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Modelling of speleothems failure in the Hotton cave (Belgium).

Is the failure earthquake induced?
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Abstract

To provide quantitative information on the ground acceleration necessary to break speleothems, laboratory measurements on
samples of stalagmite have been performed to study their failure in bending. Due to their high natural frequencies,
speleothems can be considered as rigid bodies to seismic strong ground motion. Using this simple hypothesis and the deter-
mined mechanical properties (a minimum value of 0.4 MPa for the tensile failure stress has been considered), modelling indi-
cates that horizontal acceleration ranging from 0.3 m/s? to 100 m/s? (0.03 to 10g) are necessary to break 35 broken
speleothems of the Hotton cave for which the geometrical parameters have been determined. Thus, at the present time, a
strong discrepancy exists between the peak accelerations observed during earthquakes and most of the calculated values nec-
essary to break speleothems. One of the future research eftorts will be to understand the reasons of the defined behaviour. It

appears fundamental to perform measurements on in situ speleothems.
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Introduction

The idea that speleothems may record strong earth-
quakes seems to be widely accepted by geologists
studying natural caves. During the recent years, many
observations have been done in numerous caves 1n
Europe, interpreting observed deformations as tec-
tonic ones. In this context, the observations are inter-
esting because they can provide indirect evidence of
past large earthquakes (Bini et al., 1992 ; Delaby,
1999 ; 2001 ; Fort1 & Postpischl, 1979, a, b; 1980 ;
1084 ; 1986 ; 1988a ; 1988b ; Gilli, 1986 ; 1999 ; Gilli
et al., 1999; Lemelille er al., 1999 ; Moretti1 & Vulcano,
1999; Postpischl ez al., 1991 ; Quinif, 1996). Unfortu-
nately, to our knowledge, there are very few direct, if
they exist, observations of broken speleothems during
strong earthquakes.

Thus, to establish the seismic origin of the de-
formed speleothems, it 1s necessary to work 1n differ-
ent ways: (1) to look for recent seismothems (a seis-
mothem 1s defined as a speleothem potentially broken
by a seismic event, Delaby, 2001) linked to present
day earthquakes; 1in this way, Gilli et al. (1999) pro-
vide the first trying of quantitative analysis for a mod-
erate earthquake in the Pyrenees. (11) to provide de-
talled description of ‘stalagmite cemeteries’; (i11) to
correlate the deformational events in difterent caves;
(iv) to model the mechanical behaviour of speleo-
thems 1n their natural condition in the caves.

We undertook a detailed study of the mechanical
properties of speleothems to determine if ground mo-
tions generated during strong earthquakes can break
them. We used samples of stalagmite broken in the
Hotton cave (Belgium). The cave of Hotton (fig. 1 for
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Fig. 1. Localisation of Hotton.

its location) is an ideal study site. It develops 1n Givet-
ian limestone with sub-vertical, inverse layering of
constant orientation. The cave 1s the down-stream
part of one of the most impressive sink — resurgence
system 1n Belgium. The cave of Hotton was discov-
ered in a quarry in 1958 and was immediately closed
for protection. At the present time, the cave develops
5 km of galleries. Up-stream, the galleries are pre-
served from human depredation by a number of
doors and sumps.

The cave of Hotton is a typical example of a multi-
level cave. The different levels of the cave are linked
with the evolution of the Ourthe River. The upper lev-
el, older, shows deformed and broken speleothems.
Delaby (2000) provides field evidence that the cause
of the speleothems break or deformation could be of
seismic origin. In this study, we examined candle
shaped stalagmites having particular morphological
and environmental characteristics. The ideal shape of
the stalagmite is a cylinder with a rather constant di-
ameter and with the gravity centre above the base
(contact point) of the stalagmite. The pieces of the
broken stalagmite must be -soldered and the stalag-
mite must have grown on a stable substratum.

The static and dynamic behaviours of the speleo-
them materials have been firstly studied by laboratory
testing. With the help of the material properties and

the in-site geometry measurement, the maximum ac-
celeration of the earthquake which could have caused
the speleothem failure has been evaluated.

Mechanical properties of speleothems

Various laboratory tests have been performed on the
speleothems taken in the Hotton cave in order to de-
termine their mechanical properties.

The mean value of the specific mass p of the
speleothems 1s 2500 kg/m-. The Young’s modulus E 1is
22000 MPa. The variation around these values 1s
weak. The resistance in simple compression is between
15 and 38 MPa, while the tensile resistance obtained
from Brazilian tests 1s ranging between 1.5 and 2 MPa.

The failure tensile stress of the speleothems has al-
so been evaluated by static and dynamic bending tests
on some specimens of speleothems and one fatigue
test has been made as well. Figure 2 and Photo 2
show a schematic view of the testing apparatus used
for the bending tests.

Seven static bending tests have been performed on
specimens sampled from 4 broken speleothems (PPho-
to 1 shows speleothems n°5891, broken in three
parts, sample 5891.1, 5891.2 and 5891.3). The ten-
sile failure stresses deduced from these tests are
shown inTable 1.

The mean value and the standard deviation of
these tensile failure stresses are 1.94 and 0.71 MPa,

Table 1. Tensile failure stresses from static bending tests.

Sample Failure stress [MPa]
Al 0.64
A3.1 2.73
A3.2 21D
B3.1 2.10
B3.2 1.44
5891.1 2.32
5891.2 1.63
5891.3 1.91

Plaster

Fig. 2. Apparatus used for the bending tests.
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respectively, with a minimum value of 0.64 MPa. In a
second phase, the effect of the load velocity has been
studied by comparing the results of 3 static tests (with
a displacement rate of 5 107 mm/s) and 5 dynamic
tests (with a displacement rate of 5 mm/s) on two
speleothems. The value of 5 mm/s corresponds to a
displacement rate which can reasonably be expected
during an earthquake. The tensile failure stress de-
duced from these tests, as well as the mean values, are
shown 1n Table 2.

Table 2: Dynamic bending tests.

Sample Displacement rate Failure stress
[mm/s] [MPa]

6186B/1 5107(1) 0.60

6186C/1 5107 (1) 0.42

Mean -static (6186) : 0.51

6186A 5 0.81
6186A/2 5 0.82
6186B/2 5 0.69
6186C 5 0.82
Mean -dynamic (6186): 0.79

6187/1 5107(1) 1.29
6187 5 1.49

(1) static tests are n italic.

One fatigue test has also been performed on a sam-
ple from the speleothem n®°6186. Considering a fail-
ure stress of 0.7 MPa, the failure load has been esti-
mated to F,=2400 N. The mean value of the load i1s
then set to half of the estimated failure load of the
speleothem 1n bending, i.e. F_..,=1200 N. The force
variation is set to 80 percent of the estimated failure
load, 1.e. AF=2000 N. The load 1s applied with a fre-
quency of 1 Hz (1 cycle per second) considered to
represent a real earthquake. Figure 3 shows the ap-
plied load function of time. The failure of the speci-
men has been attained after 1411 cycles, a number
which is much higher than expected during one or

several earthquakes.
Conclusions on the mechanical properties

The failure tensile stress values obtained by bending
of broken speleothems from the Hotton cave range
between 0.4 and 2.7 MPa. However, the range on the
results obtained on samples coming from the same
speleothem is weaker.

The tensile stress obtained in dynamic tests 1s
slightly higher then 1n static tests but it has a lower in-
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Fig. 3. Applied load function of time in the fatigue test.

fluence then the scattering of the static tensile resis-
tance of different speleothems.

The test fatigue resistance 1s high 1.e. more number
of cycles then an actual speleothem during one or
several real earthquakes.

Estimation of the ground accelleration leading
to the failure of broken speleothems in Hotton
Cave

The geometry of 34 broken speleothems 1n the Hot-
ton cave have been reconstituted (Delaby, 2001). The
available data ('Table 3) are the height H of the recon-
stituted fallen part and the diameter D of the failure
section which 1s considered circular. The speleothems
are considered as cantilever beams of height H and
with a constant circular section of diameter D (Iig-
ures 4 and 5).

—> H/2

Failure

S S S S

Ground
motion

Fig. 4. Elevation view of a speleothem and model.

—>

Fig. 5. Failure section and model.
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oto 1. Speleothem n°5891 (samples 5891.1,5891.2 and 5891.3). Photo 2. Bending test apparatus.

Photo 3. A failure section af-
ter bending test.

The parameters considered in the computations are: r adius of the failure section [m]
H Height of the speleothem over the failure section S Area of the failure section [m?
m] E Young’s modulus of the speleothem material
D In-site measured diameter of the failure section N/m°]
[m] Inertia of the failure section [m*
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IV Volume of the speleothem [m”]

Mass of the speleothem [kg]

Inertia forces applied on the speleothem at the

mid height [N]

M Bending moment due to inertia forces in the fail-
ure section [Nm]

o, Failure stress in tension [MPa]

a, Peak ground acceleration [m/s?]

f» Fundamental frequency of the speleothems [Hz]

T 3

The fundamental frequency of a cantilever beam 1is
given by the following equation:

2
1 | 3ED (1)

fP :;\16[)]14

The natural frequency of the speleothems are then
between 20 Hz and 6815 Hz (Table 3). As the energy
of an earthquake is essentially released within a fre-
quency range lower than 20 Hz, the speleothems can
be considered as rigid bodies in a first approximation
and submitted to the ground acceleration without
amplification.

The ground acceleration that leads to the failure of
a speleothem as a function of its geometry and failure
stress is obtained through the following relationships:

o _Mr_pH 4 2 _, H

U ] 27rr3 gn_r3 p ¥ g ()
1 D

a, = o, (3)
4pH2

If a failure stress of 0.4 MPa is considered in the
calculation, the acceleration needed to break the
speleothems by flexion are between 2m/s* and
667m/s?> (Table 3). This ground acceleration decrease
with an increasing H/D ratio. Values lower then 10
m/s? are obtained for H/D ratio higher then around 8.
The highest values of ground accelerations are ob-
tained for very small dimensions speleothems.

Discussion on the mechanical model

The geometry of the broken speleothems in the Hot-
ton cave was defined by only two parameters; the
length of the reconstituted speleothems (some of
them were broken in 3 or 4 parts) and one diameter
of the failure section. The main hypotheses of the pre-
vious calculations are that the cross sections of the
speleothem are circular with a diameter D measured
in the cave and that this section is constant along the
height of the speleothem. It is obvious that the cross
sections along the height of the speleothem exhibit a
non-circular shape (Figure 2 and Photo 3). A more

Table 3. Dimensions of broken speleothems in the Hotton cave,
their natural frequency (f) and the ground acceleration (a) neces-
sary for their rupture.

N° H D H/D m a f
m m kg m/s Hz
1 0.520 0.27 1.9 74.432 40 408
2 0.180 0.10 1.8 3534 123 1262
3 0.100 0.08 1.3 1.257 320 3271
4 0.280 0.06 4.7 1.979 31 313
5 0.260 0.11 2.4 6.177 65 665
6 0.315 0.06 5.3 2221 24 247
7 0.300 0.06 5.0 2.121 27 273
8 0.140 0.03 4.7 0.247 61 626
9 0.160 0.08 2.0 2.011 125 1278
10 0.500 0.06 8.3 3.534 10 98
11 0.570 0.08 7.6 6.295 9 04
12 0.240 0.11 2 5.702 76 781
13 0.190 0.06 3.2 1.343 66 680
14 0.070 0.08 0.9 0.880 653 6676
15 0.060 0.06 1.0 0.424 667 6815
16 0.350 0.10 3.5 6.872 33 334
17 0.230 0.07 3.3 2.213 53 541
18 0.160 0.07 2.3 1.539 109 1118
19 0.310 0.09 3.4 4.930 37 383
20 0.150 0.10 1.5 2.945 178 1817
21 0.250 0.08 3.1 3.142 51 523
22 0.350 0.27 1.3 50.099 88 901
20 0.400 0.07 5.7 3.848 18 179
24 0.360 0.25 1.4 44.179 77 789
25 0.210 0.07 3.0 2.020 63 649
26 0.260 0.06 4.3 1.838 36 363
27 0.180 0.15 1.2 7.952 185 1893
28 0.350 0.10 3.5 6.872 33 334
29 0.250 0.10 2.6 4.430 61 621
30 0.200 0.07 2.9 1.924 70 716
31 0.280 0.11 2.7 6.061 54 548
32 0.540 0.07 8.3 4.480 9 91
33 0.400 0.10 4.0 7.854 25 256
34 1.000 0.05 20.0 4.909 2 20

realistic model can be built to estimate the influence
of these geometrical uncertainties.

Now, we consider that the failure cross section of
the speleothem is circular of diameter D, which 1s the
real dimension that influences the resistance of the
failure section. D is used to calculate the resistance
of the speleothem. The geometry of the speleothem 1is
modelled as a cylinder of height H (the measured
height from the fallen part of the speleothem) and of
diameter D_... (Figure 7). The diameter is fixed so
that the cylinder has the same mass as the real

speleothem.

We have then:

D ,r, Diameter (radius) of the failure section
[m]

D ... Mean diameter (radius) of the speleo-
them [m]
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While 1n the previous case the centre of gravity of
the broken part from the speleothem was considered
at mid-height, another case was envisaged with the
centre of gravity at oH from bottom. o 18 a non-di-
mensional parameter, ranging from zero (failure sec-
tion level) to one (top of the speleothem). This posi-
tion affects the value of the bending moment in the
failure section when the speleothem i1s submitted to a
ground movement.

I =ma
H |
oH
FRIre L 1 | |
section l s
A
<4
Ground
motion
Fig. 6. Elevation view of a speleothem and model.
> -Du s Dmeﬂn
Measured diameter Resistance + geometry

Fig. 7. Failure section and cross section models.

Local geometrical imperfections can lead to some
stress concentrations. The value of the stress concen-
tration factor y, ratio between the maximum stress
0,.. and the mean stress ¢, depends on the type of
notch. We will not consider the case of an already ini-
tiated crack, for which y can be as high as 10 or 20,
but simply the notch effect corresponding to an irreg-
ular surface aspect which is commonly observed. It is
similar to a semicircular notch (of radius p) having
the shape shown in Figure 8, for which tension tests
on mortar specimens have indicated a value around 2
[Massonnet 1962].

Considering the stress concentration factor, the
new position of the inertia forces and the two differ-
ent diameters D, and D__. ., of the cross section, it is

possible to rewrite the formulas (2) and (3):

Mr 4 « 4OH
O, =Y ——=yFaH — =yma, ; (4)
! ar, o,
H?r, %
= 4ap rm;an l//a o
r

U

Fig. 8. Shape of notch considered in the fa-
tigue model

< 1 DS 1
8 apD, -

Ue

’ (5)

medan .

The ratio of the ground accelerations that leads to
the failure of a speleothem obtained with the two dif-
ferent models 1s :

(Du Y
a, 05 | D) 1 '
4e /Dmean Y v

. &

The diameter variation of the sections along the
speleothem can reasonably be estimated from 20% to
30%. The diameter which i1s taken into account to
evaluate the resistance can vary about 10% around
the measured value. And the level of the resultant in-
ertia force can be estimated to be between 0.3H and
0.7H.

From the formula (6), we obtain a ratio

*

a, 0509y 1 1

a, 07(3PF2 65

Taking into account the geometry uncertainties
and a possible stress concentration, the accelerations
needed to break the speleothems by flexion can thus
decrease to values between 0.3 m/s? and 100 m/s?.

Conclusions

‘The main conclusion of our mechanical tests and
modelling results 1s that horizontal acceleration val-
ues needed to break the speleothems of Hotton cave
are very scattered from 0.03 g to 10 g. Even if low ac-
celerations were detected, globally the values are
much higher than the peak ground acceleration ex-
pected from earthquakes. If the failure happens due
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to shear and not bending, the acceleration required
would even be stronger. If vertical accelerations had
been considered, the horizontal ones would have been
reduced at most by 30% to 50% but still the conclu-
sions would remain the same.

These results are obtained considering a tensile
failure stress of 0.4 MPa 1n our computations, which
is the minimum measured resistance. This measure-
ment was however determined on stalagmite samples
which were already broken inside the Hotton cave. It
is reasonable to consider that the resistance values at
the break could be lower than 0.4 MPa. Moreover,
the speleothems are not cylindrical and the section
variations could lead to a decrease in the acceleration
values required to break the speleothems.
Computations showed that these effects can reduce
the accelerations required for failure by a factor of
6.5, which 1s not enough to explain the disagreement
between computed accelerations and expected earth-
quake accelerations for all the broken speleothems 1n
Hotton cave.

The understanding of speleothem fall in Hotton
cave requires several aspects to be clarified. One
problem can be the adequacy of the modelling used
to represent the dynamic behaviour of speleothems.
Discontinuities inside the material like cleavages ,
stratifications,... play also a role during the speleo-
them deformation. Future research efforts should be
focused on in-situ measurements of the response of
speleothems to vibrations and on the study of the
rupture mechanism at the grain size.
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