Acta Montanistica Slovaca Volume20(2015), numbeR, 156-163

Determination of dynamic Young's modulus of vulnerdle speleothems

Pavel Konény', Markéta Lednick&, Kamil Souwek’, Lubomir Sta$, Luka$ Kubina andKatalin Gribovszkt

Intact and vulnerable speleothems can be invegthat situ to estimate an upper limit of prehistgueak ground acceleration. It is
possible to say that intact speleothem was notdddal horizontal acceleration higher than the vatidiéiorizontal acceleration resulting
in failure, which is assessed by theoretical caltiohs. Mechanical properties of broken speleothemginating in the same cave are
considered for this calculation.

In the present paper, determination of the dynavi@iang’s modulus of broken speleothems originat@&hnadla-Domica cave system
(Northern Hungary and Southern Slovakia) is presénithe dynamic Young’s modulus can be calculaasddon P and S-wave velocities
and bulk density of tested specimens. Two diffempptoaches to determination of bulk density oégular speleothem specimens are
presented - determination of bulk density by stashd/ater displacement method” and by “X-Ray Comgalifomography”.
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Introduction

Displaced and/or broken speleothems document arathveg things movements of fractures or vibrations
in the given area (e.g. Forti, 2001, Becker et 2006, 2012, Sebela, 2008), so they can be usex tasl
for tectonic and seismic analyses. However, noy bnbken speleothems serve for investigation ohisteric
earthquakes. Intact and vulnerable stalagmites adse investigated in situ to estimate an upper tlimi
of prehistoric peak ground acceleration (e.g. Grila&i et al., 2013a, Szeidovitz et al., 2008a, 2008

In situ testing of intact and vulnerable stalagsiitnd analysing broken speleothems using laboratory
measurements enables to determine the maximum greaind acceleration (PGA) resulting in its breaking
Using a theoretical calculation considering phylsemad mechanical parameters of broken speleothénis,
possible to determine PGA in the investigated afea time intervals comparable with the lifetime
of investigated speleothems (i.e. of the order 6f0@0 — 100.000 years). The obtained PGA values are
of an importance because the earthquake catalageesomplete for the last several hundreds of yealg
in case of destructive events while the returnqeeis of the order of some hundreds or even somesdnds
of years. It is possible to obtain some valuabfermation by this way for longer periods and conssgly it is
useful to make more realistic seismic hazard asse#s (e.g. Lacave et al., 2012, Bokelmann andd@sixki,
2015).

The principle of investigation of stalagmites isfalfows:

e physical and mechanical parameters on fragmentbrafen speleothems are measured in laboratory
conditions by both non-destructive and destructtesting methods such as density measurement,
determination of Young’s modulus, tensile and casgive strength, P-wave and S-wave velocities, etc

* natural frequency on intact stalagmites is measirsitu by non-destructive methods;

« analytical calculations based on stalagmite’s skiapight and diameter) and its parameters are peew -
theoretical natural frequency is calculated, ardrtfaximum PGA during modelled breaking of stalagmit
is determined;

e dating the stalagmite’s age is performed using saneples taken from different parts of stalagmite.

Determined physical and mechanical parameters wéstigated speleothems significantly influence
calculated values of PGA and theoretical naturdjfiency. Vulnerable intact stalagmites (high, slimd more
or less cylindrical shape) are considered the bemonking in breaking and loaded by a seismic motbtheir
fixing point. The dynamic Young's modulus, which discussed in this paper, enters the formulae
for computation of theoretical natural frequencyaafantilever beam (e.g. Cadorin et al., 2001):
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1 3ED?

f=_ 16pH* (1)

The parameters considered in the formulae are:

f — frequency (Hz),

E — dynamic Young’s modulus of the stalagmite (Pa),
D — diameter of the stalagmite (m),

p — bulk density of the stalagmite (kghm

H — height of the stalagmite (m).

The dynamic Young’s modulus can be calculated [@ga and Vutukuri, 1978; Barton, 2007):

3(Vp/Vs)%—4
E=pV? =P — (2)

(Vp/Vs)2-1

where:
E - dynamic Young’s modulus (Pa),
p - bulk density (kg/n),
Vv, - P-wave velocity (m/s),
Vs - S-wave velocity (m/s).

The presented case study of the dynamic Young'sulneddetermination was performed on two parts
of broken slim speleothems originatedClartova diera (Orddg-lik) hall of Domica cave. Paea@nsp, vs and v,
needed for the dynamic Young's modulus calculatiere determined by laboratory non-destructive nesti
methods. These methods enable to determine selpeteaneters of tested specimens and to preserwe the
for other testing, e.g. measurement of failuresstrim tension needed for calculation of ground lacagon
that leads to the failure of stalagmite. Ultrasdhiand S-wave velocities were determined basedtoasonic
measurement by direct pulse transmission technighe.bulk density of irregular speleothem specimeas
determined by two different methods — “Water displaent method” and “X-Ray Computed Tomography.
The influence of the selected method on the resultdlynamic Young’s modulus is discussed in thiglgtu
and the best way of determination of dynamic Yosngbdulus of vulnerable speleothem is suggested.

Speleothem specimens

As was mentioned above, the tested broken partp@eothems originate from the Baradla-Domica cave
system that is located at the border of Hungary Slodtakia. Several samples of broken speleotheams this
cave system were tested in previous studies tardete PGA of this region (e.g. Szeidovitz, et 2i008a;
Gribovszki et al., 2013b).

Within presented study, two parts of slim speleoth€Fig. 1) were chosen for laboratory testingt tzve
a similar average diameter as the most vulneratiigcti stalagmites investigated in situ in the cawth
the average diameter approximately 50 mm. The teafjtested speleothems was 183 and 189 mm regplgcti
During the laboratory measurement, it was necegsapyeserve the specimens in their original irfegahape;
they were cut and polished only at the sides telzavappropriate conditions for ultrasonic measares

Fig. 1 Tested specimens of broken speleothems.
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Determination of P-wave and S-wave velocities

A digital ultrasonic portable instrument Pundit kafProceq Company) was used for the measurement
of P-wave (y) and S-wave (3 velocities by direct pulse transmission technigeeequency of both used
transducers was 250 kHz (P-wave transducers withdiameter d = 25 mm and S-wave transducers with
the diameter d = 30 mm). The contact between theisgen and the transducers was improved usinghdahéer
of special couplant produced by the Proceq Comfamthe P-wave transducers and coupling paste myf igh
viscosity for the S-wave transducers. Before tgstire speleothems, calibration of the system wasedaout
for each of used transducers using calibrationpradiuced by the manufacturer (the expected caidmatalue
of travel time for the P-wave is marked on thelwraliion rod). Measurement was performed in theitad@al
direction of the stalagmite; it means that thegraission path corresponds to the length of théngestalagmite
sample. Transducers were coupled manually duriagesting. According the ISRM suggested method {#yd
2015), the travel time should be measured at tbase times applying different pressures when thiesducers
are coupled manually. During the P-wave velocityagugement, five measurements were performed usimg t
pulse intervals for each specimen. During the Semalocity measurement, five measurements werepeaeid
using 20 pulse intervals and using a differenttiotaof transducers. After the measurement, detaleking off
individual wave groups of recorded signals wasqrenéd using Punditlink software and corrected trassion
times were used for calculation of P-wave and Semaelocities. Mean and standard deviations of vgloc
variations were calculated for each specimen, beddsults are presented in Tab. 1.

Tab. 1. Ultrasonic P-wave and S-wave velocities.

Vp [M/s] Vs [M/s]
Specimen no.
mean standard deviation mean standard deviation
14483 4551 56.3 2324 54.6
14484 4781 30.3 2389 22.9

Determination of bulk density

Bulk density is a crucial value for the determioatiof dynamic Young’s modulus, theoretical natural
frequency of speleothem and the peak ground aetilerresulting in failure of a speleothem. Thend&d
method of determination of bulk density of irregupecimens suggested by ISRM is “Water displacémen
method” (Franklin et al., 1979). The bulk volume afegular specimens may be calculated using
the Archimedes principle. The specimen is coatatt wiax, and its bulk volume is determined from thegter
volume displaced by the coated specimen, correfitedhe volume of the coating material. The results
of the bulk volume are presented in Tab. 2.

Tab. 2. Bulk density calculated by different mdgho

Water displacement method X-RAY CT method
Specimen Mass
no. [ka] Bulk density Volume Bulk density
[kg/m?] [mm?] [kg/m?]
14483 0.58727 2323 250972.49 2334
14484 0.58822 2235 259940.02 2263

X-Ray Computed Tomography (CT) as an alternative méinod for volume determination

The application of the X-ray CT method for quaria and qualitative analyses of the behaviour
of different kinds of geomaterials and other redateaterials, such as rocks, soil, construction risss ceramic
materials and geocomposites is gradually increadihg X-ray Computed Tomography (X-ray CT) représen
not only a progressive non-destructive method afyaing the inner structure of materials. This rodtikenables
determination of volumes of irregularly shaped skspand different kind of the analysed objects too.
For the determination of the total volume of thalgsed broken stalagmites, the Nikon Metrology XT145D
2D/3DST industrial micro X-ray CT system was usiéds a fully automated apparatus with a rotatiogrsiing
system equipped with micro focal X-ray source tlg@herates cone-shaped beams (Sitek et al., 2015).
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The technical specification is given in the Tab.SBudied volumes were reconstructed using the G 3B

software (by Nikon Metrology NV).

Tab. 3. The basic technical specification of X-@.

source (reflection mode)

Max. acceleration voltage and power of the X-ray

450kV / 450W

Size of the X-ray focus spot at power of 200W

cc. 80um

objects

Max. weight, diameter and height of scanned

100 kg / approx. 0.3 m/ 0.3 m

Max. X-raying

395 kg/nf

X-ray Detectors

mm

Flat panel (16-bit depth) — area detector 400x400

No. of pixels - 2000 x 2000

200um per pixel,

Linear curve detector (16-bit depth)

400 pm per pixel No. of pixels - 2 000

Settings of parameters of the micro X-ray CT systesed for scanning of broken stalagmites are pteden

in detail in Tab. 4.

Tab. 4 Settings of parameters of micro X-Ray CT.

X-ray source settings

X-ray penetration [kV] 220

X-ray Intensity [uA] 180

X-ray power cc. 40W

X-ray filter Copper, thickness 1mm

Settings of CT scanning

No. of projections][--] 1600

No. of frames per projection[--] 2

Projection exposure[ms] 1415

Scanning time[h] Approx 1.5
Reconstruction

Voxel resolution [um] 111

Reconstruction time[min] up to 10 min.

Voxel type cubic

Voxel bit depth / grey levels 8-bit / 255

The main goal of the computer analysis of the olei@i“tomographic volume” was the determination
of bulk volume (Tab. 2) of irregular shaped specimeof broken speleothem (Fig. 1). Visualization

and determination of the total volume of the bgikcimens were carried out by the VGStudio Max sarfew
(by Volume Graphics), version 2.2. The volume wakuated by software function "surface determat
which designate the threshold of the voxel CT valbetween air and material of dripstones body (GRCO
In the next step, the region of interest (ROI) wesated by the surface of determination functionis treated

ROI represents a body of speleothems, and theunve$ were calculated from some cubic voxels in the

individual ROI and their volume (111x111x1jf).
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Figure 2 shows the 3D images of created ROI, wragnesent the specimens of the analysed speleathems
Figure 3 represents a typical orthogonal crosseseatf speleothem highlighted on the Figure 4a dhd
by orthogonal planes (blue, red and green).

150,00 oI

|

i

specimen no. 14483 specimen no. 14484

Fig. 2. 3D image of the analysed speleothem.

specimen no. 14483 specimen no. 14484

Fig. 3. Typical orthogonal cross-section of spéhem.
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Fig. 4b Two parallel cross-sections of speleothspe¢imen no. 14484).

Results

The dynamic Young's modulus was calculated basedletermined values of P-wave and S-wave
velocities and bulk density determined by “Waterspthicement method” and by “X-Ray Computed
Tomography”. The results of dynamic Young's modwdus presented in Table 5. It is obvious that thieles
of the dynamic Young’s modulus are in the rang® 3334.5 GPa and they are similar for both specémen
and also for both used methods of bulk densityrdetetion.
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Tab. 5 Calculated dynamic Young's modulus of testdgmite specimens.
Water displacement ' X-RAY CT method '
method dynamic dynamic
Specimen no. P-wave S-wave Young’'s Young’'s
velocity velocity Bulk density modulus Bulk density modulus
Vo Vs p E p E
[m/s] [m/s] [kg/m] [GPa] [kg/n7] [GPa]
14483 4551 2324 2323 33.2 2334 33.4
14484 4781 2389 2235 34.0 2263 345
Conclusions

The presented measurements confirmed, that thendgndoung’s modulus calculated based on values
of bulk density determined by “Water displacemeetimd” and by “X-Ray Computed Tomography” vary very
little. The values of dynamic Young's modulus ctdted based on values of “X-Ray Computed Tomography
are higher than results calculated from “Water ldispment method”, however, the difference is lbéss t1.55
%. So, it could be presumed that application ofRay Computed Tomography” as a tool for bulk density
determination is possible.

Using this method the 3D image and information aktbe inner structure of tested speleothem is also
obtained, and the tested specimen is not coatdd wdix. This means the significant advantage of ‘a¢R
Computed Tomography” comparing to standard “Watspldcement method”.
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