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Abstrakt

V predkladanej praci je hodnoteny vyznam meranéhlgsti akustickych Sim na stanovenie
elastickej anizotropie hornin. S viny su v porovinarP vinami citlivejSie na anizotropiu
prostredia, ktorym sa Siria. Na zaklade ich Stepgai mozné stanawvisilu anizotropie
a orientaciu Struktur, ktoré su za anizotropné en@y materialu zodpovedné. S viny su tak
nutné Kk popisu anizotropného chovania materialu stdnoveniu kompletného tenzoru
elastickych parametrov. Aby bolo mozné S viny regis’ bolo vSak nutné existujucu
meraciu aparatdru vyvinutd pre meranie rychlostvi® vyznamne inovowa Vykonané
inovacie poskytli meranie Piv v pozdznom smere a Siw v dvoch navzdjom kolmych
priecnych smeroch. Kalibeaé merania na homogénnych izotropnych materialadtiargili
stadlog’ a opakovaténog’ registrovanych Udajov. Nové usporiadanie ultrapwéko merania
na gwovych vzorkach za poOsobenia vSesmerného hydrdethtc tlaku a moznds
registrova vinové obrazy S i umoZnilo uéova’ anizotropiu hornin s kvalitativne lepou
presnogou nez oproti doterajSiemu spdsobu spracovaniaanie S ¥n si vyziadalo Gpravu
spracovatkského softwaru avyvoj novych algoritmov interpo¢d nameranych dat.
K overeniu funknosti navrhnutych spracovéig&kych postupov boli realizované syntetické
testy vyhodnocujuce variabilitu, vplyv nepresnastyp vstupnych premennych pre vypb
tenzoru elastickych parametrov. Testy potvrdili, heeranie rychlosti S im vedie

k vyznamnému zlepSeniu presnosti meranej anizardpgkazalo sa, Ze meranie rychlosti P
a S1 \n nie je Uplne postajice. Najlepsie vysledky st dosiahnuté pri Wtpos prispenim
rychlosti P, S1 aj S2in. Aplikacia vyp@tu na realne data potvrdila vysledky syntetického
testu. Praca tak dokumentuje nuthasalosti rychlosti S1 a S4rvv dostaténom mnoZstve
nezavislych smerov pre hodnoverné stanovenie an@etskimanéeho materialu.



Abstract

The presented work evaluates the significance adsoméng acoustic S-wave velocities for
determination of elastic anisotropy of rocks. Thev&s/es are more sensitive to anisotropic
properties of a medium than the P waves. AnalytihegS-wave splitting, it is possible to
determine strength of anisotropy as well as thenbation of structures responsible for the
anisotropic behavior of the medium. The S wavesaessary for determining the complete
tensor of elastic parameters. In order to recoed3twaves, the measuring head of the present
apparatus has been significantly adapted. Implesdennovations provided measurements of
the P waves together with two orthogonally polatiBwaves. The calibration performed on
homogeneous isotropic materials proved that therded data are accurate and of high
quality. The ultrasonic measurements on spheriaaiptes under confining pressure and
recording of the S waveforms significantly improvéee accuracy of the retrieved elastic
parameters compared to the measurements in standardThe analysis of the S-wave
records also required modifications of the processoftware and a development of new
algorithms. The proposed methods were tested othetym data. The tests evaluated the
robustness of the inversion for anisotropy as a&tfan of the number of measurements, their
accuracy and type of waves recorded. The testale¢hat measuring the P-wave velocities
is not sufficient for calculating the complete tensf elastic parameters. When using
measurements of the P and S1-wave velocities,dberacy is usually improved. However,
the best accuracy is achieved if measurements eofPth S1- and S2-wave velocities are
inverted. The results of the synthetic tests werdiomed by the application of the proposed
inversion methods to real data. This applicationutieented the necessity for knowledge of
the S1 and S2-wave velocities measured in a sefffiaiumber of independent directions in
order to determine anisotropy reliably.



Téma a ciele prace

Predkladand dizektad praca sa zaobera Studiom elastickej anizotrdwienin
pomocou metddy ultrazvukového preZarovania v redigdrostatického zazovania. Déraz
je kladeny na vplyv meranych rychlosti Snv(spol@ne v kombinacii s P vinami)
na utovanie elastickych vlastnosti materialu, ktorymvéaenie Siri. Praca je zaloZzena na
merani a spracovani unikatnych laboratornych d#@& ayvoji novych postupov a metdd ich
interpretacie.
tvaru valca, hranoléi kocky (Al-Sahawneh, 2013; Kwasniewski, Li, & Tddashi, 2012;
Stanchits, Vinciguerra, & Dresen, 2006). Experingentyhodnocované v tejto praci su
vykonané na vzorkach tvaru gule. Napriek tomu.e&éotvanie gtovych vzoriek je datované
od 70. — 80. rokov 20. stafia (Klima et al., 1981; Pros a BabuSka, 1968),oteyp
experimentov nie je vo svete bezn§o prispieva k jedingnosti ziskavanych znalosti.
Aparatira vytvorena na GFU AUR, v.v.i. umo#ovala prezarovanie P vinami. Tie v3ak
dovd’ujua len ¢iastany popis anizotropie skimaného materialu. K Uplngrapisu je nutné
prida’ idaje o Sireni Sin. Z toho dévodu Ing. Lokajék, CSc. navrhol modifikaciu aparatdry
tak, aby umoiovala prezarovanie horninového vzorku S vinamg ako za atmosférického,
tak aj za pésobenia hydrostatického tlaku (Laledjia Svitek, 2015). PreZzarovanim vzoriek
pomocou P aj Sia v rédznych smeroch je mozné zigkalaje vedice k zostrojeniu Gplného
tenzoru elastickych parametrov a interpretaciitriasti hornin. S pésobiacim hydrostatickym
tlakom je mozné simulo¥azmenu vlastnosti hornin v zemskej kordkkbu.

Struktira prace

Doktorsk& praca pozostava z trotasti. Prvacas’ (kapitola 2) sa venuje
Studovanej téme elastickej anizotropie hornin, ujpi teoretické postupy stanovenia tenzoru
elastickych parametrov ako i praktické aspekty fatibneho ziskavania dat. Primarne
spracovanie nameranych vinovych obrazov a spésaimvaniac¢asu prichodu jednotlivych
vinovych faz je diskutované v kapitole 3. Praktickealizacii experimentu je venovana
kapitola 4. Hlavntag’ (kapitola 5) prace tvori subor Siestich autorovgecac publikovanych
vV recenzovanychkiasopisoch, ptom prvé Styri prace maju priamy tah k téme dizertmej
prace a dvelralSie publikéacie sa Studovanej témy dotykaju okmajdStyri K'G¢ové préace su
podrobnejSie rozoberanélalSia praca je uvedend iba v opublikovanej verzipridohe
(kapitola 8). Zaverna cag’ prace (kapitola 6) Zha publikované poznatky a hodnoti
dosiahnutie cikov dizert&nej prace. Kapitola 7 obsahuje odkazy na pouiesdiaru.

Prva publikacia Lokafek & Svitek (2015) pojednava o metodike ultrazvukioy
merania giiovych vzoriek pomocou P a Snva uvadza pokroky dosiahnuté oproti sposobu
merania iba Pin.

Druha publikacia Svitek et al. (2010) sa venujeodatgiu pre automatické tmvanie
gasu prichodu P im na vinovych obrazoch javov akustickej emisie teamlukového
prezarovania registrovanych v priebehu jednoosovyetiazovacich experimentov na
valcovych vzorkach. Publikovany algoritmus je ummay a pouZzity k analyze signalov
registrovanych p&as experimentov na fovych vzorkach. Algoritmus tvori délezitl &g
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spracovania ultrazvukovych dat. Pomocou neho stiowamé rychlosti Sirenia Pirv a
nasledne stanovovana symetria a intenzita ich anjze.

Napliou tretej publikacie Svitek et al. (2014) je prexddie prispevku laboratérnych
ultrazvukovych merani rychlosti P a Snvna gliovych vzorkach k poznaniu elastickej
anizotropie hornin. Clem prace je upozomina prinos informacii, ktoré so sebou prinasa
meranie rychlosti Sim a nutnos ich znalosti pre vyp&et kompletného tenzoru elastickych
parametrov.

Stvrta praca Lokajek et al. (2014a) doklada poufmes vyvinutej metodiky
v porovnaniu sfalSimi sp6sobmi @enia elastickej anizotropie hornin. V préaci je Swahy
material z vrtu Outokumpu, Finsko, z ktorého bofiworené vzorky tvaru gule a kocky.
Gurova vzorka bola testovana pomocou ultrazvuku araeavej difrakcie a kocka iba
pomocou ultrazvuku. W¥lanku su zhrnuté vzajomné porovnania vysledkov.

Posledna publikacia ma k téme dizéniy prace okrajovych charakter a nie je
detailnejSie popisovana. Praca Lokek et al. (2014b) sa venuje Studiu procesu porusava
betonu v prostredi alkalicko-silikatovych reakcip@pisuje utovanie elastickych vlastnosti
betonu pomocou ultrazvukového merania.

Vysledky

Lokajick, T., & Svitek, T. (2015). Laboratory approach to the study of elastic
anisotropy in spheres by simultaneous longitudinaland transverse sounding under
confining pressure Ultrasonics,56, 294-302.
doi:10.1016/j.ultras.2014.08.015

Praca dokumentuje inovaciu aparatary na ultrazvekomeranie giovych

horninovych vzoriek za pdsobenia hydrostatickélaul Povodna aparatira bola schopna
mera rychlosti P \n, po jej vylepseni st z experimentov pristupnéilosti P aj S in.
Gurova horninova vzorka je v jednom meracom kroku @gmZana snintami citlivymi na
pozdZne vinenie a dvomi, navzajom kolmo polarizovanygnima&mi S n. Ziskany zaznam
tak simuluje trojzloZzkovy zdznam beZne pouzivargeizmologickej praxi. Meranie bolo
kalibrované na izotropnych materidloch, ktoré paitvistalos’ a opakovanasziskanych dat.
Presnog uréenia ¢asu prichodu S im odpoveda intervalu +2 vzorkovacie body (20 ns).
Rozptyl amplitid P in sa v zavislosti na tlaku pohybuje v rozmedzi +#20%, v pripade S
vin je rozptyl omnoho W&i. Za toto chovanie st zodpovedné kontaktné patkyienedzi
snim&mi a vzorkou, ktoré nie su pre vSetky smery vZzdyneke.
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SV-wave arrival

8.8 9.2 96 us |[i5.0 15.4
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P-wave arrival
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Obr. 1 VInové obrazy kalibraéného merania na skle pri tlaku 0.1 MPa (hore) a 501Pa (dole); A — vinové obrazy
registrované pozdzne polarizovanym snim@om, B - vinové obrazy registrované vertikalne polazovanym
snimafom, C - vinové obrazy registrované horizontélne parizovanym snima‘om

Svitek, T., Rudajev, V., & Petruzalek, M. (201@etermination of P-wave arrival
time of acoustic eventsActa Montan. Sloy15(2), 145-151.
Tento¢lanok pojedndva o spdsobe automatickéRmuaniacasu prichodu Pla na

vinovych obrazoch signalov akustickej emisie a azukového prezarovania hornin
v priebehu jednoosych ga@Zovacich experimentov. Tento druh experimentoegge véké
objemy dat, vinovych obrazov a parametrickych vstktorych manualne spracovanie by
bolo vé'mi ¢asovo naréné. Automaticka detekcidasu prichodu Pim a nasledny vypet
rychlosti Sirenia je preto doslova nuttios predalSie spracovanie dat. Algoritmus v tejto
praci uvedeny bol aplikovany aj na ultrazvukovéadaexperimentov na govych vzorkach.

Zakladom detekcieasu prichodu P viny je stanovenie tzv. ,charaktiekisj funkcie*
signalu. Tvar tejto funkcie sa odvija od metddy Dtm) k automatickej detekcitasu
prichodu. Vémi c¢asto pouzivana metéda je sledovanie pomeru prigmiermhodnét
charakteristickej funkcie z kratkeho a dihéHaavého okna, zndmu ako STA/LTA (Allen,
1982). Okrem tohto spdsobu sa tiez pouZzivaju metbdpzené na analyze vySSich
Statistickych momentov - HOS (Lokégk & Klima, 2006)¢i Akaikeho utovacieho kritéria
(Sedlak, Hirose, Khan, Enoki, & Sikula, 2009)&Mnku bolo preukazané, Ze vyvinuty postup
automatického wovaniadasu prichodu Piu je vhodny pre pouZitie na javoch akustickej
emisie a je efektivnejSi nez dopdsjouzivany spdsob zaloZzeny na metdode HOS ato ako
Vv porovnani s manualnedaenymi nasadeniami tak aj v porovnani lokalipach rezidui.

Svitek, T., Vavruk, V., Lokajtek, T., & Petruzalek, M. (2014petermination of
elastic anisotropy of rocks from P and S-wave veldes: Numerical modelling and lab
measurementsGeophys. J. Int199(3), 1682-1697

Tato praca poukazuje na vipyv pritomnosti $ wa vypdet tenzoru

elastickych vlastnostij. Vypocet elastickeho tenzoru je nelinearna inverzna (lébarej
rieSenim je v najvSeobecnejSom pripad€enie vSetkych 21 elastickych parametrov
stanovenych pomocou rieSenia Christoffelovej rognitnverzny vypoet je realizovany
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iteratnym spbésobom, v ktorom je aplikovana poruchova deet{dech & PSeiik, 1989; Jech,
1991a; Klima, 1973; Vavtyk, 2013). Parametre vstupujuce do Wtpo Vv pripade
aproximacie platnej pre elastické homogénne aripot prostredie, st rychlosti P a B.v
Ked’ze v minulosti boli dostupné len rychlosti fiynebolo mozné stanavikompletny tenzor
elastickych parametrov pre slabo anizotropné pedstr na zaklade vSetkych potrebnych
informacii. V pripade inverzie z rychlosti fhe dobre stanovenych 15 parametrov, aviak 6
parametrov, sOvisiacich so 3irenim 8 \(aus, ass, aes, s s @ ase), Nie je utenych

s dostatdnou presna®u. NavySe v prostredi slabej anizotropie nie jbegdmozné tychto 6
parametrov Uit len s prispenim Pin. Preto je pre vyp@t kompletného tenzoru elastickych
parametrov nutné pracavaj s rychlogami S \in. V minulosti, ke’ eSte neboli k dispozicii
rychlosti S \n bola pri inverzii len s prispenim rychlosti fr\dodaténe potrebna aj rychlés

S \in. Ta bola dopgitavand umelo cez pomafs/Vs, ktory je v Poissonovskom prostredi
rovny /3. Ako nastroj k posuideniu presnosti a robustnostiizného vypétu bol navrhnuty
synteticky test, ktory hodnotil vplyv 1) nepresriostéenia rychlosti S1 a S2iw, 2)
rozdielnos potiatoéného rychlostného modelu, ktory sa odvijal od zmejehodnotyVe/Vs

a 3) metdédu vyp#u inverzie potla typu rychlosti vstupujacich do inverzie (P, P3dba
PS1S2). Urovaniecasu prichodu S1lin je narény proces, preto sa v jednotlivych variantach
uvazovali nepresnosti &gnia rychlosti S1 W z intervalu 0, 0.2, 0.4, 0.6, 0.8, 1, 2, 4, 61@®,
12, 14, 16, 18, 20, 25, 30, 35 a 40%cayanie¢asu prichodu S2in je eSte natmejSie nez
pre S1 viny. V slabej anizotropii nemusiatbyiny S1 a S2 od seba uplne oddelené alebo
moze by prichod S2 viny ovplyvneny interferenciou s vin8d. Preto bola nepresmos
uréenia rychlosti S2 W\ uvazovana ako 1.5 kratd&a nez pre S1 viny. Rychio® vin je
stanovovana s Veni vel’kou presno®u, preto si nepresnosti uvazované v syntetickate te
velmi malé, len 0.1 %. VSetky nahodné odchylky simidej chyby merania boli
vygenerované 100 krat kvéli Statistickému zpracavarPaiatoény rychlostny model
predstavuje prvotny odhad prostredia, ktoré sauZipgy poruchovej metdde poklada za
izotropné. Rychlos P vin je uena ako priemerna rychlbgo vietkych smerov na pvej
vzorke. V pripade, k& nie st k dispozicii Udaje o rychlosti Sirenia B ye nutné tito
rychlog’ doda do vypatu formou pomerwp/Vs. HodnotyVe/Vs boli uvazované z intervalu
1.5 do 2.5. Inverzia bola testovana pre tri typyipaych dat: rychlosti Pin, rychlosti P a S1
vin a nakoniec rychlosti P, S1 a Sp.v
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Obr. 2 Chyba inverzie enean pre rychlosti P vin (Pavy stipec), Slin (stredny sipec) a S2 in (pravy stipec) ako

funkcia chyby uréenia rychlosti S1\in (stredny riadok) a S1 a S2 in (spodny riadok). Chyby vo vrchnom
riadku nie sG zavislé na nepresnosti utenia rychlosti S \n pretoZe st invertované len P viny. Os X
predstavuje chybu stanoveniaéasu prichodu Silviny, na ose Y je vynesena $atoéna hodnota,Pomeru“.
Farebna Skala reprezentuje % odchylky teoretickycha nameranych rychlosti.

Na zaklade ziskanych vysledkov je mozné utolaisledujuce zavery:

Elasticky tenzor uweny len na zéklade rychlosti Bhv(horny rad) je silne zéavisly na
zvolenom pomer#&/+/Vs, ktory do inverzie vstupuje v prvej iteracii. Zésieé rychlosti
S1 a S2 in maju vyrazne vy3sie odchylky od teoretickych igsti neZ rychlosti pre
P viny. Priemerna chyba pre S1 a S2 viny je pnitdiz0 - 15 krat vySSia nez v pripade
P \in. Ztoho dévodu nie je mozné spravne interpratoetastické parametre
vztiahnuté k S vindm a to napriek tomu, Ze rychlBsvin st utené s vémi dobrou
presnogou (maximalna odchylka je iba 0.1%). Interpretovayehlosti S1 a S2in su
preto vémi nepresneé.

Elasticky tenzor pgtany z rychlosti P a Siiwv (stredny rad) uz daka dodaniu
informacii o rychlostiach S1in nie je citlivy na hodnotu veliny Ve/Vs Presnog
predikovanych rychlosti zavisi na presnostiemia rychlosti S1 . Za zmienku vak
stoji fakt, Ze aj pomerne silne zaSumené meranidnSzlepSia presnésvypostu
elastického tenzoruObr. 32, stredny rad). Zapojenie rychlosti $nvdo procesu
inverzie vyrazne zlepSilo presno®lastickeho tenzoru. Dokonca aj aproximacia
rychlosti P in je lepSia. V pripade, Ze su rychlosti Sih wgené s nepresntsu
men3ou neZ 15%, je stredna chyba predikovanychlR S2 ¥n mensia neZ 0.3%,
1% a 3% pre dany typ viny.



« Elasticky tenzor ueny z P, S1 a S2iwv (spodny rad) je opazavisly hlavne od
presnosti rychlosti S1 a S2inv Pridana informacia o S2 vindch ma vplyv na
interpretaciu rychlosti S1 a S2nv ZlepSenie interpretacie rychlosti Bnyje len
minimalne. Obrazok 3 dokumentuje kvalitu a robusfrioverzie na priklade rychlosti
S1 a S2 in. Z tohto obrazku je vidie Ze aj silne zaSumené rychlosti st invertované
s uspokojivou presnésu.

S1-wave S2-wave
Tg\f; input output input output
I5.17 4.7
1 0/0 @ 14.45 4.01
I3.74 3.32
I5.64 4.65
10% 4.59 ,
I3.54 = 3.34
I6.04 e I4.59
o 1 @ |
I3.03 i3.41

Obr. 3 Ukazka rychlosti S1 a S2 in zaSumenych nahodnym rovnomernym Sumom vstupujiciec do inverzie a
odpovedajuci vystup. Urovdi Sumu rychlosti S1 ¥n je 1% (horny rad), 10% (stredny rad) a 20% (spodiy
rad). Rychlosti S2 \In su zaSumené 1.5 nasobne viac. Obrazok ukazuje, Aeetéda inverzie PS1S2 je
robustna a stabilna aj pre vysoké drovne Sumu.

Druhy synteticky test posudzoval mnozstvo a rozigeychlosti S in vstupujtcich do

inverzie a hodnoti do akej miery bude inverzia gihé v pripade, Ze budeded vstupnych

rychlosti S ¥n mensi a priestorové pokrytie nebude optimalneulzalo sa, Ze pridanim
malého mnoZzstva smerov s nepresné&mnym ¢asom prichodu S1 viny déjde k zhorSeniu
inverzie. S narastajucim pmm smerov dochadza k postupnému zlepSovaniu. ale wami
zaujimavé, ze nasledné, i minimalne, pridanie mficie o rychlosti S2ia vyrazne zlepsi
aproximaciu a to aj oproti variantedk@ie su do inverzie uvazovaneé Ziadne S viny.
Aplikécia réznych metdd vygitu je prezentovana na vzorke OKU-409 (biotitickiaru

s vyraznou foliaciou z vrtu Outokumpu, Finsko). OBr ukazuje rozdiely interpretacie

dosiahnutej vyp&tom len z rychlosti Pin (horny rad), z P a Slirv(stredny rad) a z P, S1

a S2 \in (spodny rad). Na zaklade vysledkov syntetickyesidv je mozné usudzaiaze za

najvierohodnejSie je mozné pokladaysledky ziskané z inverzie z P, S1 a S8.Vlo

dokladaju aj vysledky konvergencie itémgho vypgétu.
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Obr. 4 Porovnanig Vyp@tu tenzoru elastickych parametrov a naslednej intepretacie rychlosti P favy stipec), S1
(stredny stipec), a S2 in (pravy stlpec), na zaklade typu rychlosti vstupujicich do vypétu: len P viny
(horny riadok), P a S1 viny (stredny riadok) a P, & a S2 viny (spodny riadok).

Lokajicek, T., Kern, H.Svitek, T., & Ivankina, T. (2014)3D velocity distribution
of P and S-waves in a biotite gneiss, measured inl @s the pressure medium:
Comparison with velocity measurements in a multi-awil pressure apparatus and with
texture-based calculated data Phys. Earth Planet. Inter 231, 1-15.
doi:10.1016/j.pepi.2014.04.002

V tejto praci st vysledky merania Sinv na vzorke OKU-409 porovnavané

a vysledkami zistenymi pomocou merania neutronaligpkcie ad’alej su porovnavané
ultrazvukoveé rychlosti wené na vzorke tvaru gule a kocky (vzorky boli pay@né z jedného
segmentu vrtného jadra). d&nku sud’alej prezentované zmeny rychlosti P, S1 a B2w

zavislosti na pdsobiacom napati.

Porovnanim vysledkov ziskanych r6znymi metédamigZné vyvodi nasledujice zavery:

* Systematicky nizSie rychlosti merané na guli moyt: §pésobené epoxidom, ktorym
je guova vzorka pokryta. Tlak vyvijany na lpyvu vzorku je generovany olejom,
epoxidova vrstva preto plni funkciu ochrany preélltnovanim oleja do pérového
priestoru Studovaného materialu. Naproti tomu vaotikaru kocky je namahana
osovymi napatiami, ktoré generuju piesty a podobcidrana tak nie je nutna. Bolo
zistené, Ze epoxidova vrstka na gliovych vzorkdch nema vyrazny vplyv
na rychlog $irenia P in, no ako sa ukazuje rychlosti $hvstiou ovplyvnené do
znanej miery.

Neutrénova difrakcia vystihla rozloZenie rychlasai guli s vékou mierou podobnosti
ako ultrazvukové meranie. Smery hlavnych extrémmaxim a minim) rychlosti
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P,S1 aj S2 W korelujd vémi dobre, napriek tomu, Ze neutrény nepostihuji
rozloZenie a orientaciu mikroporusenia, ktoré je wamrke pritomné. Neutrénové

meranie je porovnavaneé s ultrazvukovym pri tlakuMBa, kde je pravdepodobné,

Ze nie su vSetky systémy mikroporuSenia komplenaenete.

Diskusia a zaver

Primarnym ci€om prace je Studium elastickej anizotropie hort{riomuto
Gcelu boli pouzité ultrazvukové merania nalguych horninovych vzorkach. V navaznosti
na diplomovud pracu bol vytvoreny program na autdckét utovanie ¢asu prichodu P iw
z ultrazvukovych merani. Program bafalej rozSireny o mnozstvo funkcii veducich
k analyze, vyp&tu a interpretacii tenzoru elastickych parametrdmovacia aparatiry
amoznos merania S In priniesla véké mnoZstvo novych informacii, ktoré bolo nutné
zapracové do spracovatského softwaru. Wenie ¢asov prichodov S im na vinovych
obrazoch ziskanych zo taZovacich experimentov sa uskiiioje poloautomaticky. Jedna
tlakova Urové, vaSinou ta s najvyssim pdsobiacim hydrostatickymathakje interpretovana
manuéalne operatorom. Kdeniu ¢asov prichodov Sim na nizSich tlakovych drovniach je,
vd’aka podobnosti signalov, vyuzita kor@a analyza. Nové data umoznili porovrsgpdsoby
uréovania elastickej anizotropie. Dopdsiaoli k dispozicii iba merania rychlosti Bny preto
bolo déleZité porovra aky vplyv bude m&implementéacia merania rychlosti S1 a 38 v
do vypatu tenzoru elastickych parametrov. K posudeniurykiaristup poskytuje najlepSie
vysledky, boli vyuzité syntetické testy. Testy prémali potrebnasinformécie o rychlostiach
S \vin pri vypaite tenzoru elastickych parametrov. Najlep3ie vyglddverzie boli dosiahnuté
v pripade, kedy do vytu vstupovali rychlosti P, S1 aj Snv Vypaset je v tomto pripade
vel'mi robustny a rychlo konverguje.ddka testom bolo tieZz zistené, Ze je potreba thera
rychlosti Sirenia S tm v dostatdnom pdte smerov, ktoré si rovnomerne priestorovo
orientované. VSeobecne plati, Ze presnascenia c¢asu prichodu sa moéze znizdva
pri zvySujicom sa mnoZstve pouZitych dat, &im viac smerov vstupuje do inverzie,
tym v&sSou chybou mbézu fynamerané rychlosti 2azené.
Spracovanim ultrazvukovych merani na reélnych Imonnich vzorkach a porovnanim
s vysledkami neutrénovej difrakcie a ultrazvukovymieraniami na inej aparature bolo
zistené, Ze ziskané priestorové rozloZzenie anip@ranaterialu je dostatoe hodnoverné,
no dochadza k systematickému zniZzovaniu namerarrychlosti S ¥n. To nazn&uje,
7e prakticka realizacia merani nie je Uplne optirmdKvalita nameranych dat, obzwl&vin,
je ve'mi zavisla na kvalite kontaktu medzi snitma a gd’ovou vzorkou. Kvazibodovy
kontakt neumoiuje dostatény prenos striznej zlozky pohybu, preto je regisiroy vinovy
obraz dostatine kvalitny len v Specifickych pripadoch (kedy oticie sniméyv a orientacie
vnatornej Struktdry Studovaného materialu s poédbikvalitu vinového obrazu Siwv
do zn&nej miery ovplywuje taktiez epoxidovy lak, ktory sluzi ako zabranwati prenikaniu
oleja do vnutra materialu. Je nutné, aby bol epowd lak dostatdne pruzny
a aby vo vysokych tlakoch nepopraskal. Na druhgdnstivSak plati, Z&im pruznejsi lak, tym
vatsi utlm amplitad signélu a teda i horSie podmiepkg stanoveni€asu prichodu S viny
&i interpretaciu amplitid Pim. Kvalita registrovanych vinovych obrazov signa®win je
silne zavisla na kvalite kontaktu. Zmena bodovébat&ktu na ploSny by mohla prinies
vyrazné zlepSenie Kkvality registrovanych vinovyctbrazov. Toho by mohlo Iy
dosiahnuté zmenou plochy snitoa z rovinnej na zakrivenu. Ideélne by bolo kebylana
plocha snimé&a rovnaku krivog ako je krivos gu’ového povrchu vzorky. Alternativou
by mohlo by vyrobit snima&e, ktorych povrch bude rarivost’ o niggo mensiu nez je
gulovy povrch vzorky. Do akej miery to ale bude zlep8ge momentalne otaznBalSou
moznosou ako zlep$i kontakt snim& so vzorkou je zmemitvar vzorky z gliového
na mnohosten. Zbrasenim pléch v miestach merandoBlp k vytvoreniu ploSného kontaktu
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¢o by malo priniet ocakavané zlepSenie kvality nameraného signalu. Kigdge su v tomto
pripade spojené so s@ meracich bodov, ktora je redSia na rovniku aejgia na péloch.
Alternativou by mohlo b§/ vytvorit mnohosten s mensim, avSak pkely inverzie stale

dostaténym, pa&tom smerov, ktoré by boli po povrchu rozlozené mwerne, v zmysle
ploSnom a nie uhlovom.
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Theme and aims of the study

Proposed dissertation deals with study of elaamtid mechanical properties of rocks
based on ultrasonic sounding method at hydrostatiding regime. The main idea is to
emphasize the influence of S waves on the prodedgstermining the elastic properties of the
media under study, anisotropy description (ten$@lastic parameters) as well as parameters
influencing its determination. The paper presergsv,nunique data and also laboratory
procedures and methods that have had to be dewklwperder to interpret the data. Most of
the loading experiments are realized on rocks sesnglylindrical, prism or cube (Al-
Sahawneh, 2013; Kwasniewski et al., 2012; Stanehitd., 2006). Experiments presented in
this work have been done on spherical samples.ifea$e fact that experiments on spherical
samples date back to 70’s — 80’s of"2fentury (Klima et al., 1981; Pros & Babuska, 1968)
this kind of experiment is not very usual in thetref the world, which contributes to
uniqueness of obtained knowledge. Apparatus ofligiceeated at Institute of Geophysics AS
CR, v. v. i. enabled P wave sounding. This kindvake, thanks to their simple registration,
was initially frequently used for interpretation abcks elastic properties (Birch, 1961;
Christensen, 1966; Pros, Lokak, & Klima, 1998; Pros & Podrouzkova, 1974). It is
important to note that measurement of P-wave vglamnly at certain direction does not
provide sufficient information to evaluate the aispy of media. This is possible only when
there are available P-wave velocities in many dives (Bona, Nadri, & Brajanovski, 2012;
Crampin, 1985; Nadri, Bona, & Brajanovski, 2011gudrtheless, this kind of waves allows
only partial description of material anisotropy. et complete description, it is necessary to
know data about shear wave spreading as well. Gtieoes of the apparatus, however, were
convinced that due to the use of oil as a pressdium for loading tests, it is not possible to
register S waves, due to the nature of their distion. The unique way proposed by Ing.
Lokajicek contributes to the solution of transferring aahcomponent from a transmitter to
the sample and then from the sample to a receinarailows sounding of the sample by S
waves during acting hydrostatic pressure. Sounbingoth wave types (P and S) enables to
obtain data leading to determination of the congplieinsor of elastic parameters and to
interpret rocks properties by 3D velocity modeln3er of elastic parameters can also be
retrieved from an analysis of modal compositionstfdied material (Mainprice, 1990) or
neutron diffraction (Ivankina, Kern, & Nikitin, 280 Nikitin & Ivankina, 2004; Xie, Wenk, &
Matthies, 2003). These methods are then able toepresults obtained by ultrasonic
sounding. The acting hydrostatic pressure is thagsiple to simulate changes in material
properties with depth. This will provide a signdit improvement in qualitative and
quantitative description of the studied material.

The work thus provides new knowledge about theotrdpy of rock materials and
deals with analysis of different approaches to phecessing of acquired data. Spherical
sample allows obtaining a sufficient number of da¢eded to solve the inverse problem.
Another advantage is the uniformity of coverageerperimental data. To some extent, it
balances the inaccuracies that are introducedeiptbcessing of data due to the complicated
nature of the S waves. Conclusions are supportatidoyesults of synthetic tests that helped
to assess the extent that the introduced unceesiman affect further processing and
interpretation of the data. The test results canfine necessary presence of S waves to the
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correct calculation of the tensor of elastic par@rseand interpretation of anisotropy of the
examined material.

Structure of the thesis

This thesis is consists of the three main pate. first part is dedicated to the study of
rock anisotropy, describes the theoretical deteatrons of the tensor of elastic parameters as
well as practical aspects of laboratory data admpmisand focuses on the methods used for
data processing and analysis. A major part of the&kwonsists of a set of six author's works
published in reviewed journals, the first four werkre directly related to the topic of
dissertation and two other publications have malgitonnections. Four key works are
discussed in more detail in Chapter 5, other warkesmentioned only in appendix (Chapter
8) in their published version. The final part oétthesis (Chapter 6) summarizes the published
findings and underlines the objective of the thesis

First publication "Laboratory approach to the stod elastic anisotropy in spheres by
simultaneous longitudinal and transverse soundimgeu confining pressure” discusses the
methodology of ultrasonic measurement of sphersaahples using P- and S-waves and
presents the progress achieved against measuonggs of only P waves.

The second publication "Determination of P waweval time of acoustic events” is
dedicated to algorithm for automatically determgnitne time of arrival of P waves on
waveforms of acoustic emission and ultrasonic smgndPublished algorithm is taken and
used to analyze the signals registered during @rpeats on spherical samples. It forms an
important part of processing ultrasonic data. Big hlgorithm, velocities of P waves are
detected and subsequently the symmetry and inyesfsétnisotropy is determined.

Contents of the third publication "Determinatidnetastic anisotropy of rocks from P-
and S-wave velocities: Numerical modeling and laleasurements" is to prove the
contribution of laboratory ultrasonic measurememtsspherical samples to the knowledge of
the mechanical and elastic anisotropy of rocks. mae topic of this paper is to highlight the
benefits of information that imply S-wave and netgsof their knowledge for a complete
description of the properties of the examined ni@teand calculation of complete elastic
tensor parameters.

The fourth work "3D velocity distribution of P- dnS-waves in a biotite gneiss,
measured in oil as the pressure medium: Compavigbnvelocity measurements in a multi-
anvil pressure apparatus and with texture-baseculesdd data” demonstrates the
applicability of studied methodology within the cpamison of the results obtained with two
other methods of determining the elastic anisotropyocks. The material studied in this
paper comes from the borehole Outokumpu, Finlanegb $amples, cube and sphere, were
created. Spherical sample was tested using ultnasand neutron diffraction and cube only
by ultrasound. The article summarized the resdltawtual comparisons.

The last two publications have only marginal magnb the dissertation topic and are
not described in more detail. Work "Determinatioh tbe anisotropy of elastic waves
monitored by a sparse sensor network" discusselyisty rock anisotropy on cylindrical
samples, and to determine the anisotropic velauoibglel uses a triaxial ellipsoid. The work
emphasizes the benefits of describing the fraajupirocess of rocks through the use of this
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type of velocity model over the current isotropieeo The publication "Quasi-continuous
ultrasonic sounding and changes of ultrasonic $igna@racteristics as a sensitive tool for the
evaluation of ongoing microstructural changes gbegdmental mortar bars tested for their
ASR potential" is dedicated to the study of corerééterioration process in alkali-silicate
reactions and describes the determination of elgstperties of concrete using ultrasonic
measurements.

Results

Lokajick, T., & Svitek, T. (2015). Laboratory approach to the study of elastic
anisotropy in spheres by simultaneous longitudinaland transverse sounding under
confining pressure Ultrasonics,56, 294-302.
doi:10.1016/j.ultras.2014.08.015

This paper documents the innovation of the apparfdr ultrasonic measurement of
spherical rock samples under the influence of hgtdtec pressure. The original apparatus was
able to measure velocities of P waves while aftgrovements P and S waves are available.
In one measuring step, the spherical rock sampiedransmitted by one pair of sensors
sensitive to longitudinal waves and two pairs oftumally perpendicular polarized S wave
transducers. The obtained recordings thus simalataee-component recording commonly
used in seismological practice. The measurements wadibrated on an isotropic material,
which confirmed the stability and repetitivenessaofuired data. The accuracy of the arrival
time of S-wave interval corresponds to = 2 samploaynts (20 ns). P-wave amplitudes,
depending on the pressure level, vary within thmeyeaof + 10 - £ 20% while in the case of S
wave the variance is much larger. Responsibility thms behavior is taken by contact
conditions between the sensors and the sampleghwdre not always the same for all
directions always.

Svitek, T., Rudajev, V., & Petruzalek, M. (201@etermination of P—wave arrival
time of acoustic eventsActa Montan. Sloy15(2), 145-151.

This article discusses how to automatically deteenthe time of arrival of P waves on
signal waveforms of acoustic emission and ultras@aunding of rocks during uniaxial
loading experiments. This kind of experiment geteerdarge volumes of data, waveforms
and parametric inputs, where manual processingdvbalvery time consuming. Automatic
detection of the arrival time of P waves and thbssqguent calculation of the propagation
velocity is therefore literally a necessity for thugr data processing. The algorithm given in
this work was applied to the ultrasonic data frotpeziments on spherical samples.

The arrival time determination is often based ostednination of so called
“characteristic function” of signal or waveform. dishape of this function depends on the
method used for automatic detection of the arriiae. A very often used method is to
monitor the ratio of the average values of the att@ristic function of short and long moving
windows, known as STA / LTA (Allen, 1982). In addit to this method, also methods based
on analysis of the higher order statistics are uskS (Lokajéek & Klima, 2006) or Akaike
information criteria (Sedlak, Hirose, Khan, EnakiSikula, 2009). The article has shown that
the developed procedure for automatic determinatiothe P wave arrival times is suitable
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for using on acoustic emission waveforms and isemefficient than the currently used
method of HOS as compared to manual onsets aswéil localization residue.

Svitek, T., Vavryuk, V., Lokajtek, T., & Petruzalek, M. (2014petermination of
elastic anisotropy of rocks from P and S-wave veldges: Numerical modelling and lab
measurementsGeophys. J. Int199(3), 1682—-1697.

This paper points to the infulence of presence wfa8e on a calculation of the elastic tensor
Cijii. This calculation is a non-linear problem thatdean general to determination of whole
set of 21 elastic parameters through calculatio@lufistoffel equation. Inversion is realized
by iterative method based on perturbation theoegh{X PSetik, 1989; Jech, 1991b; Klima,
1973; Vavryuk, 2013). Parameters entering into the calculation case of elastic
homogeneous anisotropic media, are velocities adrfé S-waves. Since in the past only P-
wave velocities were available, it was not possiblaletermine complete tensor of elastic
parameters for weak anisotropic media. In the adsthe P-wave velocity inversion, 15
parameters are well resolved but 6 parametersetetatthe S wave propagation (hereafter the
S wave related parameters) a44, a55, a66, a45aad6a56 are less accurate. Moreover, in
the weak anisotropy it is not possible to retrdivese parameters by contribution of only P-
wave velocities and knowledge of S-wave velociigealso required by computation process
itself. In the past, when S-wave velocities werée anailible the inversion from only P-wave
velocities was calculated with contribution of Swsavelocities obtained through artificial
Vp/Vs ratio. In a Poisson’s media, the value of thigoriat equal/3.

A synthetic test was proposed as a tool for evi@mnaf accuracy and robustness of
inversion. This test evaluates influence of 1) aumacy of S1 and S2-wave velocity, 2)
differences of initial velocity model that relates selected value d¥p/Vs and 3) inversion
method according to velocity types entering theersion (P, PS1 or PS1S2). Determination
of Slwave onset time is a difficult process thusie@s from interval 0, 0.2, 0.4, 0.6, 0.8, 1, 2,
4, 6, 8, 10, 12, 14, 16, 18, 20, 25, 30, 35 a 4@evassumed as errors of S1-wave velocity.
Determination of S2-wave onset time is in comparigith S1-wave even more complicated.
In weak anisotropy, S1 and S2 wave could not ballyoseparated or the S2 wave can
interfere with S1 wave. Thus, errors of S2-waveeitles are assumed to be dirBes larger
than those for S1 wave. P-wave velocities are veely determined, thus errors assumed in
synthetic test are very small, only 0.1%. All inacies were generated 100 times for better
statistic. Values oWp/Vs were assumed from interval 1.5 to 2.5. Inversi@rentested for
three types of input data: P-wave velocities, Rt §h-wave velocities and finally P-, S1- and
S2-wave velocities.

According to the results we arrive at the followgmnclusions:

« Elastic tensor determined by contribution of onlw&ve velocities (Fig. 2 - top row)
is strongly dependent on chosen ratig'Vs that enters the inversion in its first
iteration step. Obtained S1- and S2-wave velocitese significantly higher
differences to theoretical velocities than thosePefvave velocities. In comparison
with P waves, the mean error regarding S1 and S2ws 10 to 15 times higher,
respectively. Due to this fact, it is not possitdecorrectly interpret elastic parameters
related to S waves even though the P-wave velsciie determined with very high
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accuracy (maximal error is only 0.1%). Thus S1- &®iwave velocities are very
Inaccurate.
» Elastic tensor determined by contribution of P- é@itiwave velocities (Fig. 2 -
middle row) is no longer sensitive on val\@'Vs thanks to addition of Sl1l-wave
velocities. The accuracy of predicted velocitiepatals on the accuracy of S1-wave
velocity determination. It is worth to notice thaten very strongly noised Sl-wave
velocities can improve calculation of the elastiogor (Fig. 2, middle row). Involving
S-velocities into the inversion remarkably increh$iee quality of the elastic tensor.
Even the approximation of P-wave velocities is drettf the S1-wave velocities are
measured with the mean errors less than 15%, tla@ exeors of the predicted P-, S1-
and S2-wave velocities are less than 0.3%, 1% &hd&spectively.
» Elastic tensor determined by contribution of P-; 84d S2-wave velocity (Fig. 2 -
bottom row) is again dependent mainly on the aayuoh S1- and S2-wave velocities.
Additional information of S2-wave velocities inflneed only approximation of S1-
and S2-wave velocities. Improvement of P-wave vgé&scis only marginal. Figure 3
illustrates quality and robustness of the inversarthe example of S1- and S2-wave
velocities. According to this figure, we can seattbven highly noised velocities are
inverted with satisfactory accuracy.
The second synthetic test assessed the numbernstintdudion of S-wave velocities entering
the inversion and evaluated its robustness in chsmaller number of S-wave velocities and
with their worse distribution upon the sphericatface. Results showed that addition of small
number of directions where S1-wave velocities alable lead to deterioration of inversion
results. Further increase of number of directionsgs gradual improvement. However, it is
very interesting that subsequent addition of S2evaslocities, even in minimal number of
directions, considerably improves approximatiorabbfvelocity types even compared to the
case when no S waves are included into the inversio

Application of different computation methods apgdlion real data is presented on
sample OKU-409 (biotitic gneiss with pronounceddtbn from deep drill hole Outokumpu,
Finland). Figure 4 shows differences of interpiietaobtained by calculation from only P-,
S1- and S2-wave velocities in top, middle and bottow, respectively. Based on results of
synthetic test we can conclude that the most feliedsults are obtained from the inversion
including P-, S1- and S2-wave velocities. This fast also supported by results of
convergence of the iterative calculation.

Lokajicek, T., Kern, H.Svitek, T., & Ivankina, T. (2014)3D velocity distribution
of P and S-waves in a biotite gneiss, measured inl @s the pressure medium:
Comparison with velocity measurements in a multi-awil pressure apparatus and with
texture-based calculated data Phys. Earth Planet. Inter 231, 1-15.
doi:10.1016/j.pepi.2014.04.002

In this paper, results of measurements of S wamessample OKU-409 are being
compared to the results observed by measuringagan diffraction and further ultrasonic
velocities determined on sample cube and sphenep{sa were prepared from one segment
of the drill core) are compared as well. The agtalso presents changes of P-, S1- and S2-
waves velocities in dependence on acting stress.
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Comparing the results obtained by different methmadsbe drawn the following conclusions:

» Systematically lower velocities measured on sangpleere can result from epoxy
layer that covers the sample. Pressure acting @sdmple is generated by oil, epoxy
layer thus protects pore space of the media agdiasbil infiltration. In comparison,
the cubic sample is loaded by axial stresses gekiay pistons, so this kind of
protection is not needed. It was found that epayet on the spherical samples does
not have significant influence on P-wave velociteg as it was shown, S-wave
velocities are influenced to a considerable extent.

* Neutron diffracion expressed the spatial velociistrbution on sphere with a large
degree of similarity as ultrasonic measurementeediions of a main P-, S1- and S2-
wave velocity extremes (maxima and minima) corechatry well. All the more so
when one considers the fact that neutrons do riettathe layout and orientation of
microcracks, which is present in the sample. Th&roa measurement is compared
with the ultrasound one at a pressure of 70 MPalwisi quite likely that not all of the
microcrack systems are completely closed.

Discussion and conclusions

The main object of the work is the study of elasinisotropy of rocks. For this
purpose, ultrasonic measurements on spherical sachkples were used. Following the
diploma thesis, software for automatic determimatod P wave arrival times from ultrasonic
measurements was created. The software was fiextended for several functions enabling
analysis, computation and interpretation of elasor parameters. Innovation of apparatus
and ability of measuring S waves brought a lotndbrimation that had to be implemented in
this software. Onset times on S wave waveformsrdsob during loading experiments are
determined semi-automatically. Onsets of one pressevel, mostly the one of highest
loading hydrostatic pressure, are determined minuat human operator. Thanks to
similarity of signals at lower pressure levels, ssrocorrelation method is applied for
determining S onset times. New data enabled cosgrarof methods leading to elastic
anisotropy determination. Until now, measuremeftB-wvave velocities were only available,
So it was important to compare the impact of thplementation of measurements of S1- and
S2-waves velocities in the calculation of the etaggénsor parameters. To evaluate which
approach gives best results, synthetic tests weeel.uThese test shown the necessity of
presence of S-wave velocities in the calculationtha elastic tensor. The best results of
inversion process were obtained when P-, S1- and&®2 velocities enter the calculation. In
this case, the whole calculation process is vebpsband converges very quickly. The tests
also revealed that for optimal results it is neagsd40 measure S-wave velocities in a
sufficient amount of directions with a regular distition. However, in general, the accuracy
of the arrival time determination may decrease @ridpnally to increasing the amount of
data, i.e. the more directions entering the inegrsghe more inaccurate velocities may be.

Developed approach was applied on data from rgedrenent. Obtained results were
compared with ones determined by neutron diffractiad ultrasonic sounding on a different
apparatus. Mutual comparison shows that there igery good agreement in spatial
distribution of anisotropy; however absolute valoéS-wave velocities of our measurements
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are systematically lower. This suggests that m&aguprocess at our apparatus is not
completely optimized yet. The quality of measuredad especially of S waves, depends on
guality of contact conditions between sensors gigkiscal sample very much. Quasi-point
contact does not allow a sufficient transmissionshéar component thus the registered
waveform is fine enough only in specific cases wtiensuperposition of sensor polarization
according to orientation of intrinsic structure sttidied material occurred. The quality of S
waveforms, in quite high rate, also depends on gpesin that is used as a protection against
oil infiltration into the sample. It is necessamat the epoxy resin has appropriate elasticity to
bear high pressures but in contrary the more elagtoxy the more S-wave attenuation and
the worse conditions for S-wave onset time deteation or interpretation of P-wave
amplitudes. The quality of registered S waveformshus strongly dependent on quality of
contact conditions. Based on this fact, the chafg®int contact to the surface would bring
significant increase of quality of registered wareis. This can be performed by changing
the surface of sensors from flat to curved one. iflkal case would be if the surface of the
sensor had the same curvature as is the surfatiee ddpherical sample. As an alternative
would be to make sensors that have surface ofia lkss curvature as is the curvature of the
surface of the sample. However, to what extentlltimprove the contact conditions, is now
guestionable. Another option how to improve thetaonof sensor and sample is to change
the shape of the sample from spherical to polyhed@rinding the sample at the
measurement positions would create a flat conthat should bring expected quality
improvement of recorded signal. In this case, carapbns are connected to the grid of
measurement points, which is sparser at the eqbatiodenser at the poles. An alternative
could be to create a polyhedron with less, buthierpurposes of the inversion still sufficient
number of directions that are uniformly distributeeer the surface, in terms of surface and
not angular.
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