136 | 9.70

d5 [mm] 638 | 247 | 194. | 112 | 659 | 155 | 104 | 150 | 153 | 9.50

d6 [mm] 557 | 277 | 194. | 780 | 638 | 148 | 9.00 | 163 | 143 | 8.20

d7 [mm] 444 | 233 | 264. | 860 | 618 | 148 | 7.68 | 176 | 153 | 8.40

ds [mm] 176 | 102 | 102. | 780 | 432 | 400 | 104 | 21.7 | 105 | 8.20

Measurement 20 | 15 | 44 | 10 | 20 10 | 20 | 10 | 10 | 10

uncertainty [mm]

Shape +-6. | +1-45 | +/-45. | +-6. | +/-15. | +/-45 | +/-7. | +1-8. | +1-4. | +-4.
irregularity [mm]

Nat”ra;:‘;q“emy 285 | 210 | 365 | 135 | 260 | 150 | 115 | 395 | 290 | 47.0

4

most of the important stalactites and long soda-straws were taken, together with
a scale. Some four hundred photos were taken during this eld campaign. It was
then possible to measure their geometry afterwards with su cient precision on the
computer screen. Ten stalactites were measured as precisely as possible (Table 2).
The length and the development of the diameter along the stalactite’s axis were
measured. All sections were assumed to be circles. Each stalactite is nally modelled
as a succession of n truncated cones of equal height ¢ = L=n, L being the total
length and n is chosen to be 8 throughout the whole study. The cone elements are
numbered from i = 1 to I = n (ith element is between section d; 1 and section d;).
Figure 4 shows a schematic shape of a typical stalactite as it is measured.

Obviously, the measurements are characterised by a certain amount of uncer-
tainty. Typically, a standard deviation of 1 mm, supposing a normal distribution,
was estimated for the measurements of the diameters.

4. Modelling of the Mechanical Behaviour of Stalactites

In a previous study [Cadorin et al., 2001; Delaby and Quinif, 2000], the acceler-
ation necessary to break the stalagmites was estimated. They were modelled as
rigid homogeneous cylinders with irregular diameters. In the present study, only
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stalactites are considered. These are modelled as a succession of truncated cones.
First a model for rigid stalactites with homogeneous resistance was developed. Then
the assumption of homogeneous resistance was dropped. Finally, it turned out that
the stalactite deformation, with the possibility of dynamic ampli cation, had to be
taken into account.

4.1. Maximum bending stress in a section

If the rupture stress were homogeneous within a given stalactite, and as far as
the geometrical shape is not too irregular, seismic breaking should occur at the
stalactite’s base. Therefore, the maximum bending stress is evaluated for the base
section i = 0. In the case of a rigid stalactite, the internal bending moment at
section i = 0 due to seismic inertia forces, for a unity acceleration, can be written
as:

_ X

Mo = [(i 1) g+Xc] Vi; @)

i=1

where is the density, which is chosen to be constant and equal to 2600 kg/m3
for calcite [Kourimsky and Tvrz, 1983], V; is the volume of each truncated cone
element and X is the distance between section i 1 and the centre of gravity.
Then, the maximum bending stress is given by:

0= — ﬁ: (2)

Since stalactites do not necessarily break at their base, the maximum bending
stresses must also be calculated for any other section. This can be done by gener-
alising the derivation of the bending stress in the section i = 0. If the speleothem
can break at any section br located within the kth cone element (between sections
dx 1 and dg), as shown in Fig. 4, the internal bending moment at this section, due
to seismic inertia forces of unity acceleration, is given by:

. xX #
Mpr = (Kebr Vor) + [asl+(@{ 1 k) g+X.] Vi ; 3
i=k+1
where X¢,r and Vy,, designate the distance to the centre of gravity and the volume,
respectively, of the incomplete truncated cone element below the breaking section
(between section br and section k). gsl is the height of this incomplete element, as
shown in Fig. 4. Then, the stress at the section br can be written as:

Tbor = — ; 4)
f &,

where dy, is the diameter of the breaking section.

A simple check was made to determine whether the stress due to the stalactite’s
own weight was signi cant, in comparison with the stress due to a seismic accelera-
tion of 1 m/s?. This simple calculation showed that the stress due to the stalactite’s
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Fig. 4. Left: description of the modelled geometry of stalactites; right: photo of a stalactite with
the measuring scale (each square is 20 mm 20 mm).

own weight is not signi cant compared to the value of the dynamic stress. Its own
weight was therefore neglected throughout the study.

4.2. Resistance heterogeneity

Homogeneous cylinders would break at their base. However, both in the caves and
in the material tests, it was observed that only few stalactites break at their base.
This implies that the possibility of a stalactite breaking at any section of possible
weakness has to be accounted for. It is therefore necessary to model the material
resistance heterogeneity along the stalactites.

For the present study, it was assumed that the rupture stress within two di erent
stalactites cross sections are as uncorrelated as they would be for di erent stalactites
of the same cave, provided that the cross sections are su ciently distant from
each other. This assumption seems reasonable since stalactites are composed of
many calcite crystals that grow in a heterogeneous way over many centuries (see
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Perette, 1999, for detailed considerations about the growth rate of stalagmites and
its links with surface environmental changes ; and Hill and Forti, 1997, for ranges
of the variation of speleothem growth rates).

Unfortunately, it is not known how much does \su ciently distant™ represent.
On the one hand, the local size of the crystals, usually of the order of 1 or 2 mm,
might represent a minimum. On the other hand, a distance of the order of the
diameter, thus a few centimetres, might be an upper bound. In view of the large
uncertainty in the knowledge of the true correlation length, a simpli ed modelling
approach was adopted: it is supposed that there is a distance | , named \correlation
length", so that for | > | , the rupture stress is fully uncorrelated. This parameter
re ects the degree of heterogeneity along the stalactite. It is further assumed that
the rupture stress is piecewise constant within the elements of length | of a given
stalactite. Obviously, the smaller | is, the more independent the values of rupture
stress can be found within a given stalactite. And since the rupture stress is assumed
to be a random variable with a probability distribution as given in Fig. 3, the smaller
| is, the higher the probability that weak sections exist, and consequently, the
higher the vulnerability of a given stalactite. A sensitivity analysis was performed
on a test stalactite to show the crucial importance of the parameter | .

It seems to be di cult, if not impossible, to directly measure the correlation
length | . An attempt to constrain | to some | admittedly modest | extent
is to model the static material tests that were carried out on 20 stalactites. The
specimens only broke in 4 cases at less than 5 mm from the clamped base. This
can only be explained by a lack of homogeneity in rupture stress due to internal
structural irregularities. These static tests could now be modelled by means of a
Monte Carlo simulation for di erent values of | , in a similar way as is done for the
seismic case (see below). The value of I ] or range of values | that simulates the
distribution of rupture locations in the static tests would then be an approximation
to the \true" correlation length | . The basic idea of the Monte Carlo simulation of
the static tests is as follows: the static tests are modelled for di erent | . If ruptures
appear | in the average | for forces signi cantly lower than what was attained in
the laboratory tests, the model vulnerability is too high, thus | is too small. If, on
the contrary, the rupture forces are higher than the results in the laboratory, the
model vulnerability is too small, thus | is too big. The most appropriate correlation
length turned out to be | = 33 mm, which will be used in the rest of the study.

4.3. Modelling of breaking: vulnerability curves for rigid stalactites

The present chapter is devoted to the calculation of \vulnerability" curves of sta-
lactites. Here, a vulnerability curve is understood as being the probability of break-
ing as a function of peak ground acceleration (PGA). Such curves are sometimes
also called \fragility” curves. PGA was chosen as the parameter describing the
\strength" of the earthquake since most stalactites | the ones with fundamental
frequencies above the seismic excitation range | undergo stresses directly propor-
tional to PGA.
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Vulnerability curves were calculated with the aid of Monte Carlo simulations.
All variations of variables (in statistical language: all realisations of random vari-
ables) were done with the aid of \strati ed" sampling, called \Latin Hypercube
Sampling" (LHS). Using the LHS technique, considering N di erent values for Q
input parameters only N computations are needed for providing a reliable estimate
of the actual uncertainty in the nal results. This method was mainly developed
in the eld of nuclear safety, where individual runs to simulate the accidental sys-
tem behaviour needed exorbitant computer time; it was therefore crucial to reduce
the number of computations as much as possible. The reader is referred to McKay
et al. [1979] and McKay [1988] for a detailed discussion of the merits and limitations
of LHS in Monte Carlo simulations.

The following paragraphs explain how the probability of a stalactite breakage
is calculated for a unity value of PGA. By repeating this procedure for di erent
PGA'’s, the whole vulnerability curve can be easily obtained. N = 1000 Monte
Carlo simulations were performed per investigated stalactite and PGA value. The
goal of each simulation is to test whether the stalactite would break. Summing
up all simulations that end with breakages, divided by N, gives the probability of
breaking, which is a number between 0 and 1. Considering the Ith Monte Carlo
simulation (Fig. 5):

First, the geometry of the stalactite under investigation is de ned with the aid
of the measured values L and d;, varied by random deviations according to the
estimated measurement uncertainties (i.e. the stalactite’s geometry is slightly
di erent in each simulation).

Second, the maximum bending stress is calculated at section 0 (the section with
the a priori highest probability of breaking). This stress is compared with a
rupture stress value taken at random, but according to the probability density
function given in Fig. 3. If the maximum (tensile) bending stress is greater than
the rupture stress, the stalactite is considered to break, and the Ith simulation
is terminated. If not, a further step is undertaken.

Third, the next section with an uncorrelated rupture stress is found at a distance
I below section 0: section br;. The maximum bending stress is calculated at that
section; this stress is slightly smaller than the stress at section 0, since the lever
of the inertia forces diminishes. A new value for the rupture stress is taken at
random from the corresponding probability distribution. Again, if the maximum
bending stress is greater than the rupture stress, the stalactite is considered to
break, and the Ith simulation is terminated. If not, a further section, at a distance
I further down, is tested, and so on.

The diameter of section brj, lying between sections k 1 and k, is rst calculated
for an ideal truncated cone element, based on the (randomly varied) diameters dx 1
and dk. Then, an additional variation is introduced at section br;, in order to account
for a diameter irregularity deviating from an ideal truncated cone.



Seismic History from Broken and Unbroken Speleothems 441

1=1+1
I1=1 to 1000
- Calculation Section bro Broken
Stalactite geometry ofstress at || Resistance bro Unbroken A
section br;
v
Section brl Broken
Resistance brl Unbroken—| I
Y A
!
Section bri _JBroken
Resistance bri Unbroken—| I
v A
|
1
Section brint(L/I*) _JBroken
Resistance brint(L/I*) | ) Unbroken

Fig. 5. Procedure used to model the mechanical behaviour of stalactites, taking into account the
heterogeneity of the material and uncertainty on the measured geometrical features.

If it turns out that no section breaks from section 0 down to the free end, the
stalactite is regarded as unbroken.

4.4. Elastic stalactites: dynamic ampli cation

In situ measurements of the natural frequencies and damping of speleothems [La-
cave et al., 2000] show that the fundamental natural frequencies of most spelethems
that can be found in caves are well above the range of seismic excitation, usually
supposed to be limited to f < 30 Hz. The consequence is that there would be no
dynamic ampli cation of the movement of the speleothem with respect to its base,
i.e. the speleothem would follow the earthquake ground motion as a rigid body.
This is the reason why the stalactites were rst modelled as rigid bodies in this
study. However, since the long and slender speleothems are those with the high-
est probability of breaking, the vulnerability of a large part of those speleothems
that break would be signi cantly underestimated if dynamic ampli cation were not
taken into account. The conclusion is that although most of the speleothems re-
act like rigid bodies, it is mandatory to model dynamically those that do undergo
dynamic ampli cation.

Modest local earthquakes can show their maximum dynamic ampli cation in the
response spectrum for frequencies as highas 15Hz, 20Hzoreven 25Hz. Large
remote earthguakes may show something like a \plateau™ of maximum ampli cation
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between 2 Hz and 10 Hz, similar to usual design spectra for rock sites. For the
present study, a very simpli ed approach was adopted. It was assumed that any
stalactite with estimated natural frequency fo < 25 Hz would undergo full dynamic
ampli cation according to the \plateau" value of a typical response spectrum. Since
speleothems with f, < 2 Hz are extremely rare and do not exist in the pilot cave,
it was not necessary to account for the lower ampli cations that can be found
in the low frequency range of typical response spectra. Supposing full dynamic
ampli cation within the whole frequency range of 2 Hz < f, < 25 Hz obviously
leads, statistically speaking, to an overestimation of the probability of breaking. In
fact, only part of the speleothems with natural frequencies within this frequency
range would actually undergo full dynamic ampli cation during a real earthquake.
However, it is suggested to re ne this aspect in a later study.

A simple approach was used in order to choose a constant ampli cation factor.
The Eurocode 8 elastic response spectra are characterised by a plateau ampli cation
of 2.5 , with a damping correction c.g_e cient given by:

= L : (5)

2+

where is the percentage of critical damping [Eurocode 8, 1994]. From in situ
measurements of the damping of speleothems [Lacave et al., 2000], a damping value
of about 0.1% of the critical value can be inferred for stalactites. For = 0:1%, it
follows that = 1:8. Hence, an ampli cation factor of 2.5 = 4:5 is used for each
speleothem characterised by a natural frequency below 25 Hz.

In the case of dynamic ampli cation, the bending moment is calculated by means
of \equivalent static forces' that correspond to the inertia forces due to the vibration
in the fundamental mode (see e.g. Chopra, 2001). Only the fundamental mode
was taken into account for the following reason: the frequency of the 2nd mode of
vibration is 6.4 times the fundamental frequency which is the fundamental frequency
for a prismatic cantilever beam. Hence, if the fundamental mode undergoes full
dynamic ampli cation, it is highly improbable that the 2nd mode of vibration
undergoes signi cant dynamic ampli cation as well. Thus, the contribution of the
higher modes remains comparatively small.

A test made on stalactite stt02 clearly showed that for speleothems that have
natural frequencies in the frequency range of seismic excitation, not taking into
account dynamic ampli cation would lead to a drastic underestimation of their
vulnerability (Fig. 6).

4.5. Resulting vulnerability curves

A set of ten stalactites of various types and shapes were chosen as sample stalac-
tites. It is to be noted that stalactites stt02, stt0O4, stt06 and stt07 are a ected
by dynamic ampli cation phenomena due to their relatively low natural frequen-
cies. The vulnerability curves for each of these stalactites were calculated, as shown
on Fig. 7. These results reveal the fact that earthquakes can break stalactites. For



Seismic History from Broken and Unbroken Speleothems 443

Fig. 6. Vulnerability curves for the test stalactite, stt02 , under the hypothesis of a rigid body
(dashed line) or accounting for full dynamic ampli cation o f the motion (solid line).

Fig. 7. Vulnerability curves of the ten test stalactites.



