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Abstrakt

Tématem predkladané prace je studium procesu poruSovani migmatitu, ktery patfi mezi
krystalinické nizko-porozitni anizotropni horniny. Migmatit pochazi z lokality Skalka a jako
vhodny horninovy material byl vybran, zejména s ohledem na jeho makroskopicky viditelnou
plosn¢ paralelni strukturu — foliaci. Proces poruSovani byl studovan prostiednictvim
jednoosych zatézovacich zkousek provadénych na valcovych vzorcich migmatitu se sklonem
foliace 13° (subhorizontalni), 47°, 67° a 81° (subvertikalni). V prib¢hu zatézovacich zkousek
bylo, pomoci sit¢ osmi piezokeramickych snimacii, provadéno ultrazvukové prozarovani (UP)
a monitorovana akustickd emise (AE). Realizovand studie procesu porusovani se opirad

zejména o intepretaci méteni dvou uvedenych ultrazvukovych metod.

Soucasti prace bylo také vytvofeni programového vybaveni véetné vyvoje a testovani metod
umoziujicich zpracovani a interpretaci méfenych dat UP a AE. Metodickd ¢ast prace
zahrnuje: vytvoreni a testovani algoritmi pro odecet ¢asu ptichodu podélnych vin; stanoveni
anizotropniho rychlostniho modelu jak pro popis zmén velikosti a orientace anizotropie
Vv prubéhu zatézovéni, tak 1 pro lokalizaci jevl akustické emise; stanoveni pocatku

mikroporusovani pomoci intepretace amplitud prvniho nasazeni UP.

Intepretaci dat UP a AE byl zjistény odlisny zplisob mikro i makro porusovani v zavislosti na
orientaci foliace migmatitu vzhledem ke smeéru =zatéZovani. Dominance tenzniho
mikroporusovani v kombinaci se smykem a skluzem vedla k vytvoteni jedné¢ smykové plochy
napfic¢ foliaci u vzorkl se subhorizontalni foliaci. Smyk a skluz byly mechanismy, které vedly
ke vzniku smykovych ploch paralelnich se strukturou migmatitu u vzorki se Sikmou foliaci.
S naristem sklonu foliace nartistd podil skluzové nad smykovou deformaci. Vlivem
pfitomnosti optimalné orientovaného primarniho systému mikrotrhlin vedla kombinace
tenznich a smykovych jevit AE k vytvoreni extenznich makrotrhlin v roviné foliace u vzorkt

se subvertikalni foliaci.
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Abstract

Submitted PHD thesis is focused on fracturing process of migmatite, which is a low porosity
anisotropic rock. Migmatite, from a locality Skalka, was chosen as a suitable experimental
material, namely due to its macroscopically visible, plane-parallel structure (foliation). The
fracturing was studied by means of uniaxial loading experiments on cylindrical samples with
different dip of migmatite foliation: 13° (subhorizontal), 81° (subvertical) and oblique (47°
and 67°). The net of eight piezoceramic transducers was employed for ultrasonic sounding
(US) measurement and acoustic emission (AE) monitoring during the loading experiments.
Realized study of migmatite fracturing is based on the interpretation of both mentioned

ultrasonic methods.

Part of this work was a software development, including its testing for processing and
interpretation of measured AE and US data. Methodical part of the thesis consists of:
development and testing of algorithms for automatic P wave arrival detection; introduction of
anisotropic velocity model to describe magnitude and orientation of velocity anisotropy, as
well as to localize AE events in anisotropic velocity field; determination of crack initiation

stress using first arrival amplitude of US.

Based on the interpretation of AE and US data, there was found a different way of micro and
macro fracturing, in dependence of mutual orientation between migmatite foliation and
loading axis. The dominance of tension microcracking, in combination with sliding and
shearing in foliation plane, lead to a formation of single shear plane and subsequent failure of
samples with subhorizontal foliation. In case of samples with oblique foliation, shearing and
sliding mechanism played main role in their failure along the foliation. Due to the favourable
orientation of primary microcrack system (parallel with loading axis), the combination of
tension and shear microcracking lead to a formation of extension macrocracks in foliation

plane of sample with subvertical foliation.
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1. Charakteristika prace

1.1 Téma a cile prace

Naplni ptredkladané dizertatni prace je laboratorni studium anizotropie procesu
porusovani migmatitovych vzorkd prostfednictvim ultrazvukového prozafovani (UP)
a akustické emise (AE). Testovany migmatit pfedstavuje anizotropni nizkoporozitni horninu
S usmérnénym systémem primarnich mikrotrhlin. Prace je zalozena na intepretaci jednoosych
zatézovacich experimentl provedenych na vzorcich s riznou orientaci foliace migmatitu
vzhledem Kk ose zatézovani. Soucasti prace je rovnéz navrh novych postupli véetné vyvoje
a testovani programového vybaveni pro zpracovani, vyhodnoceni a intepretaci namétenych

dat akustické emise a ultrazvukového prozatrovani.

Vznik dizerta¢ni prace byl umoznén diky podpofe nékolika vyzkumnych zamért

a grantovych projekti:
MSMO0021620855 - vyzkumny zamér Prirodovédecké fakulty Univerzity Karlovy v Praze
AV0Z30130516, RVO67985831 - vyzkumné zaméry Geologického tistavu AVCR, v.v.i.

GAUK ¢. 47007 - Laboratorni studium zavislosti poruSovani hornin na jejich struktuie
v podminkach fizené napjatosti a deformace (tesitel Mgr. Mat¢j Petruzalek)
Cile préce:

e Vytvofeni programového vybaveni pro zpracovani, vyhodnoceni a intepretaci

naméfenych dat UP a AE

e Stanoveni anizotropie mechanickych vlastnosti testovaného migmatitu v zavislosti

na vzajemné orientaci plisobiciho jednoosého napéti a foliace migmatitu

e Stanoveni zmén velikosti a orientace rychlostni anizotropie a utlumu podélnych
ultrazvukovych vin a jejich vztahu kprocesu poruSovani testovanych

anizotropnich vzorki

e Stanoveni napéti pii pocatku mikroporusovani (o, crack initiation) a napéti
pii pocatku nestabilniho mikroporuSovani (ocp, crack damage) prostfednictvim

metod AE a UP
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e Souhrnna intepretace dat AE (aktivita AE, lokalizace a shlukovani AE, typy zdroju
AE) a UP (rychlost Sifeni a Gtlum ultrazvukovych podélnych vin) charakterizujici

anizotropii procesu porusovani migmatitu

1.2  Struktura prace

Doktorskd dizertac¢ni prace je tvorena tfemi hlavnimi ¢astmi. V prvni ¢asti je obsazen
uvod do studované problematiky, a to jak z hlediska zpracovani dat UP a AE, tak i z pohledu
charakterizace procesu poruSovani nizkoporozitnich hornin. Souc¢ésti uvodu je také popis
horninového materidlu, experimentalniho uspofadani a zpracovani dat UP a AE. Nosnou ¢ast
prace tvori Ctyfi publikace v Casopisech s impakt faktorem, jejichz vysledky jsou shrnuty
v kapitole 3 a v publikované podobé jsou uvedeny v kapitole 6. Tteti ¢ast prace shrnuje a

diskutuje dosazené vysledky.
Hlavni ¢ast prace je tvofena nasledujicimi publikacemi:

1. Svitek, T., Rudajev, V., & Petruzalek, M. (2010). Determination of P-wave arrival
time of acoustic events. Acta Montan. Slov., 15(2), 145-151. (pocet citaci na WOS: 3)

2. Petruzalek, M., Vilhelm, J., Lokajic¢ek, T., & Rudajev, V. (2007). Assessment of P-
wave anisotropy by means of velocity ellipsoid. Acta Geodynam. Geomater, 147, 23-
31. (pocet citaci na WOS: 5)

3. Petruzalek, M., Vilhelm, J., Rudajev, V., Lokajicek, T., & Svitek, T. (2013a).
Determination of the anisotropy of elastic waves monitored by a sparse sensor
network. Int.J. Rock Mech. Min. Sci., 60, 208-216. (pocet citaci na WOS: 4)

4. Petruzalek, M., Lokaji¢ek, T., & Svitek, T. (2015a). Fracturing process of migmatite
samples monitored by acoustic emission and ultrasonic sounding. Int.J. Rock Mech.

Min. Sci., v recenznim fizeni.

Prvni publikace vychdzi z potieby pifesné lokalizace Casu ptichodu ultrazvukovych vin

pro zpracovani dat UP a AE a navazuje na diplomovou praci Tomase Sviteka (Svitek, 2008).

Druhd publikace pojedndva o zpracovani dat UP do formy rychlostniho elipsoidu
a dokumentuje takto charakterizované zmény orientace a velikosti rychlostni anizotropie
podélnych vin v zavislosti na orientaci foliace migmatitu v pribehu jednoosych zatézovacich

zkousek.
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Ve tieti publikaci je rychlostni elipsoid testovan ve dvou odliSnych konfiguracich snimaci
a zaroven je navrzen jako vhodny rychlostni model pro lokalizaci jevii AE v anizotropnim

prostiedi.

Ctvrta publikace charakterizuje prostfednictvim ultrazvukovych metod proces porusovani
anizotropniho migmatitu v zavislosti na vzajemné orientaci pusobiciho jednoosého napéti

a foliace testovanych migmatitovych vzorkd.
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2. Uvod

Uvodni &ast disertaéni prace piiblizuje dosavadni prozkoumanost procesu porugovani
krystalinickych hornin s nizkou porozitou a pouziti ultrazvukovych metod (AE a UP)
pro zkoumani vlastnosti hornin v laboratornich podminkach. Zaroven je do této kapitoly
zafazen popis migmatitu jako pouzitého horninového materidlu a experimentd, na nichz jsou

zalozené Clanky, které tvofi nosnou cast disertacni prace.

2.1  Proces porusSovani

Tato prace se zabyva procesem porusovani migmatitu, ktery je mozné zatadit mezi
anizotropni nizkoporozitni krystalinické horniny. Nizkoporozitni krystalinické horniny jsou
horniny s poérovitosti do prvnich jednotek procent, pficemz se jedna vétSinou o horniny
magmatické (napf. granit) a metamorfované (napft. rula). Podstatnou cast pérového prostoru
téchto hornin tvofi mikrotrhliny (Todd, 1973; Walsh & Brace, 1984). Proces poruSovani
u tohoto typu hornin je kiehky proces. Vznik, Sifeni a vzajemna interakce mikrotrhlin vede

k poruseni testovaného vzorku (Lockner, 1993; Thompson et al., 2006).

Laboratorni studium procesu poruSovani vychazi z interpretace méteni relativnich
deformaci (osova, radidlni a objemova) v prubéhu zatéZzovacich zkousSek, zejména
v kompresnim rezimu za jednoosé a trojosé napjatosti. Jednoosa napjatost je charakteristicka
pro zkousku v prostém tlaku, kdy na testovany vzorek nepiisobi plastovy tlak a zvySujici se
axidlni napéti vede k poruseni vzorku. Trojosou napjatosti je zde minéna triaxidlni zkouSka
(v tzv. nepravém triaxialu), kdy za plsobeni konstantniho plastového tlaku dochazi vlivem
zvysujiciho se osového napéti k poruseni vzorku. Doporu¢ené postupy pii provadéni téchto
zkousek jsou uvedeny v ISRM suggested methods (ISRM, 2007) a Standard, ASTM. D7012—
10 (2010).

Na zéklad¢ praci Brace et al.,, (1966) a Bieniawski, (1967), je mozné napéto-
deformacni chovani zatézovaného izotropniho vzorku rozdélit na Ctyfi charakteristické etapy:
zavirani mikrotrhlin, elasticky region, oblast stabilniho mikroporusovani a oblast nestabilniho

mikroporusovani (obr. 1).

Pokud ma vzorek mikrotrhliny s vhodnou orientaci ke sméru osového zatézovani
(idealn€ kolmé), dochazi v prvni fazi zatézovani k uzavirani téchto mikrotrhlin (Batzle et al.,
1980). Pro =zavirani mikrotrhlin je charakteristické zpomalovani osové deformace

S nartstajicim osovym napétim. Po piekroCeni occ (0cc — napéti, kdy jsou jiz vhodné
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orientované¢ mikrotrhliny uzaviené) nartistd s axidlnim napétim jak osova, tak i radialni
deformace linearn¢ az do dosazeni napéti oc (oc — pocatek mikroporuSovani). V tomto
napétovém intervalu, kdy je chovani horniny elastické, by mély byt stanovovany statické
elastické konstanty popisujici deformacni chovani testované horniny. V napétovém intervalu
Oci - Ocp (0cp — pocatek nestabilniho porusovani) dochazi ke stabilnimu mikroporusovani, coz
znamena, ze k nariistu mikroporuseni dochazi pouze se zvySujicim se osovym napétim.
Pro tento interval je charakteristicky zrychleny nelinedrni narist radidlni deformace,
zpiisobeny pfednostni orientaci vznikajicich mikrotrhlin, které jsou paralelni s axialnim
napétim. Po pfekroceni ocp, pro ktery je charakteristicky pocatek nartistu objemové deformace
(dilatance), dochazi k nartistu mikroporuseni i bez zvySovani osového napéti (nestabilni
porusovani). Vlivem interakce jiz existujicich mikrotrhlin dochézi k dalSimu naristu hustoty
mikrotrhlin, lokdlnimu poklesu pevnosti v takto oslabenych oblastech a nukleaci ploch

kone¢ného poruseni, které vedou po dosazeni vrcholové pevnosti (oc PS) K poruseni vzorku.
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Obr.1 Napéto-deformacni diagram znazornujici jednotlivé etapy mikroporusSovani (prevzato z Cai et al., 2004)

Vyse popsana interpretace chovani relativnich deformaci vzhledem k procesu porusovani
(napt. Brace et al., 1966; Bieniawski, 1967; Martin & Chandler, 1994), byla ovéfena
mikroskopickym pozorovanim mikrotrhlin, vznikajicich v odliSnych etapach napéto-
deformacniho diagramu (Tapponnier & Brace, 1976; Kranz, 1979; Wong, 1982; Moore &
Lockner, 1995).

Akustickd emise predstavuje elastické vinéni vznikajici v diisledku ndhlého lokalizovaného

uvolnéni deformaéni energie uvnitf napjatétho materidlu. Kiehké mikroporuSovani,
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ke kterému dochazi v misté piekroc¢eni lokalni pevnosti, generuje akustickou emisi (Lockner,
1993). Mikroporuseni také ovlivituje rychlosti Sifeni a Gtlum elastickych vin (Siegesmund et
al., 1991; Kern et al., 1997; Stanchits et al., 2003). Proto je mozné vyuzit metody AE a UP

pro monitorovani procesu poruSovani (Lockner et al., 1977; Rao & Kusunose, 1993).

Po ptekroCeni oc dochazi k narGstu aktivity AE (Eberhardt et al., 1998), ktery je az
do dosazeni ocp mirny a téméf linearni vzhledem k nartstajicimu osovému napéti. V tomto
intervalu dominuji tenzni typy jevl AE, jejichz hypocentra jsou rozprostfena v celém objemu
namahaného vzorku (Stanchits et al., 2006). V dusledku vzniku extenznich mikrotrhlin,
paralelnich se smérem zatézovani, dochazi v horizontalni roviné k poklesu rychlosti
seismickych vin, narGstu Gtlumu a $tépeni pficnych vin (Stanchits et al., 2006). Pocatek
nestabilniho porusovani se projevuje prudkym exponencialnim nardstem aktivity AE
(Eberhardt et al., 1999), hypocentra AE se poc€inaji shlukovat v omezeném objemu a tenzni
typ mikroporusovani piechazi do smykového (Lei et al., 2000). Vlivem interakce tenznich a
smykovych mikrotrhlin dochazi k dal§imu nartstu mikroporuseni, které vede k nukleaci
smykové plochy a naslednému koneénému poruSeni vzorku. V pribéhu nestabilniho
mikroporusovani dochazi k velkému poklesu rychlosti v horizontalni roviné (Yukutake, 1989;

Rao & Kusunose, 1993), ktery je doprovazen narastem tatlumu seismickych vin.

Vyse popsany zpusob poruSovani se tykd homogennich izotropnich vzorkii. Na pribéh
procesu poruSovani ma také vliv velikost zrn (Lei et al., 1992; Eberhardt et al., 1999),
pritomnost predisponovanych ploch (Lei et al., 2004; Petruzalek et al., 2013a) a rezim
zatézovani (Masuda et al., 1987; Zang et al., 2013).

Metody pro stanoveni o a ocp vychazeji z interpretace relativni pficné nebo objemové
deformace nebo aktivity AE (Eberhardt et al.,, 1998; Nicksiar & Martin, 2012;
Zhao et al., 2015). Pii zkouskach v prostém tlaku odpovida napéti pii pocatku
mikroporusovani oc, = 30-50 % o (Brace et al., 1966, Bieniawski, 1967, Cai et al., 2004;
Nicksiar & Martin, 2012; Xue et al., 2014). Pocatek nestabilniho mikroporuSovani ocp,
ktery predstavuje pocatek dilatance, odpovidd napéti pii 70-80 % vrcholové pevnosti

(Martin & Chandler, 1994; Cai et al., 2004; Xue et al., 2014).

Pfestoze proces poruSovani izotropnich hornin je relativné dobie popsan, existuje v soucasné
dob& pouze nékolik praci, které nabizeji nadhled do procesu porusovani nizkoporozitnich
anizotropnich hornin. Shea & Kronenbreg (1993) analyzovali vliv slid, zejména jejich

koncentraci a preferen¢ni orientaci, na zpusob poruSovani anizotropnich hornin v podminkach
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trojosé napjatosti. Rawling et al. (2002), udava, ze charakter mikroporusovani je nejvice
ovlivnén vzajemnou orientaci mezi nejméné pevnym horninotvornym mineradlem a smérem
maximalni komprese. Kwasniewski (2007) popsal proces dilatance na anizotropnim svoru
Vv podminkach pravé trojosé napjatosti. V praci Hakaly et al. (2007) je prezentovan piistup

ke stanoveni a detailni studie anizotropie mechanickych vlastnosti migmatitické ruly.

Tato prace predstavuje laboratorni studii procesu porusovani anizotropniho migmatitu.
Realizace vyzkumu spociva zejména v interpretaci méfeni UP a AE provedenych na jednoose
zatézovanych vzorcich migmatitu s rtiznou orientaci jeho struktury vzhledem k ose

zatézovani.
2.2  Horninovy material

Tématem této prace je vliv horninové struktury, zejména foliace, na proces porusovani
hornin s nizkou porozitou. Jako vhodny material byl vybran migmatit z lokality Skalka
na Ceskomoravské vrchoving, kterd je uvazovana jako potencialni lokalita pro vybudovéni
prechodného ulozisté radioaktivniho odpadu (Gurpinar & Serva, 1995; Blaheta et al., 2007).
Lokalita Skalka se nachéazi u obce Stfitez, 5 km jihovychodné od Dolni Rozinky v okrese
Zdar nad Sazavou. Svou geologickou pozici nalezi k vychodni &asti straZeckého moldanubika
(Chlupag, I. & Storch, P., 1992). Stratigraficky je zde zastoupena pestra skupina, hlavni
horninové typy na lokalité jsou biotitické ruly, ortoruly a migmatity. Uvedené horniny se
vyznacuji vyraznou foliaci, kterda ma generelni smér SSV-JJZ s tiklonem 50-60° k zipadu
(Vydra et al., 1997). Z prizkumného tunelu, bylo odebrano nékolik horninovych bloki,
které nebyly orientovany vzhledem ke svétovym strandm. Ty, které neobsahovaly viditelné

makrotrhliny, byly pouzité na laboratorni zatézovaci experimenty.

Migmatit mé makroskopicky viditelnou plo$né paralelni strukturu (foliaci), kterd je tvofena
stfidanim tmavych a svétlych paska (obr. 2). S pomoci profesora Martince (UGN AVCR)
a doktora Novaka (GLU AVCR) byla provedena mikroskopickd analyza migmatitovych
vybrust. Svétlé pasky jsou sloZzeny z plagioklasu, K-Zivce a kiemene. Tmavé pasky tvori
pievazné biotit s aktinolitickym amfibolem. Velikost zrn nebo jejich agregati neptesahuje
2mm. Vrovin¢ foliace byla nalezena lineace zplsobena usmérnénim agregatii biotitu
a amfibolitu. Vétsi mikrotrhliny jsou na hranicich kiemene a plagioklasii, mensi potom
na hranicich se slidovymi zrny. Dvoj€aténi plagioklasu je paralelni s orientaci biotitu. Rovina
foliace v kombinaci slineaci v této foliaci by méla odpovidat ortorombické symetrii

(elipsoidalni anizotropii) horninové matrice.
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Obr.2 Textura migmatitu, a) fotografie celého vybrusu, b) detail vybrusu, rovnobézné nikoly ¢) detail vybrusu,
zk¥'iZené nikoly

Piehled vybranych fyzikalnich vlastnosti migmatitu je uveden v tabulce 1. Hodnoty uvedené

Vv této tabulce byly pfevzaty ze zdvérecné zpravy o laboratornich a polnich zkouSkach na

lokalité Skalka (Vydra et al, 1997), kde je migmatit testovany v této praci oznacen jako P65.

Tab.1 Piehled vybranych fyzikalnich vlastnosti migmatitu (pfevzato z Vydra et al, 1997)
mérna | objemova Srovitost koeficient per\;:ct);tnv
hmotnost | hmotnost |P filtrace | P
tlaku
[g/cm®] | [g/cm?] [%] [m/s] [MPa]
2.766 2.745 1.23 | 3.1*10™| 103.4
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Detailni ultrazvukové prozafovani na kulovych vzorcich za hydrostatického tlaku (Pros &
Babuska, 1968; Klima, 1973) az do 200 MPa bylo pouzito pro stanoveni orientace horninové
matrice (bez mikrotrhlin) a ptevladajici orientace mikrotrhlin (Pros et al., 1998). Namétené
rychlosti pii tlaku 200 MPa, kdy jsou jiz mikrotrhliny uzaviené (obr. 3b), odrazi usmérnéni
mineraldl v horninové matrici (Piikryl et al., 2007). Cerveny pas vysokych rychlosti byl
naméten v roviné foliace. Ve sméru normaly k foliaci jsou rychlosti minimalni. Maximum
rychlosti v roving foliace odpovida sméru linecace ve foliaci migmatitu. Rozdil vy mezi
rychlostmi naméfenymi pii 200 MPa a za atmosférického tlaku (obr. 3c) vypovida predevsim
0 mife mikroporuseni a jeho piipadné piednostni orientaci. Velky rozdil mezi maximalni
a minimalni hodnotou Vgt vypovidd o vyznamné mife usmérnéni mikrotrhlin. Maximalni
hodnota vgit je ve sméru normaly k dominantnimu systému mikrotrhlin, ktery je v tomto

pripad¢ orientovan paraleln¢ s foliaci.

a) v, 0MPa b)vs_200 MPa

‘\

.
[km/s] [kmis] [kmis]

396 493 590 5.64 603 643 0.41 096 152

Obr. 3 a) smérova zavislost rychlosti P vin p¥i atmosférickém tlaku, b) smérova zavislost rychlosti P vin pi#i tlaku 200
MPa, c¢) rychlostni rozdil mezi tlaky 200 a 0 MPa

Z ultrazvukového prozarovani kulovych vzorkd vyplyva, Ze horninovd matrice migmatitu
(kombinace foliace a lineace v rovin¢ foliace) zptisobuje ortorombickou symetrii (elipsoidalni
anizotropie) podélnych elastickych vin. Systém mikrotrhlin paralelnich s foliaci zvySuje

velikost elipsoidalni anizotropie dané horninovou matrici.

Z odebranych migmatitovych blokd byly odvrtany valcové vzorky S primérem 50 mm
avyskou 100 mm. Sklon foliace vzhledem k horizontalni rovin¢ byl 13°, 47°, 67° a 81°
(obr. 4). V ruznych mistech této prace i piilohovych ¢lancich jsou zminény vzorky
S horizontalni pfipadné subhorizontalni foliaci a vzorky s vertikalni pfipadné subvertikalni

foliaci, jejich skute¢ny sklon foliace je 13° respektive 81°.



w02 w23 w21 w11

®=13° Dd=47° D=67° ®=81°

Obr. 4 Orientace foliace migmatitu na vzorcich pro jednoosé zatéZovaci zkousky
2.3  Experimentalni usporadani

V této préci byl proces porusovani zkouman pomoci jednoosych zatéZovacich experimentil
na valcovych vzorcich migmatitu s riznym sklonem foliace. Horninové vzorky byly
zatézovany bud’ konstantnim pfirtistkem sily, nebo konstantnim ptirtistkem deformace tak,
aby k poruseni doslo po 6 - 8 hodinach zatéZzovani. V pribéhu jednoosych experimentii byla
méfena a registrovana pisobici sila, posunuti lisu, relativni deformace ve vertikalnim sméru a
obvodova deformace vzorku. Posunuti lisu odpovida zméné polohy spodni tla¢né plochy ve
vertikdlnim sméru a je zpusobeno predevsim osovou deformaci testovaného vzorku. Pro
stanoveni osovych deformaci testovanych vzorkli byla zavislost posunuti lisu na ptisobicim
osovém napéti kalibrovana pomoci kovovych vzorkii se zndmymi elastickymi vlastnostmi.
V pribéhu experimentl bylo provadéno pravidelné ultrazvukové prozafovani a registrovana

akusticka emise.

Zatézovaci experimenty byly provadény v zatéZovacim ramu MTS model 815 (obr. 5a),
ktery byl fizen kontrolerem MTS FlexTest GT. Pro méfeni osové sily byl pouzity snimac sily
MTS model 661 s maximalnim zatizenim 1000 kN. Relativni deformace byly méteny pomoci
extenzometrll pfipevnénych piimo na vzorku (Senseny, 1987). Obvodova deformace byla
meéfena extenzometrem MTS model 632.12F, ktery byl pfipevnén na fetizku obepinajicim
obvod vzorku v jeho stfedni Casti. Relativni deformace ve vertikdlnim sméru byla métena
pomoci dvou extenzometrd MTS model 632.11F, které mély bazi méteni 50 mm. Deformacni

¢idla jsou zachycena na obrazku 5b.
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Obr. 5 a) Lis MTS s kalibraénim duralovym vzorkem osazenym snimaci Fuji; b) vzorek migmatitu v ¢elistech lisu
MTS osazeny ¢idly pro méfeni relativnich deformaci a piezokeramickymi snimac¢i WD pro UP a AE; 16 kanalova
registracni aparatura Vallen AMSY 5, na monitoru jsou registrované vinové obrazy AE

Obr.6 a) fotografie snimaci, vlevo Fuji AE204A (Fuji, JPN), vpravo WD (PAC, USA); b) fotografie zesilovace
AEP3 (Vallen-Systeme GmbH, Germany)

Mg¢fici sit ultrazvukovych snimact slouzi jak pro registraci AE, tak i1 pro provadéni
ultrazvukového prozafovani. Jako zdroj UP byl pouzity napétovy impuls s amplitudou 100 V

a frekvenci 160 kHz. Pti UP slouzi postupné kazdy ze snimaci jako zdroj, zatimco ostatni
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registruji jim vybuzené a vzorkem proslé vinéni. S vyjimkou experimentu Il v ¢lanku 3, byla
ve vSech experimentech uvedenych v této praci pouzita sit osmi Sirokopasmovych
diferencialnich snimaci WD, PAC, USA (obr. 6a, vpravo). Rozlozeni snimaci a smérové
pokryti pii ultrazvukovém prozafovani je ukazano na obr. 7a respektive obr 7c.
S ptibyvajicimi zkuSenostmi a zlepSujici se technickou vybavenosti dochazelo ke zménam

typu snimacu,
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Obr.7 a) schéma mérici sité osmi WD snimaci pro registraci AE a UP; b) schéma mé¥ici sité étrnacti snimacia Fuji,
¢) smérové pokryti sité s osmi snimaci; d) smérové pokryti sité se ¢trnacti snimaci;

jejich poctu, rozmisténi na povrchu valcového vzorku a zptsobu jejich uchyceni. Na obr. 7b,
7d je vidét schéma a smérové pokryti méfici sit€é se Ctrnacti Sirokopasmovymi snimaci
AE204A, Fuji, JPN (obr. 6a, vlevo), ktera byla pouzita u experimentu Il v ¢lanku 3. Tato sit’

snimact je v soucasnosti pouzivana pro vétSinu tloh spojujicich metody UP a AE.
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Dojde-li k ptekro¢eni prahové urovné (trojnasobek hodnoty Sumu registrovaného pied
vlastnim signalem) alespon na jednom z méficich kanalti, dochazi k registraci jevu na vsech
méficich kanalech. Po detekci jsou signaly zesileny na ptredzesilovaci AEP3, Vallen-Systeme
GmbH, Germany (obr. 6b), 20-1350 kHz, zesileni 40 dB. Tyto zesilovace pracuji i se signaly
z diferencidlnich snimaci. Pro registraci slouzi Sestnacti kanalova aparatura AMSY 5 (Vallen-
Systeme GmbH, Germany, obr. 5c), ktera zaznamenava data ve dvou odlisnych formatech

vzajemné propojenych indexy.

V souboru *.pri jsou zaznamenana tzv. primarni data. Zaznamenany jsou n-tice Ciselnych
hodnot (n je pocet registracnich kanali), které v ramci dané¢ho jevu identifikuji a popisuji
registrace (piekroCeni prahové urovng), Cislo registratniho kandlu, maximalni amplituda,
energie signalu, urovenn Sumu a délka signalu. Propojeni systémt MTS a Vallen umoznilo
registrovat v ramci primarnich dat také méfené deformace a pusobici silu u kazdého
zaznamenaného jevu AE nebo UP. Primarni data jsou k dispozici prakticky okamzité a je

mozné je vyuZzit pro online monitorovani AE pomoci softwaru Vallen Visual AE.

V souboru *.tra jsou v binarni form¢é zaznamenany vlnové obrazy registrovanych jevi
Z celého experimentu. Spolu s vinovym obrazem jsou uloZeny jeho identifikacni idaje (index,
Cas registrace, Cislo kanalu), diky kterym je mozné propojit vinové obrazy s primarnimi daty.
Zaznamenané vlnové obrazy maji vzorkovaci frekvenci 10 MHz, délku 2048 vzorku a
500 vzorkt pretriggering. Registrace vinovych obrazii umozinuje detailni post-experimentalni

zpracovani dat akustické emise a ultrazvukového prozatrovani.

2.4  Zpracovani dat AE a UP

Pro zpracovani naméfenych dat UP a AE byl v programovém prosttedi MATLAB vytvotfen
autorsky program pick loc (obr. 8). Tento program je vyuzivan pro predzpracovani
namétenych dat, nasledné zpracovani a ulozeni ziskanych hodnot ve formé, kterd umoziiuje

jednoduchou intepretaci.

Pti pfedzpracovani dochazi ke kontrole naméfenych dat, zejména indexovani primarnich dat
a vlnovych obrazd. V pribéhu procesu jsou jevy roztiidény na UP, AE a chybové jevy,
které jsou odstranény. Primarni data ze systému Vallen jsou propojena pomoci indexovani s
napéto-deformacnimi daty z MTS. Timto zplisobem jsou zpracovana data obsahujici az
miliony registrovanych jevi AE wulozena v souborech o velikosti az stovek GB.

Ptedzpracovani umoziuje, diky propojeni dat, rychlejsi a efektivnéjsi nasledné zpracovani, a
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také odliSny ptistup ke zpracovani jeva AE a UP. Pro zpracovani je mozné vyfiltrovat jevy

urcité velikosti nebo z ur€itého napét'o-deformacniho intervalu.

Zéakladem zpracovani zaznamenanych vIinovych obraztit AE a UP je, co mozna nejkvalitngjsi
odecet Casu prichodu pfimé podélné viny (tzv. prvni nasazeni). Z diivodu velkého mnozstvi
dat neni mozné odecitat Casy ptichodu manualné. V ramci prace byly testovany ctyti pickery
na presnost ode¢tti prvniho nasazeni pro signaly AE (viz kapitola 4.1.1). Jako nejvhodnéjsi se
ukazal AIC picker (Sedlak et al., 2009), ktery byl v této praci pouzit pro provedeni vSech
automatickych odecti signala UP i AE.

Automatické odecty ¢asu piichodu a poloha snimact jsou vstupni data pro urceni rychlostnich
vektort zdat UP. Rychlostni vektory jsou aproximovany trojosym elipsoidem

(viz kapitola 3.2), ktery v Case prozafovani popisuje velikost a orientaci rychlostni anizotropie
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Obr.8 Ukazka pracovni plochy autorského programu pick loc

pti odpovidajicim napéto-deformaénim stavu. Rychlostni elipsoid byl tspé$né testovan a
pouzit jako anizotropni rychlostni model pfi lokalizaci jevli AE.

Zpusoby lokalizace jevli AE vychazeji z metod pouzivanych v seismologii, které mohou byt
nalezeny napt. v Aki and Richards (1980), Shearer (1999), Bormann (2002). V této praci je
lokalizace jevi AE provadéna metodou grid search (napf. Grosse & Ohtsu, 2008).

Vztahy (1) zjednoduSené popisuji princip lokalizace. Objem vzorku je pravidelnou 3D siti

rozdélen na m elementarnich objema s polohou [X;, yj, z;] o velikosti 1x1x1 mm, pro které jsou
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pomoci rychlostniho modelu Vmog a soufadnic n snimaca [X;, Yi, Zi] spoéteny teoretické Casy

pfichodu tj. Od vypoctenych Cast priichodu ti i od odectenych prvnich nasazeni t je
odectena jejich primérna hodnota, tim vzniknou Casova rezidua (At; respektive AL™).

Ke kazdému objemovému elementu [x;, y;, z], kde j = 1.m, je mozné pfifadit rozdil
naméfenych a vypoctenych ¢asovych rezidui €j. Pokud je minimalni hodnota rozdilu ¢asovych
rezidui E mensi nez 40 vzorkl (primérné 5 vzorkli na kazdém z 8 signalil), predstavuje
piislusny objemovy element [Xj, yj, ;] hypocentrum jevu akustické emise H. Jednim vzorkem
(100 ns) je minéna prevracend hodnota vzorkovaci frekvence signdlu. Hrani¢ni hodnota
40 vzorkll byla zjisténa pomoci zpétné lokalizace zdrojii se znamou polohou, generovanych
piezokeramickymi snimaci nebo lamanim tuhy na povrchu vzorku. Pti pouzitém rychlostnim
modelu ve formé trojosého elipsoidu, maji tyto jevy E < 40 vzorkt a chybu lokalizace
do 3 mm. Jevy AE lokalizované s chybou E < 40 vzorka jsou v této praci oznacované jako

ptesné lokalizované jevy a jejich chyba lokalizace by neméla byt vétsi nez 3 mm.

tr, XYL Z XY 2] Vied) i=1.n, j=1..m

At? =7 - L3y At =t - T3
Nz N

e =D A" —t;
i=1
E=min(e;)<40=H =[x,,y,,2,] )

Vliv presnosti odeétii a rychlostniho modelu je popsan v Petruzalek et al., (2008). Ukazka
rozdilu v lokalizaci jevi AE mezi standardné pouZzivanym izotropnim rychlostnim modelem

a anizotropnim modelem ve formé trojosého elipsoidu je uvedena v kapitole 4.1.2.

Spolu s ¢asy ptichodu jsou u signali AE automaticky provedeny odecty velikosti amplitud
prvniho nasazeni. V piipadé¢ dat AE je v soucasnosti zpracovavana jen polarita téchto
nasazeni. Vztah (2) slouzi k vypoctu primérné polarity (pol) prvniho nasazeni (A;) Vv ramci

daného jevu registrovaného siti S n snimaci.
1¢ .
pol =~ sign(A) @
i=1

Na zaklad¢ primérné polarity prvniho nasazeni (obr. 9) je mozné urcit typ zdroje ptislusného

jevu AE: extenzni, kolapsovy, smykovy (Zang et al., 1998). V této praci byly typy zdroji
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urcovany jen pro piesné lokalizované jevy AE (E < 40), kde je predpoklad presné¢ho urceni
prvniho nasazeni a tim i jeho polarity. Na zakladé pievladajicich typt zdroji je mozné

interpretovat proces mikroporusovani (publikace 4, Petruzalek et al., 2015a).

T - type: pol<-0.25

S - type: -0.25 < pol < +0.25

Obr.9 Typy zdroju jevii AE (pfevzato ze Stanchits et al., 2008)

Spolu s automatickymi ¢asy ptichodu je rovnéz provadén automaticky odecet velikosti
prvniho nasazeni signali UP. Pokles amplitudy prvniho nasazeni méteny v horizontalni
rovin¢ ve sméru co nejvice kolmém k plose poruSeni je v této praci navrzen jako kritérium
pro stanoveni napéti na poc¢atku poruSovani. Napéti na pocatku nestabilniho mikroporusovani
bylo uréovano v misté exponencialniho nardstu aktivity AE. Napéti kdy dochazi k nukleaci
plochy poruSeni bylo urovano v misté¢ zmeény charakteru mikroporuSovani, tzn. nartst jeva

AE se smykovym nebo kolapsovym typem zdroje.

Programové vybaveni, které jsem vramci dizertani prace vytvofil pro zpracovani
naméienych dat AE a UP, bylo pouzito i vV nasledujicich publikacich, na kterych jsem se
autorsky podilel a nejsou zahrnuty do této prace (Petruzalek et al., 2013b; Lokajicek et al.,
2015; Petruzalek et al., 2015b; Petruzalek et al., 2015¢).
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3. Prehled dosazenych vysledki

Ve treti kapitole jsou shrnuty vysledky dizertacni prace, které byly z velké ¢asti publikovany
ve Ctyfech ¢lancich uvedenych v kapitole 7. Dosazené vysledky je mozné rozd¢lit do dvou
kategorii, vysledky tykajici se metodického zpracovani a vysledky tykajici se vlastniho

charakteru poruSovani testovaného migmatitu.

3.1 Publikace 1: Determination of P—-wave arrival time of acoustic

events

> Svitek, T., Rudajev, V., & Petruzalek, M. (2010). Determination of P—wave arrival
time of acoustic events. Acta Montan. Slov., 15(2), 145-151. (pocet citaci na WOS: 3)

Zéakladem zpracovani zaznamenanych vinovych obrazit AE a UP je co mozna nejkvalitngjsi
odecet Casu prichodu pfimé podélné viny (tzv. prvni nasazeni). Z diivodu velkého mnozstvi
dat, statisice osmi-kanalové zaznamenanych jevi AE, neni mozné odecitat ¢asy pifichodu
manudlné a bylo nutné vénovat se algoritmim pro automatické odecty (tzv. picker). Muj
autorsky podil na této publikaci odpovida 10 %, podilel jsem se zejména na ideovém navrhu,
testovani a optimalizaci nize popsaného algoritmu. Clanek je i pfes miij nevelky autorsky
podil zahrnut do disertacni prace, zejména sohledem na dulezitost problematiky
automatickych odectli, kterou jsem se v pribéhu feSeni disertacni prace detailné¢ zabyval

(kapitola 4.1.1).

Clanek vychéazi z diplomové prace Tomase Sviteka (Svitek, 2008), ktera vznikla z potieby
programu pro kvalitni automatické odecty prvniho nasazeni z vlnovych obrazii UP a AE.
V ¢lanku popisovany picker se v diserta¢ni praci nazyva SVI picker. V ramci jednoho jevu
AE nebo UP, je uréeni prvnich nasazeni popsano pomoci sedmi po sobé jdoucich kroku.
Vyuzivana je funkce STA/LTA (Allen, 1982), derivace této funce, geometrie méfici sité spolu
S rychlostnim modelem a na zavér analyza tvaru registrovaného signalu v blizkosti prvniho

nasazeni.

V prvnich ¢tyfech krocich jsou vramci jednoho jevu na vSech registrovanych vinovych
obrazech, vtomto piipadé osmi, urena hruba nasazeni a ta jsou pouzita pro nalezeni
trigrovaci stopy. Hruba nasazeni jsou urCend pomoci charakteristické funkce STA/LTA a
asové derivace této funkce. Cim je draha priichodu vlny vzorkem krat$i, tim je zdznam
amplitudove silngj$i a hruba nasazeni se blizi skute¢nému casu piichodu sesimické viny.

Nejkratsi z osmi odectenych Cast v ramci jednoho jevu oznaCuje tzv. trigrovaci stopu.
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Nasazeni urcené na této stop¢ je uvazovano jako piesné a slouzi k vypocu casového intervalu

pro odecet nasazeni na ostatnich sedmi stopéach.

V patém kroku jsou uréeny Casové intervaly, ve kterych jsou na zbyvajicich sedmi stopach
hledana prvni nasazeni. Misto vzniku jevu AE je uvazovano v misté snimace (trigrovaci
snimac), ktery zaregistroval trigrovaci stopu. Ze znamé geometrie sit’¢ a piedpokladaného
rychlostniho modelu testované horniny jsou vypocteny casy pruchodu podélné viny
od trigrovaciho snimace k ostatnim sedmi snimactum. Pfi¢teme-li Casy prachodu k Casu
nasazeni, odeCtenému na trigrovaci stop€, ziskdme horni hranice c¢asového intervalu
pro odecet nasazeni na zbyvajicich sedmi stopach. Spodni hranice intervalu je pro vSechny

stopy stejna a je urcena ¢asem nasazeni na trigrovaci stopé.

V Sestém kroku jsou hleddna nasazeni na sedmi zbyvajicich stopach. Pokud je registrovany
signdl zatlumeny, hrubé urcené prvni nasazeni se nachazi casto V pozdéjSich casech a
neodpovida casu prichodu podélné viny. K posunu nasazeni do niz$ich ¢asti v rdmei uréeného
intervalu slouzi ¢asy, kdy doslo k ptekroceni prahové urovné funkce STA/LTA. Postupuje se
smérem od hrubého nasazeni do nizsich Casti a hleda se prvni piekroceni prahové trovné,

kterym je urcen ¢as prvniho nasazeni.

VSechna urcend prvni nasazeni jsou jeSté posunuta o jednotky vzorkd dopfedu do mista

nejbliz§iho lokalnitho minima samotného registrovaného signalu. Provedenim vSech vyse

zminénych krokt jsou ziskana prvni nasazeni v rdmci jednoho jevu AE nebo UP.

Popsany SVI picker byl testovany na souboru dat AE, na kterém byly provedeny rovnéz
manualni odecty a odecty pickerem, ktery vyuziva vyssi statistické momenty (MOM picker,
Lokajicek & Klima, 2006). Rozdil mezi manudlnim a automatickym odectem je zde nazyvan
chybou odectu. Je-li primérnad chyba odec¢tu v ramci jednoho jevu do péti vzorkt, je mozné
dany jev lokalizovat s pfesnosti do 3 mm. To bylo zjist€no zpétnou lokalizaci jevli se zndmou
polohou, generovanych na povrchu vzorku lamanim tuhy nebo piezokeramickym vysilacem.
Odecty provedené SVI pickrem ukazuji ptfedpoklad ptesné lokalizace u 40 % jevl
z testovaného datového souboru oproti 20 % jevi pii pouziti MOM pickru (obr. 10).
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MOM picker, pirevzato ze Svitek et al., 2010
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Petruzalek, M., Vilhelm, J., Lokajicek, T., & Rudajev, V. (2007). Assessment

Publikace 2:
ellipsoid.
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Obr. 10 Histogramy a kumulativni kfivky chyb odeéti primérovanych v ramci jednoho jevu, plna ¢ara SVI picker,
of P-wave anisotropy by means of velocity ellipsoid. Acta Geodynam. Geomater, 147, 23-31.
Clanek uvadi novou metodu pro stanoveni anizotropie podélnych seismickych vin z dat
k lokalizaci jevii AE. Jejim pouzitim je mozné urcit jak velikost, tak i orientaci rychlostni

ultrazvukového prozafovani laboratornich vzork

(pocet citaci na WOS: 5)

3.2
>
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anizotropie. Metoda je demonstrovana na datech ultrazvukového prozafovani jednoose

zatézovanych vzorkl s odli$nou orientaci foliace migmatitu vzhledem Kk ose zatéZzovani.

V tomto ¢lanku jsou popisovand data ziskana jednoosym zatézovanim vélcovych vzorkid se
sklonem foliace 13° (vzorek s horizontalni foliaci), 81° (vzorek s vertikalni foliaci) a 47°
(vzorek ssikmou foliaci), viz obr. 4 v kapitole 2.2. Sklony foliace uvedené v ¢lanku
odpovidaji ptivodnim zdmérim pfi vrtani téchto vzorkdl, presné sklony foliace byly zjistény
az po vydani tohoto ¢lanku na zéklad¢ analyzy rychlostni anizotropie detailné prozatovanych
kulovych vzorki. Horninova matrice migmatitu ma ortorombickou symetrii, ktera je
zpusobena kombinaci vlivu foliace a lineace v rovin€ foliace. Primarni systém mikrotrhlin,
ktery je paralelni s foliaci, nema vliv na typ symetrie, ale zvySuje miru anizotropie.

(viz kapitola 2.2).

Pro ultrazvukovd méfeni byla pouzitda sitt osmi piezokeramickych Sirokopasmovych
diferencialnich snima¢t WD (obr. 7a,c). V priub&hu zatéZovani bylo prozatovani provadéno
Vv cyklech pravidelné po 20 minutach. V pribéhu jednoho prozatovaciho cyklu se jako zdroj
ultrazvukového vinéni postupné vystiida vSech 8 snimaci, zatimco ostatni registruji horninou
proslé vinéni. Rozdil ¢asu ptichodu a €asu vzniku vinéni na zdroji urCuje Cas prichodu
vzorkem. Casy prichodu byly opraveny o korekce ziskané prozafovanim homogenniho
izotropniho vzorku duralu. Pouzitim sit¢é osmi snimacl na obr. 7a ziskdme 28 nezavislych
smérl prozatovani. Z nich je 6 zanedbano z divodu prichodu registrované viny skrz Celisti
lisu (napt. sméry mezi snima¢i 1 a 4 nebo 5 a 8). Znaméfenych casii prichodu
a odpovidajicich vzdéalenosti mezi jednotlivymi dvojicemi snimaci je vypocteno
22 rychlostnich vektort, jejichz smérové pokryti je na obr. 7c. 22 rychlostnich vektoru je
aproximovano trojosym elipsoidem (rychlostni elipsoid). VSechny body [Xi, Vi, zi] tvofici
plochu trojosého elipsoidu se stfedem v poc¢atku soufadného systému, spliiuji rovnici (3),

kde symetricka matice a;; charakterizuje trojosy elipsoid.

&; Ay a3z |lX
[Xi Yi Zi] A, 8y Ayl|lY =1 (3)
Q3 Gy Az || Z

Rovnici (3) je mozné napsat ve tvaru (4), kde [Xi, Vi, zi] pfedstavuji slozky i-tého rychlostniho
vektoru, i =1,2..22.

2 2 2 _
Xi‘a11 + Yitan + zi“ass + 2Xiyia + 2Xiziaiz + 2yiziagz = 1 4)
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Sest neznamych parametrti matice ajj je ziskano Gaussovou zobecnénou inverzi (napi. Meju,
1994), ktera minimalizuje sumu ¢tvercit chyb (RMS) mezi métenymi rychlostnimi vektory
a stanovenou aproximaci rychlostnim elipsoidem. Velikosti a sméry hlavnich poloos
rychlostniho elipsoidu odpovidaji vlastnim ¢islim a vlastnim vektorim matice a;. Dva
Z téchto smérl popisuji maximalni (Vyax) @ minimalni smér (Vi) rychlostni anizotropie, tieti
smer (Vyean) J€ kolmy k roviné uréené témito dvéma sméry. Koeficient anizotropie k, ktery je
pocitan z velikosti maximalni a minimalni rychlosti (vztah 5), slouzi ke stanoveni velikosti

anizotropie.

Vyax —V
k =100* M&__MN T04] (5)

VMAX
Smér minimalni rychlosti, ktery je nejvice citlivy na pfitomnost mikrotrhlin, je vyuZzivan
k popisu zmén orientace rychlostni anizotropie V prubé¢hu zatéZovani. RMS vypoctena
z rychlostnich vektorh a jim odpovidajicich sméri na rychlostnim elipsoidu slouzi

k posouzeni kvality uvedené aproximace.

Pro intepretaci zmén velikosti a orientace rychlostni anizotropie zatéZovanych vzorki,
vzhledem k procesu poruSovani, byla také vyuzita kumulativni aktivita registrované akustické
emise. U vSech vzorkd byla na pocatku experimentu orientace rychlostni anizotropie urcena
strukturou migmatitu. Minimalni rychlost byla kolma k foliaci a maximalni rychlost lezela

v rovin¢ foliace (kapitola 2.2).

270°

90° 90° 90°

Obr.11 Zmény orientace os rychlostniho elipsoidu, stereograficka projekce na spodni polokouli; a) vzorek
S horizontalni foliaci, b) vzorek s vertikalni foliaci; ¢) vzorek se sklonem foliace 47°; vyax - Cervena barva, vy - Modra
barva, Vyeax - zelena barva; rovina foliace - ¢arkovana oranZova ¢ara;

U vzorka s horizontalni foliaci (kolma ke sméru zatézovani), dochazi nejprve k poklesu
koeficientu anizotropie vlivem naristu minimalni rychlosti. V tomto intervalu nedochazi

ke zméné¢ orientace anizotropie a zmeéna jeji velikosti neni doprovazena vyznamnou aktivitou
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akustické emise. Toto chovani je mozné vysvétlit zavirdnim primarniho systému mikrotrhlin,
ktery je paralelni s foliaci a kolmy ke sméru zatézovéani. Po piekroceni 70 % vrcholové
pevnosti (PS), dochazi vlivem poklesu vy, K nartistu anizotropie a zméné sméru Vy,y ze sméru
kolmého k foliaci do sméru kolmého k budouci plose poruseni (obr. 1la). Tyto zmény
velikosti a orientace rychlostni anizotropie, doprovazené narustajici aktivitou AE, jsou

zpusobeny nove vznikajicim systémem mikrotrhlin, ktery vede k poruseni vzorku.

U vzorku s vertikalni foliaci (obr. 11b) nedochazi v prubéhu zatézovani ke zméné orientace
sméru minimalni rychlosti, ktery je od pocatku zatézovani az do poruseni kolmy k vertikalni
roviné foliace. Koeficient anizotropie je stabilni az do 70 % PS a vtomto napétovém
intervalu neni vyrazny narust aktivity AE. V tomto pfipadé je primarni systém mikrotrhlin
paralelni se smérem zatézovani, proto nedochazi k jeho zavirani. Koeficient anizotropie roste
S klesajici minimalni rychlosti od 70 % PS az do poruseni vzorku. V tomto intervalu je také
exponencialni narast aktivity AE a maximalni rychlost se v rovin¢ foliace orientuje do sméru
zatézovani (obr. 11b). Zaroven nedochazi ke zméné orientace minimalni rychlosti.
Mikroporusovani, ke kterému dochézi v tomto intervalu, je zptisobeno aktivaci primarniho
systému mikrotrhlin, ktery je paralelni s vertikalni foliaci a vede k celkovému poruseni

vzorku. Makrotrhliny vzniklé poruSenim vzorku rovnéz lezi v roviné foliace.

V pribehu zatéZzovani vzorku s Sikmou foliaci nedochazi ke zménam velikosti ani orientace
rychlostni anizotropie. Smér minimalni rychlosti je kolmy k foliaci, smér maximalni rychlosti
lezi v roviné foliace (obr. 11c). Moznym vysvétlenim je, Ze v prubéhu zatézovani nedochazi
k zavirani ani otvirani ptvodniho systému mikrotrhlin a mikroporuSovani je zptsobeno

smykovymi jevy v roviné foliace.

3.3  Publikace 3: Determination of the anisotropy of elastic waves

monitored by a sparse sensor network

> Petruzalek, M., Vilhelm, J., Rudajev, V., Lokaji¢ek, T., & Svitek, T. (2013a).
Determination of the anisotropy of elastic waves monitored by a sparse sensor network. Int.J.
Rock Mech. Min. Sci., 60, 208-216. (pocet citaci na WOS: 3)

V této publikaci je metoda rychlostniho elipsoidu testovana ve dvou odlisnych konfiguracich
méfici sit€ na jednoose zatézovanych vzorcich migmatitu se subhorizontalni foliaci. Jeden
Z nich ma predisponovanou plochu poruseni. Rychlostni elipsoid je uveden jako anizotropni

rychlostni model pro lokalizaci jevli AE.
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Horninova matrice migmatitu ma ortorombickou symetrii, ktera je zptisobena kombinaci vlivu
foliace a lineace v rovin¢ foliace. Primarni systém mikrotrhlin, ktery je paralelni s foliaci,

nema vliv na typ symetrie, ale zvySuje miru anizotropie. (viz kapitola 2.3).

Pro ultrazvukové prozafovani a monitorovani aktivity AE byla v ptipadé¢ vzorku I (bez
predisponované plochy) pouzitd sit osmi diferencialnich Sirokopasmovych snimact WD
naobr. 7a,c. V ptipadé¢ vzorku II (s predisponovanou plochou poruseni) to byla sit’ ¢trnacti
Sirokopasmovych snimact Fuji (obr. 7b,d). Rychlostni elipsoid (Petruzalek et al, 2007) byl
vysledkem aproximace 22 (vzorek I) respektive 55 (vzorek II) rychlostnich vektori.
Pro odecteni ¢ast prvniho nasazeni signali UP i AE byl pouzity AIC picker (Sedlak et al.,
2009). Jevy AE byly lokalizovany metodou grid search (napi. Grosse & Ohtsu, 2008),
podrobnéji v kapitole 2.4. Rychlostni elipsoid slouzil jako ¢asové proménny anizotropni
rychlostni model. Lokalizovany byly jen silné jevy (vétsi nez 40 dB), u kterych je ptedpoklad

presného odectu prvnich nasazeni umoznujici lokalizaci s chybou do 3 mm.

Pro lokalizaci byl nejprve pouzivan casové proménny izotropni rychlostni model. Hodnota
rychlosti podélnych vin odpovidala priméru rychlosti v daném cyklu prozafovani. Shluky
takto ziskanych hypocenter AE vSak neodpovidaly poloze a orientaci makrotrhlin
na poruSenych vzorcich. Z toho diivodu byl zaveden ¢asové proménny anizotropni rychlostni
model ve form¢ rychlostniho elipsoidu, ktery ukazuje podstatné lepsi vysledky lokalizace jevi
AE (viz. kapitola 4.1.2).

Reakce vzorku | na osové zatézovani, kterou je mozné rozdé€lit na tfi napétové intervaly,
je podobna chovani vzorku s horizontalni foliaci uvedeném v piedchozim ¢lanku (Petruzalek
et al., 2007). V prvnim intervalu do 80 % PS se neméni orientace rychlostni anizotropie.
Nartst minimalni rychlosti, spojeny s poklesem koeficientu anizotropie, je zpusobeny
uzaviranim primarniho systému mikrotrhlin. V tomto intervalu je nizka aktivita AE
a hypocentra lokalizovanych jevl jsou viceméné rovnomérné rozprostiena v celém objemu
vzorku. Ve druhém intervalu (80 - 95 % PS) dochazi k nartstu koeficientu anizotropie
a minimalni rychlost se orientuje ze sméru kolmého k foliaci do sméru kolmého k budouci
ploSe poruseni. Zaroven nartsta aktivita AE a hypocentra se shlukuji v omezeném objemu.
Zména chovani rychlostni anizotropie vtomto intervalu je pfipisovana naristu lokalni
heterogenity spojené s nukleaci plochy poruseni. Po ptekroceni 95 % PS dochazi k narastu
anizotropie beze zmeén jeji orientace. ZvySujici se aktivita AE vede k vytvafeni plochy

poruseni. Vyse popsané chovani vzorku I zachycuji obrazky 12a, b, c.
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U vzorku II, ktery obsahoval predisponovanou plochu poruseni, miZzeme pozorovat zavirani
primarniho systému mikrotrhlin jen do 20 % PS. Zavirani mikrotrhlin je spojené s poklesem
anizotropie beze zmén jeji orientace. Mezi 20-30 % PS dochazi ke zméné orientace minimalni
rychlosti ze sméru kolmého k foliaci do sméru kolmého k predisponované ploSe poruseni.
Do 30 % PS nebyla zaznamenana vyznamna aktivita AE. Od 30-85 % PS nedochézi
ke zménam orientace ani velikosti rychlostni anizotropie. Oproti vzorku I se hypocentra jevi
AE shlukuji v okoli predisponované plochy poruseni a dokladaji tak jeji tilohu v procesu
poruSovani vzorku. Po ptekroceni 85 % PS byl zaznamendn mirny pokles napéti spojeny
s vysokou aktivitou AE, ktera vedla k poruseni vzorku podél predisponované plochy poruseni.

Vyse popsané chovani vzorku I zachycuji obrazky 12d, e, f.

Chyba aproximace rychlostnich vektori trojosym elipsoidem nepiekrocila po vétSinu doby
zatézovani u obou vzorkt 250 m/s. CoZ je méné nez 5 % primérné rychlosti a méné nez 13 %
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Obr. 12 Ukazka zmén velikosti a orientace rychlostni anizotropie; a, b, ¢ - vzorek I; d, e, f — vzorek 1l
s predisponovanou plochou poruseni, Vpax, Vmin, Vmean - Velikosti poloos rychlostniho elipsoidu, k — koeficient
anizotropie, o — uhel mezi smérem vy, a smérem zatéZovani, RMS — chyba aproximace rychlostnim elipsoidem
(pFevzato z Petruzalek et al., 2013a)
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3.4  Publikace 4-: Fracturing process of migmatite samples monitored

by acoustic emission and ultrasonic sounding

> Petruzalek, M., Lokajicek, T., & Svitek, T. (2015a). Fracturing process of migmatite
samples monitored by acoustic emission and ultrasonic sounding. Int.J. Rock Mech. Min. Sci.,

v recenznim fizeni.

Ctvrta publikace je v soucasnosti v recenznim Fizeni impaktového &asopisu International
Journal of Rock Mechanics and Mining Sciences. Tento ¢lanek vyuziva vysledka jednoosého
zatézovani ¢ty migmatitovych vzorkid s odlisSnym sklonem foliace k intepretaci anizotropie

mechanickych vlastnosti a procesu porusovani.

Horninova matrice migmatitu ma ortorombickou symetrii, kterd je zpiisobena kombinaci vlivu
foliace a lineace v rovin¢ foliace. Primarni systém mikrotrhlin, ktery je paralelni s foliaci,

nema vliv na typ symetrie, ale zvySuje miru anizotropie. (viz kapitola 2.2).

Jednoosé zatézovaci experimenty byly provadény na migmatitovych vzorcich se sklonem
foliace 13° (subhorizontalni), 47° (Sikma), 67° (Sikma) a 81° (subvertikalni), viz obr. 4
v kapitole 2.2. V prib&hu zatézovani byly spolu s osovou silou a posunutim lisu méfeny také
relativni deformace (podélnd a pti¢nd). Z technickych diivodli nebylo mozné pfi zpracovani
vyuzit méfeni relativnich deformaci. Deformaéni Youngiv modul byl stanoven
z kalibrovaného posunuti lisu. Pro ultrazvukové prozafovani a monitorovani aktivity AE byla
pouzita sit’ osmi diferencialnich Sirokopasmovych snimac¢tit WD (obr. 7a,c). Odecty Cast a
amplitud prvnich nasazeni byly provadény modifikovanym AIC pickrem (Sedlak et al., 2009).
Hypocentra jevi AE byla lokalizovana metodou grid search (napt. Grosse & Ohtsu, 2008)
s vyzitim rychlostniho elipsoidu jako anizotropniho rychlostniho modelu (Petruzalek et al.
2013a). Typy zdroju pfesné lokalizovanych jevii AE byly uréeny podle primérné polarity
prvniho nasazeni (Zang et al, 1998). V ¢lanku je navrZzena nova metoda vyuzivajici amplitudy
prvniho nasazeni UP pro stanoveni pocatku mikroporuSovani (o). Pro stanoveni pocatku
nestabilniho porusovani (cq) je Vyuzita kumulativni aktivita akustické emise (Eberhardt et al.,
1998)). Pro stanoveni napéti, pii nukleaci plochy poruseni (o), byl analyzovan napétovy
vyvoj] typt zdroji AE. Tabulka 2 udava piehled stanovenych mechanickych vlastnosti

testovanych migmatitovych vzorki.
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Tab.2 Mechanické vlastnosti testovanych migmatitovych vzorkia. ® — sklon foliace, E — deformaé¢ni Youngiv
modul, 6, — vrcholova pevnost v prostém tlaku (PS), o, — po¢atek mikroporuSovani v MPa a v procentech PS, ¢¢4 —
pocatek nestabilniho mikroporusovani v MPa a v procentech PS, o, — napéti pfi nukleaci plochy poruseni v MPa a
v procentech PS, n — pocet detekovanych jevi AE.

vzorek Y E Op Oci Oci Ocd Ocd On On N

[*] [GPa] [MPa] [MPa] [%] [MPa] [%] [MPa] [%] []
w02 13 39.1 1145 515 45 103.1 90 107.6 94  4.1*10
w23 47 442 109.6 76.7 70 98.6 90 104.1 95 2.7+10"
w2l 67 50.7 828 621 75 80.3 97 78.7 95 0.6*10"
will 81 53.4 1253 439 35 112.8 90 114.0 91 7.3*10"

Na zakladé

shlukovani hypocenter AE bylo popsano makroporuseni testovanych vzorki

(obr.13). U vzorki se sklonem foliace 47°, 67° a 81° byly plochy poruseni paralelni

se sklonem foliace. VVzorek se sklonem 67° se porusil podél jedné smykové plochy, vzorek

se sklonem 47° m¢l nékolik paralelnich smykovych ploch poruseni, na vzorku se sklonem 81°

bylo nalezeno nékolik paralelnich extenznich makrotrhlin. U vzorku se subhorizontélni foliaci

se vyvinula jedna smykova plocha jdouci napfi¢ foliaci. I u tohoto vzorku byla zjisténa urcita

predispozice foliaci, v jejimz disledku ma smykova plocha stejny smér sklonu jako foliace.

Obr. 13 Fotografie porusenych vzorki a makroporuSeni mapované pomoci lokalizace jevi AE (prevzato

z Petruzalek et al., 2015a)
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Jen v piipadé¢ vzorku se subhorizontalni foliaci pfipominalo mikroporusovani chovani
popsané na homogennich izotropnich vzorcich, s dominanci tenznich mikrotrhlin paralelnich
se smérem zatézovani. Ostatni vzorky ukazuji vyznamnou roli netenzniho mikroporusovani,
které miize byt zptisobeno piednostni orientaci biotitu a pfitomnosti vyznamného systému
mikrotrhlin paralelniho s foliaci. Chovani obdobné tomu zjisténému pii mikroporusovani
migmatitovych vzorki bylo popsano v experimentalni studii zabyvajici se porusovanim
V horninovém masivu s usmérnénymi trhlinami (Singh et al., 2002). Modelovy material
obsahoval dva systémy trhlin, I — kontinudlni; II — kolmy k prvnimu, diskontinualni do sebe
zapadajici. Obrazek 14 znazoriiuje zpusob porusovani v zavislosti na orientaci kontinualniho
systému trhlin. V pfipad¢ testovaného migmatitu predstavuje primarni systém mikrotrhlin
systém kontinualnich trhlin I. Systém II odpovida mikrotrhlindm na hranicich zrn ¢i jejich

agregatil s odliSnymi elastickymi vlastnostmi.
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Obr. 14 Schémata porusSovani v zavislosti na orientaci sméru zatéZovani a hlavniho systému mikrotrhlin. a) extenzni
rezim, b) smyk, c) rotace bloku, d) skluz, e) zptisob porusovani v zavislosti na sklonu systému trhlin I (osa y) a
provazanosti systému II (osa x). Pfevzato ze Singh et al., 2002.

U vzorku se subhorizontalni foliaci byly aZ do nukleace plochy poruseni dominantni extenzni
mikrotrhliny paralelni se smérem zatézovani. Poté az do poruseni dominovaly smykové
mikrotrhliny. Vlivem primarniho systému mikrotrhlin a usmérnéni biotitu dochazelo v roving
foliace rovnéz ke skluzu i pfes jeji maly sklon. Tim je zplisobena anizotropie ultrazvukovych

vlastnosti a stejny smér sklonu plochy poruseni a foliace.

Kombinace smyku a skluzu vede Kk poruSovani vzorku se Sikmou foliaci. Protoze proces

skluzu je pomaly a smykovy modul v bazélni roviné biotitu je nizky, nezptlisobuje tento jev
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v w7

AE. Vyrazné nizsi aktivita AE u vzorku se sklonem foliace 67° naznacuje, ze s nartstajicim

sklonem u vzorkt se Sikmou foliaci dominuje skluz nad smykem.

Pted pocatkem nukleace u vzorku se subvertikalni foliaci dominuji procesu mikroporusovani
smykové a extenzni jevy AE. To je pravdépodobné zpiisobeno piitomnosti primarniho

systému mikrotrhlin s optimalni orientaci vzhledem k plisobicimu osovému napéti.
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4, Vysledky a diskuze

Diskuzni kapitola prace je rozdélena na dvé podkapitoly. V prvni jsou diskutovany vysledky
tykajici se metodické Casti prace, které¢ vznikly na zakladé potfeby zpracovani dat UP a AE.
V druhé jsou uvedeny metody pouzité pro interpretaci procesu porusovani testovaného

migmatitu.

4.1  Metodické vysledky

Podkapitola shrnuje a diskutuje vysledky z metodické Casti prace: presnost odecti prvniho

nasazeni, rychlostni elipsoid a metodu pro stanoveni pocatku porusovani.

4.1.1 Automatické odecty ¢asu prichodu prvniho nasazeni

Metody a postupy zde diskutované se tykaji ultrazvukovych metod AE a UP. Kvalitni
automaticky odecet prvniho nasazeni patii pfi praci s vinovymi obrazy mezi nejpodstatné;si
ulohy. Nepfesné odecty prvniho nasazeni vyrazné sniZzuji moznosti interpretace. Nékolik
odlisnych pfistupti prezentuji tyto publikace: Allen, 1982; Molyneux & Schmitt, 1999;
Lokajicek & Klima, 2006; Sedlak et al., 2009; Svitek et al., 2010. Na obrazku 15 jsou
zobrazeny chyby odeétl Ctyi pickerl testovanych na piesnost odectu prvniho nasazeni jevi
AE:

1. VALL picker, primarni data aparatury Vallen, nasazeni v misté pfekroceni stanovené

prahové Urovné signalu.

2. MOM picker, s charakteristickou funkci zalozenou na vysSich statistickych
momentech, picker byl vytvofen modifikaci algoritmu uvedeného v ¢lanku Lokajicek
& Klima, 2006.

3. SVI picker (Svitek et al., 2010), popsany v kapitole 3.1, vyuzivajici funkci STA/LTA,
jeji derivaci a geometrii meéfici sité.
4. AIC picker, byl vytvofen modifikaci algoritmu uvedeného v ¢lanku Sedlak et al.,

2010, s charakteristickou funkci zaloZzenou na Akaikeho informaénim kritériu (Akaike,

1976).

Jako vstupni data pro toto porovnani poslouzilo 1000 po sobé jdoucich osmi-kanalové
registrovanych jevilt AE s maximalni amplitudou 40 - 90 dB. Na zaznamenanych stopach byly
provedeny ru¢ni odecty, které jsou uvazovany jako ptesné. Chybou se v tomto ptipad¢ rozumi

rozdil mezi automatickym a ru¢nim odectem. Primérnd chyba odectu predstavuje primeér
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chyby zosmi odeéti vramci jednoho jevu AE. Jako jednotka je pouzita desetina
mikrosekundy, kterd pfedstavuje 1 vzorek na vinovych obrazech registrovanych s vzorkovaci

frekvenci 10 MHz.
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Obr. 15 Chyba odeétu primérovana v ramci kazdého jevu AE pro ¢tyfi testované pickery

Na zaklad¢ zpétné lokalizace zdrojii UP a laméni tuhy bylo zjisténo, Ze jevy s primérnou
chybou odectu do péti vzorkt jsou lokalizovany s piesnosti = 3 mm. Vychazime-li z obrazku
15, umoziuje SVI picker presné lokalizovat 30 % jevi AE, coz je lepsi nez 20 % u MOM
pickeru a 5 % u VALL pickeru. SVI picker popsany v kapitole 3.1, byl pouzivany pro odeéty
AE a UP do roku 2011, kdy jsem pro potieby odecti nasazeni jevii AE na horninovych
vzorcich modifikoval AIC picker publikovany v praci Sedlak et al, (2009). AIC picker je
schopny odecist 60 % jevl AE, u nichz by chyba lokalizace nemé¢la pfesahnout 3 mm. Ostatni
testované pickery jsou, co se tyka piesnosti odectu, minimalné o polovinu horsi. AIC picker
byl v této praci pouzity pro provedeni vSech automatickych odectt jak dat UP, tak i AE. SVI
picker, ktery je soucasti této prace, Se V souCasnosti pouziva pro odeCty Casui nasazeni pii

prozafovani kulovych vzorku (Svitek et al., 2014).
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4.1.2 Rychlostni elipsoid

Anizotropie rychlosti seismickych vIn patfi mezi elastické materialové vlastnosti a u hornin
vznikd v dasledku krystalografické nebo tvarové preferencéni orientace nebo prednostni
orientace mikrotrhlin (Kern et al., 2008). | primarné izotropni horniny muzou vlivem
pusobiciho orientovaného napéti (Nur & Simmons, 1969) nebo vznikem mikrotrhlin
s prednostni orientaci (Lo et al., 1986; Sayers & Kachanov, 1995) ukazovat anizotropni
chovani. Laboratorni méfeni rychlostni anizotropie je mozné vyuzit ke stanoveni elastickych
konstant (Sano et al., 1992; Song et al., 2004), symetrie horninové matrice (Ptikryl et al.,
2006), miry mikroporuseni (Soga et al., 1978) a jeho orientace (Sayers, 1988) nebo i vyuzit
rychlostni data ke stanoveni orientace napéti v horninovém masivu (Amadei, 1996).
Anizotropni rychlostni model je mozné také vyuzit v procesu lokalizace jeviit AE ¢i dilnich

otfesu.

Ve druhém c¢lanku této prace (kapitola 3.2, Petruzalek et al., 2007) je uveden jednoduchy
anizotropni rychlostni model ve formé trojosého elipsoidu. Rychlostni elipsoid je aproximaci
rychlostnich vektort ziskanych ultrazvukovym prozatovanim siti snimacii, ur¢enou primarné
pro lokalizaci jevii AE. Ve vétSine publikaci, které se zabyvaji anizotropnim chovanim
pii jednoosé nebo trojosé napjatosti, se pti prozafovani vyuziva horizontalni a vertikalni smér
(napf. Rao & Kusunose, 1995; Fortin et al., 2006). Rychlostni elipsoid efektivné vyuziva
maximalni mozny pocet smérii dany mnozstvim pouzitych snimact. Na zékladé zpracovani
sikmych smérti je mozné urcit i zmény orientace rychlostni anizotropie (Petruzalek et al.,
2007). ZjednoduSeny popis rychlostni anizotropie pomoci vektori minimalni a maximalni
rychlosti je mozné vyuzit k intepretaci strukturnich zmén v horninovém materialu vyvolanych
pusobicim napétim (napf. mikroporuSovani, zavirani primarnich mikrotrhlin, orientace

koneéné plochy poruseni).

Pted celkovym poruSenim vzorku dochdzi i u pilivodné izotropnich hornin plisobenim
orientovaného napéti k preferenénimu mikroporusovani a tim K vyvoji rychlostni anizotropie,
ktera mize dosahovat az 50 % (napi. Lockner et al., 1977; Yanagidani et al., 1985). Z tohoto
dtvodu doporucil Lockner (1993) pro lokalizaci jevii AE pouziti anizotropniho rychlostniho
modelu. Obrazek 16 porovnava lokalizaci s izotropnim a anizotropnim rychlostnim modelem,
pfiCemz oba modely se méni s kazdym prozafovacim cyklem. Izotropni model odpovida
pramérné rychlosti prozafovaciho cyklu, anizotropnim modelem je rychlostni elipsoid. S
anizotropnim modelem bylo ptesné¢ lokalizovano (E<40 vzorkil) témét 8000 jevl AE. Ty byly

poté lokalizovany s izotropnim modelem a jen 20 % z nich mélo chybu lokalizace do 40
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vzorkl (obr. 16b). S narGstem rychlostni anizotropie, od 17 % do 30 %, klesd Uspésnost
lokalizace s izotropnim modelem z 84% na 13 %. Zatimco lokace jevi AE ziskané pomoci
anizotropniho modelu dokumentuji vyvoj ploch poruseni (obr. 16a, dole), jevy AE
lokalizované s izotropnim modelem se shlukuji zejména v centralni ¢asti vzorku (obr. 16a,
nahoie) a mohou zkreslovat charakter poruSovani. Z téchto dtvodu byl pii lokaliza¢nim

procesu pouzivan anizotropni rychlostni model.
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Obr. 16 Porovnani rychlostnich modeli pro lokalizaci jevii AE, pi‘evzato z Petruzalek et al., 2013a
4.1.3 Pocatek mikroporusovani

Velikost napéti, kdy dochazi k po¢atku mikroporusovani (og), muze slouzit u kiehkych
hornin v oblasti dilnich dél s vysokym nadlozim k odhadu tzv. spalling strength, ktera
predstavuje napéti, kdy dochazi k odstépovani horninovych Supin ze stén dilnich dél
(Diederichs, 2007; Andersson & Martin, 2009). Damjanac & Fairhurst (2010) navrhli pouziti
oc jako odhadu dlouhodobé pevnosti krystalinickych hornin. Metody pro stanoveni o,
vychazeji z intepretace méfenych relativnich deformaci (Brace et al, 1966; Bieniawski, 1967;
Lajtai, 1974; Martin & Chandler, 1994; Nicksiar & Martin, 2012) nebo aktivity AE
(Eberhardt, 1998; Zhao et al., 2015) pfi jednoosych nebo triaxialnich zkouskach. V piipadé
metod vyuzivajicich relativni deformace muze byt stanoveni o¢, na hranici piesnosti méfeni,
Vv ptipadé vyuziti AE mize byt oc ztraceno v sumu. Pro urceni o, je V této praci (Petruzalek
et al., 2015a) navrhovano pouzit pokles amplitud prvniho nasazeni ultrazvukového
prozafovani podélnymi vlnami ve sméru sklonu plochy poruseni. Vzhledem Kk citlivosti

amplitud seismickych vin na pfitomnost mikrotrhlin (Barton, 2007) ma tato metoda vyssi
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piedpoklady pro pfesné stanoveni o, nez metody zalozené na relativnich deformacich a

akustické emisi (obr. 17).
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Obr. 17 Ukazka grafi amplitud prvniho nasazeni UP pro urdeni oc;; a) vzorek sesubhorizontalni foliaci,
prozafovani ve sméru sklonu plochy poruseni (oc; = 45 % PS); b) vzorek se subvertikalni foliaci, prozafovani
ve sméru sklonu plochy poruseni (6¢c; = 35 % PS), modra ¢ara — amplitudy prvniho nasazeni; Cervena ¢ara — méfené
rychlosti podélnych vin, ¢erna ¢ara — kumulativni ¢etnost jevii AE

4.2  Proces porusovani migmatitu
Vétsina kapitoly uvadi a diskutuje vysledky publikace 4 (Petruzalek et al., 2015a). V ptipadé

vysledkll z jinych ¢lankd obsaZenych v této préci, je uvadéna jejich citace. Obrazek 18

znazoriiuje procentudlni zastoupeni jednotlivych typt jevit AE pro testované orientace foliace

migmatitu.
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Obr. 18 Typy zdroji jevi AE, tenzni — modra ¢ara, smykové — zelena ¢ara, kompresni — ¢ervena ¢ara; a) vzorek se
subhorizontalni foliaci, b) vzorek se subvertikalni foliaci, ¢) vzorek se sklonem foliace 47°, d) vzorek se sklonem foliace
67°
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4.2.1 Mechanické vlastnosti a makroporusovani

Tabulka 2 (kapitola 3.4) shrnuje stanovené mechanické vlastnosti migmatitu. Mezi zakladni
patii pevnost v prostém tlaku a Youngtv modul. Velikost a anizotropie téchto parametrii Gzce
souvisi S velikosti zrn, pfednostni orientaci horninotvornych minerdli a usmérnénim
mikrotrhlin (Tugrul & Zarif, 1999; Pfikryl, 2001; Takemura, 2003; Tandon & Gupta, 2013).
Migmatit testovany v této praci méa ortorombickou symetrii horninové matrice zpisobenou
foliaci a lineaci vrovin¢ foliace. Obsahuje také systém primarnich mikrotrhlin paralelni
s foliaci. Vzorky se subhorizontdlni a subvertikalni foliaci dosahovaly vysSich pevnosti
v prostém tlaku nez vzorky se Sikmou foliaci. Podobné chovani vrcholové pevnosti
u anizotropnich nizkoporozitnich vzorkli je mozné najit v publikacich: Hakala et al., 2007;
Nasseri et al., 1997; Nasseri et al., 2003; Cho et al., 2012. Pevnost v prostém tlaku roste
s rostouci rychlosti zatéZzovani (Brace & Jones, 1971; Sano et al., 1981; Okubo et al., 1990).
Vzhledem k tomu, Ze doba zatézovani migmatitovych vzorku byla vyrazné vétsi (6 - 8 hodin)
nez standardné¢ doporucovana (2 - 15 minut, D7012-10, ASTM, 2010) jsou hodnoty
namétenych pevnosti pravdépodobné 0 10 - 15% nizs$i nez pii standardnich jednoosych
zkouSkach. Narust Youngovych deformacnich modulti se sklonem foliace je v souladu
s pracemi na obdobnych horninach (Rawling et al., 2002; Hakala et al., 2007; Kim et al.,
2012).

Vzorky se Sikmou foliaci mély v porovnani se vzorky se subhorizontalni a subvertikalni
foliaci vyssi hodnoty napéti pii pocatku poruSovani. Rozdily se jesté¢ zvétsi pii normalizaci
pevnostmi v prostém tlaku, 70 - 75 % PS oproti 35 - 45 % PS. Podle praci Eberhadt et al.,
(1999); Katz & Reches, (2004); Cai et al., (2004); Nicksiar & Martin, (2013) se o,
pro homogenni izotropni horniny pohybuje v rozmezi 40 - 60 % PS. Hakala et al., (2007)
udava mirné vyssi oc (49 % PS) pro vzorky ruly se Sikmou foliaci oproti tém s foliaci
vertikalni a horizontalni (41 % PS). Vyssi hodnoty o¢, stanovené v této praci u vzorkl
se Sikmou foliaci mohou souviset s 0dliSnym procesem poruSovani téchto vzorkd, kdy je
dominantni skluzovy a smykovy mechanismus. Extenzni mikrotrhliny, pro které by méla byt
pouzita metoda stanoveni o, citliva, nehraji podle analyzy zdrojovych typti AE v porusovani

vzorki se Sikmou foliaci podstatnou roli.

Pocatek nestabilniho porusovani ocp je uvazovan jako horni limit dlouhodobé pevnosti
(Martin & Chandler, 1994). Cai et al. (2004) uvadi pro deset odliSnych typti hornin interval
Ocp 71 - 100% PS s primérnou hodnotou 80 %. Xue et al. (2014) uvadéji primérné hodnoty

47



Ocp pro magmatické (78 = 11 %), metamorfované (85 + 11 %) a sedimentarni (73 + 18 %).
Pro testovany migmatit, spadd ocp pro vSechny orientace vzorkli do intervalu 90 - 97 % PS,
coz je vsouladu spraci Hakala et al., (2007), kde autofi stanovili o, na obdobném

horninovém typu (slidova rula, Olkiluoto, Finsko) v rozsahu 91 - 97% PS.

Obrazek 13 zachycuje makroporuseni testovanych vzorkti. U vzorkd se subvertikdlni a
sikmou foliaci jsou plochy poruseni paralelni s foliaci. Vzorek se sklonem foliace 67°
se porusil podle jedné smykové plochy. Vzorek se sklonem 47° vytvaii nékolik smykovych
ploch. Ve vzorku se subvertikalni foliaci vznika nékolik extenznich makrotrhlin. Ve vzorku
se subhorizontalni foliaci doslo k vyvoji smykové plochy poruseni napti¢ foliaci. Obdobny
charakter makroporusovani anizotropnich vzorki je uvadén v publikacich Nasseri et al.

(1997), Niandou (1997), a Cho et al. (2012).

4.2.2 Mikroporusovani - subhorizontalni foliace

U vzorka se subhorizontalni foliaci dochazi az do 70 - 80 % PS Kk zavirani primarnich
mikrotrhlin, které se projevuje poklesem koeficientu anizotropie zplUsobenym nartstem
minimalni rychlosti ve sméru kolmém k foliaci (Petruzélek et al, 2007;. Petruzalek et al,
2013a). Pti napéti 45 % PS zacind mikroporusovani, které zpiisobuje pokles amplitudy
prvniho nasazeni ve sméru sklonu foliace (obr. 17a). Vzhledem Kk anizotropii chovani
amplitud prvniho nasazeni v horizontalni rovin€, dochédzi ke vzniku extenznich mikrotrhlin
paralelnich se smérem zatézovani a kolmych ke sméru sklonu foliace. Toto chovani je
pravdépodobné zpiisobeno tim, ze v rovin¢ foliace 1 pfes nizky sklon dochazi ke skluzu
a smyku v bazalnich plochach biotitu nebo v misté primarnich mikrotrhlin. Od 70 - 95 % PS
dochazi vlivem naristajictho mikroporuSeni k ndristu a zmeéné orientace rychlostni
anizotropie. Minimalni rychlost se ze sméru kolmého k foliaci orientuje do sméru kolmého
k budouci plose poruseni (Petruzalek et al., 2007;. Petruzalek et al., 2013a). Exponencialni
narast aktivity AE na 90 % PS dokumentuje piechod k nestabilnimu porusovani. Pii 94 % PS
dochazi k nukleaci plochy konecného poruseni, jevy AE se zacinaji shlukovat v limitovaném
objemu (Petruzalek et al., 2013a) a dochazi ke zméné rezimu z extenzniho na smykové
mikroporusovani (obr. 18a). Vznikla makrotrhlina jde napfi¢ foliaci, ale ma stejny smér

sklonu jako foliace (obr. 13).
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4.2.3 Mikroporusovani - Sikma foliace

U vzorkl se Sikmou foliaci nedochéazi v pribéhu jejich zatézovani ke zméné€ velikosti ani
orientace rychlostni anizotropie (obr. 9c, Petruzalek et al., 2007). Dominance neextenznich
jevii AE (obr. 18c,d) spolu s minimalnimi zménami amplitud prvniho nasazeni naznacuji,
ze V tomto piipad¢ extenzni mikrotrhliny paralelni se smérem zatézovani nehraji v procesu
porusovani vyznamnou roli. K poc¢atku mikroporusovani dochazi az pii 70 % PS. Nizka
aktivita AE oproti vzorkiim se subvertikalni a subhorizontalni foliaci naznacuje, ze skluz
Vv rovin¢ foliace je vyznamnou slozkou poruSeni vzorku. K nestabilnimu mikroporusovani
dochazi pii 90 - 95 % PS. Nukleace plochy poruseni (95 - 97 % PS) je spojena s nartistem
poctu jevi AE s kompresnim typem zdroje. Smykové plochy poruseni lezi v rovin€ plochy

foliace (obr. 13).

4.2.4 MikroporuSovani - subvertikalni foliace

U vzorkt se subvertikalnim sklonem foliace nedochazi ke zmén& sméru minimalni rychlosti a
po celou dobu zatéZovani je v subhorizontalnim sméru kolma k roviné foliace (Petruzalek et
al., 2007). K poklesu amplitud prvniho nasazeni, ktery ptedstavuje poc¢atek mikroporusovani,
dochazi pti 35 % PS (obr. 17b). Anizotropni chovani amplitud prvniho nasazeni je zpisobeno
dominanci extenznich mikrotrhlin v roviné foliace paralelnich se smérem zatéZovani.
K nestabilnimu porusovani dochazi pti napéti 90 % PS, kdy zacind exponencidlné nariistat
aktivita AE. Je piekvapivé, ze pii napétich mensich nez prah nestabilniho mikroporusovani je
Cetnost extenznich a smykovych jevi na stejné urovni (obr. 18b). Moznym vysvétlenim muize
byt jiz existujici primarni systém mikrotrhlin s optimélni orientaci vzhledem ke sméru
plusobiciho osového napéti. Neni tedy potteba vzniku velkého mnozstvi extenznich
mikrotrhlin k tomu, aby dochazelo k jejich interakci. K interakci extenznich mikrotrhlin mize
pomahat vznik smykovych mikrotrhlin, které je propojuji a umoziuji jejich rozsifovani a
Sifeni. Po prekroceni 90 % PS, dochazi k nukleaci plochy kone¢ného poruseni doprovazené
zménou rezimu mikroporuSovani, Ktera se projevuje nartstem Cetnosti netenznich jevi AE
(obr. 18b). Vzorek se porusuje vznikem nékolika extenznich makrotrhlin v roviné foliace

(obr. 13).
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5. ZAvéry

V pribéhu feSeni dizertani prace byly testovany a vyvijeny metody zpracovani dat
ultrazvukového prozatovani a akustické emise zejména s ohledem na interpretaci procesu

porusovani anizotropnich nizkoporozitnich hornin.

V ramci feSeni dizerta¢ni prace bylo vyvinuto kompletni programové vybaveni umoziujici

zpracovani a interpretaci dat ultrazvukového prozarovani a akustické emise.

Vyvinuty picker vyuzivajici funkce STA/LTA, jeji derivace a geometrie méfici sité
pro stanoveni ode¢tu prvniho nasazeni je v soucasnosti pouzivan pii zpracovani dat
ultrazvukového prozafovani kulovych vzorki. Pro odecty prvniho nasazeni signalti akustické
emise se ukazal jako nejvhodné&jsi modifikovany AIC picker, ktery dava ptedpoklad

pro uspésnou lokalizaci v 60 % jevl AE silnéjsich nez 40 dB.

Byla vyvinuta novd metoda pro stanoveni rychlostni anizotropie z dat ultrazvukového
prozafovani pomoci sit¢ snimacli ur¢ené k monitorovani akustické emise. Zakladem této
metody je aproximace rychlostnich vektord trojosym elipsoidem. Rychlostni elipsoid byl
uspésné pouzity pro interpretaci zmén rychlostni anizotropie vzhledem k procesu porusovani

a zéarovei jako anizotropni rychlostni model pro lokalizaci jevi akustické emise.

Pro stanoveni poc¢atku poruSovani je v této praci uvedena metoda vyuzivajici amplitudy
prvniho nasazeni ultrazvukového prozafovani. Pocatek poruSovani je stanoven na zakladé
prvniho amplitudového poklesu méfeného v horizontdlni roviné ve sméru sklonu konecné

plochy poruSeni.

Intepretaci dat ultrazvukového prozafovani a akustické emise byly zjistény odlisné
mechanizmy mikroporuSovani v zavislosti na vzajemné orientaci pusobiciho napéti a

horninové struktury.

V ptipadé vzorki se subhorizontalni foliaci jsou az do nukleace plochy poruseni dominantni
tenzni mikrotrhliny paralelni se smérem zatéZovani a kolmé ke sméru sklonu foliace.

Preferen¢ni orientace tenznich mikrotrhlin je zptisobena skluzem a smykem v rovin¢ foliace.

Vzorky s sikmou foliaci ukazuji dominanci netenznich jevi. K poruseni vzorku dochazi
kombinaci smyku a skluzu ve foliacnich plochach. S naristajicim sklonem roste vyznam

skluzu.
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U vzorkli se subvertikdlni foliaci maji tenzni a smykové jevy rovnocenny vyznam
az do nukleace plochy poruSeni. Toto chovani je pravdépodobné zpiisobeno existenci

primarniho systému mikrotrhlin, ktery je paralelni s foliaci.
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Determination of P — wave arrival time of acoustic events

Tomds Svitek', Viadimir Rudajev’ and Matéj Petrutdlek’

The new approach to the P-wave arrival time determination based on acoustic emission data from loading experiments is tested.
The algorithm used in this paper is built on the STA/LTA function computed by a convolution that speeds up the computation process
very much. The picking process makes use of shifting of temporary onset until certain conditions are fulfill and as a main decision
criterion on the threshold exceeding of the STA/LTA derivation function is used. The P-wave onset time is determined in a selected
interval that corresponds to the theoretical propagation of elastic wave in the rock sample. Results obtained by our algorithm were
correlated with data acquired manually and a high order statistic software as well.

Key words: Onset detection, Automatic picker, Acoustic emission, Loading experiments, STA/LTA
Introduction

The evaluation of stability of underground engineering structures is one of significant tasks
of geomechanics. For the development and verification of effective methods of assessing the deformation
characteristics, it is advisable to carry out their research under laboratory conditions, which enable
us to simulate the process of stress state growth up to the level of their own strength. As to the rocks,
representing a heterogeneous discontinuous medium with primary cracks and places of different mechanical
strength, the distribution of the stress field is inhomogeneous with higher local values especially
in the vicinity of so-called “stress concentrators”. During the loading of rock specimens, the local strength
will be exceeded in these places and brittle ruptures will be created, which leads to the elastic wave emission.
These points of brittle ruptures are sources (foci) of elastic wave radiation ranging from acoustic to ultrasonic
frequencies. Events like these are referred to as the “acoustic emission” (AE). The observation of the acoustic
emission process is based on the monitoring via a geophone net, located on the surface of the studied rock
specimen. The location of acoustic foci and the monitoring of their migration during loading until a final
destruction of the rock specimen provides a significant information about foci clustering within the areas
of predisposed places of future final rupture. Acoustic emissions and the location of their foci was studied
by Lockner (1993), Lockner and Byerlee (1977), Vilhelm et al. (2008), Veverka J., Rudajev V. (2004).
The accuracy of the location depends on the knowledge of the velocity model as well as on the accuracy
of determining the P — wave onset time. Therefore, the accuracy of determining the time of the onset is very
important and often poses a difficult problem.

This paper is concerned with the determination of the time of the first arrivals of P — waves important
for localizing acoustic events occurring during the rock specimens loading. This topic is also involved
in many publications, based on different principles. The methods most frequently used for the P — wave time
determination are, for example: the STA/LTA ratio (short-term average/long-term average) by Allen, R.
(1982), Baer, M., Kradolfer, U. (1987), SNR (signal-to-noise ratio) by Zuolin Chen (2005), HOS (high -
order statistics) by Lokajicek, T., Klima, K. (2006), and the AIC criterion (Akaike Information Criterion)
by Sedlak et al. (2009).

Background of the Pick — Tester (PT) Method

In general, it always stands good that signal is transformed to a characteristic function (CF) which
creates the signal envelope. The time of the first arrival is then determined on this envelope by using
specified criteria.

The procedure presented in this paper is based on the STA/LTA principle (Allen, 1982).
The characteristic function is computed using the following equation
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CF(1)= y(z) + K(y(z)—y(z —1))
where y is the input signal and the second part of the equation is its derivative. K is the weight constant,
which reflects the sampling frequency and the noise characteristic of the seismic receiver,

2|y(i)|
> b0 2t6-1)

where 7n is the number of signal samples. The STA/LTA ratio was chosen as the detector. It is the average
of the CF amplitude in the short- (long-) time window. The calculation of the real STA and LTA values then
yields an average of the values of the characteristic function in a time window of a certain length. These
windows have shifted subsequently along the characteristic function. For this operation, it is necessary to use
cyclic algorithms repeated depending on the quantity of the data ( number of traces), when the first arrival
time is determined. All algorithms were realized in the Matlab software. Therefore, this software is not
optimized for using cyclic operations; the convolution was used for computing the STA and LTA functions.

0

The convolution is defined by the equation y(t)= jsl(t—r)sz (r)dr and is noted

K (i)

5

as y(t ) =S (t )* Sy (t ), where s, is the rectangular signal with the length STA or LTA and s; is the acoustic
(ultrasonic) signal. The signal s, is a discrete series of numbers and the convolution equation can then
be expressed in the following form; y(k): Zsl(k - j)sz( j) ; k—j> 0. Replacing the cyclic algorithms

J
by the convolution accelerates the calculation. Consequently, the criteria for determining the times of the first
arrivals enter the computation process. Figure 1 shows a simplified block diagram of particular steps of this

process.

Trigger trace finding Determination of the first
process Geometry of the rock sample arrival time

v

Fig. 1. Block diagram of the arrival time assessment.

During our loading experiments, the acoustic emission data were recorded by an 8-channel piezoceramic
system. For this reason, the first step of the computation process is to find the trace on which the acoustic
event was first registered. Based on this fact, it is possible to apply considerations of rock specimen geometry
and then to determine the P—wave time arrival. The whole process is based on the values and shape
of the STA/LTA ratio function, whereas the length of the LTA window is 100 points (10 ps) and the length
of the STA window is 10 points (1 ps).

In the following, the criteria of determining the arrival time will be described in a more detail.

Step 1 — STA/LTA level determination

The first step is the dynamical determination of the STA/LTA level. When this level is exceeded,
the raw arrival time is assessed. For this purpose the median of the maxima of all eight traces is computed.
The STA/LTA level is then established as 15 % of the median value. Two extreme cases can occur:

Strong event — The STA/LTA level is higher than the smallest maximum of any STA/LTA function.
In this case the decision level is established as the smallest value of maxima of the STA/LTA function.

Weak event — The STA/LTA level of 15 % of the median is not high enough so that the decision level
is established by a predefined empirical value.

The value of the level then reflects the magnitude of the registered AE event.

Step 2 — STA/LTA derivation and its peaks

In this step, the STA/LTA function is derived (hereinafter called “Derivation”) and its maximum
is determined again. Consequently, the level of the Derivation is determined for every trace. In this case,
the decision level is established as 1/3 of the Derivation maximum.
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Step 3 — P — wave pick allocated to the main or local maximum of Derivation

Points whose amplitudes of the STA/LTA and Derivation functions exceed their levels determine
the peaks which indicate a certain increase of the signal.

Next in the process, only the peaks of the Derivation whose maxima are higher than or equal to a half
of the main maximum are considered. According to the number of peaks which satisfy this criterion,
the following cases can be identified:

a.  Only one peak found; raw P — wave pick is placed to the point of Derivation maximum,
b. More than one peak found and at once STA/LTA ratio in the place of the local maximum of previous
peak is higher or equal to STA/LTA level and at once distance between last two peaks is shorter than

100 samples (10 ps); raw P — wave pick is placed to the point of the local Derivation maximum

of the previous peak (Fig. 2c¢),

c. None of the previous cases applies; raw P — wave pick is placed to the point of the main Derivation
maximum.

Using this procedure we assessed the raw P — wave picks, which are placed to a certain Derivative
maximum.

Step 4 — Trigger trace determination

All these steps (Steps 1 — 3) lead up to the best possible determination of the trace, where the signal was
recorded as the first, so-called, trigger trace. Once the trigger trace is known, the parameters of the specimen
geometry can be applied in the computation.

Step 5 — Determination of the theoretical signal propagation time in the rock specimen

With a view to the mutual distance of sensors, we can compute the theoretical propagation time
of elastic waves in the rock specimen and determine the travel-time limits, in which the signal has to reach
the sensor. Using the 8-channel system, we obtain 28 mutual sensor distances from the following equation:

iy == Pl =, Pl =2, P L i=j=1..8, %,

We then compute the theoretical time of propagation from the reference (trigger) sensor (Sz) to the other

. . Tri . . .
sensors (S;) using the equation ¢ SeS, = R =1, 2,...7, where tepsk = tsg — tsk and v is the P — wave velocity
v
in the rock specimen. This formula is, in general, valid in an isotropic medium. Hence, since most rocks are
more or less anisotropic, the previous formula needs to be modified with respect to the real value of rock
anisotropy. The problem of anisotropy is discussed in more detail for example in Petruzalek et al. 2007. With
regard to the anisotropy, we can express the previous equation in the following form:

Vs
_ "Ri

where P is the parameter of the anisotropic velocity ellipsoid represented by a 3 x 3 matrix of semi-axis
vectors of this ellipsoid. We thus obtain the theoretical propagation times for every sensor and can determine
the time interval (Fig. 2c - red part of STA/LTA) on every trace, for which the relation
ts, <(tSRSk +ig, )-1,2 , where tg is the time measured at the k-th sensor and t#g; is the arrival time

at the reference sensor, is valid. The lower value of the time interval is limited by the arrival time
on the trigger trace. The real time of the signal has to be looked for in the interval defined by these rules.
Of course, we need to know the velocity model of the specimen under examination perfectly. This model
is obtained from the ultrasound radiation. During the loading, the parameters of the velocity model can vary;
hence the coefficient 1.2 was applied in the previous relation. This coefficient was determined empirically.

Step 6 — Possible pick shift

In this part of the algorithm, the shape of the STA/LTA function will be analyzed and the pick can be
possibly shifted to the previous peak. This step is applied in situations when the signal is rising very slightly.
If this situation occurs, it is possible that the main Derivation maximum is not at the first peak but on any
following peak of STA/LTA. If any peak of STA/LTA exists before the point of the Derivation maximum,
and the mutual distance of these two peaks is less than 25 samples (2.5 ps), it is recognized by the procedure
in this step and the pick is shifted to the previous STA/LTA peak (Fig. 2c). Repeating of this shifting
procedure depends on the number of relevant STA/LTA peaks.
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Steps 7 — Final pick determination
In the last step, we analyze the shape of the real signal in the vicinity of the temporary raw pick
and, if necessary, the pick is again shifted to one of the characteristic points of the signal (maximum,
minimum or plateau) and the final P — wave arrival time is determined.
Figure 2 shows the individual steps of the algorithm mentioned above for a better understanding.
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15 7 calculated according to the Step 1 (Fig. 2¢)
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to the Step 7

Results and discussion

The algorithm of Pick-Tester (PT) program is tested on a data file, obtained during the loading
of a migmatite rock specimen. The 950 AE events (7600 traces) were chosen from the data recorded during
this experiment. The P- wave arrival times were manually picked from these traces. These data served
as a model data file to develop the algorithm for the automated arrival time determination in the PT program.

The P — wave arrival time difference is the main criterion for the resultant evaluation. The quality
of the picks will be evaluated by comparing the times manually determined by a human operator. We assume
these picks to be correct. Another criterion is a comparison with times obtained using the HOS method
(Lokajicek, Klima, 2006). The correctness of the picks determination is reflected in the location residuum
of the individual AE events.

In the following figure 3, one can see a general view of the user interface of the Pick-Tester program.
This figure shows the comparison of P — wave arrival times determined by different methods. In the main
graph (left side), there are 8 records of one AE event. The manual pick on each signal is marked in the red
color, the HOS pick in blue and the PT pick in black. The green cross indicates the trigger trace. The right-
hand side of the figure shows a detail of the selected trace (upper graph), its STA and LTA functions (middle
graph) and the STA/LTA function with its Derivation function (bottom graph). In the upper part
of the interface are situated control buttons which can be used to set the length of the STA and LTA windows
and allow the movement in the data sets.
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Fig. 3. Preview of picking program Pick-tester.

Figure 4 shows the results of the whole data set (950 AE events ~ 7600 traces). Histograms in this figure
represent the absolute value of the arrival time difference determined manually, by the HOS software
and by the PT program. The measure of the “x” axis is in the samples; 1 sample ~ 0.1 ps (sampling frequency

10 MHz).

Histograms of mean arrival times differences on events

Histograms of arrival time differences
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Fig. 4. Histograms of absolute values of arrival time differences assessed by HOS software, PT and manual; x-axis units [samples],

legend is valid for both graphs.

The histograms in Fig. 4a represent the absolute value of the time difference individually for each

signal. The histograms in Fig. 4b represent the absolute value of the mean time difference for 8 records

of one AE event. The cumulative curves indicate that the PT picks agree better with the manual picks
(78.7 % picks with 10 samples error) than the HOS method picks (only 66.8 % picks with 10 samples error).

One advantage of the PT method is its computation speed. Computation of the dataset used, i.e.

7600 signals, takes only 75 seconds.
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Another parameter that can be used to evaluate the accuracy of the automated picks is the location
residuum of the AE events. The location algorithm is based on a simple and reliable grid search method.
The modified location method with the L1 norm was used, i.e. the minimum sum of the power of time
differences is replaced by the minimum sum of the absolute values of time residues. By comparing
the residual times of the manual, HOS and PT picks, one can find how accurate the individual kinds of picks
are. The comparison is shown in Fig 5.

Histograms of location residues
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Fig. 4. Histograms of location residues of manual (4), PT (B) and HOS (C) picks.

The residues computed from the manual picks are shown in Fig. 5A, the HOS (moment) residues
in Fig. 5C and the PT residues in Fig. 5B. The comparison of location residues displays a similarly successful
sequence as in the case of the time difference comparison. If the value of 100 samples (10 ps) is taken
to be the criterion of the pick’s quality, the manual picks fit this criterion in 83.3 % of the cases, the PT picks
in 74.4 % and, finally, the HOS picks fit only in 58.1 % of all AE events.

Conclusions

In this paper, a new derived method for determining the P-wave time arrivals is presented,
and its application is demonstrated on the acoustic signals occurring during the rock specimen loading. This
method of automated picking by the Pick-Tester program allows to analyse large volumes of data
in a relative short time. The accuracy of the automated picks is in a very good agreement with the manually
determined picks. The time values determined by both methods differ by less than 1 us in 78 % cases.
The final locations of the AE events display a similar agreement. However, manual processing of such large
data files is very time-consuming and practically unworkable. It has been found that the approach used
in the Pick-Tester program yields better results than the high-order statistics (HOS) method which is able
to work automatically as well.

Acknowledgment

This paper was partially supported by the Grant Agency of the Academy of
Sciences of the Czech Republic, Project No. IAA300130906, by the Institutional
Research Plan No. AVOZ 30130516 of the Institute of Geology, AS CR, v.v.i. and
by the Research Project of the Ministry of Education No. MSM 0021620855. We
are grateful to RNDr. Tomas Fischer PhD. and Ass. Prof. RNDr. Jan Vilhelm,
CSc. for their help with creating of PT algorithm and Ing. Tomds Lokajicek, CSc.
for providing data from HOS software.

150



Acta Montanistica Slovaca Roc¢nik 15 (2010), ¢islo 2, 145-151

References

Allen, R.: Automatic phase pickers: their present use and future prospects. Bulletin of the Seismological
Society of America, Vol. 72, No. 6, 1982, p. §225-5242.

Baer, M., and Kradolfer, U.: An automatic phase picker for local and teleseismic events. Bulletin
of the Seismological Society of America, Vol. 77, 1987, p. 1437-1445.

Chen, Z.: A multi-window algorithm for automatic picking of microseismic events on 3-C data. SEG
Expanded Abstracts 24, 2005, p. 1288.

Lockner, D.A., and Byerlee, J.D.: Acoustic emission and creep in rock at high confining pressure
and differential stress. Bull. of the Seismological Society of Amer., Vol. 67, 1977, p. 247-258.

Lockner, D.: The role of acoustic emission in the study of rock fracture. Int. J. Rock Mech. Min. Sci.
Geomech. Abstr., Vol. 30, No. 7, 1993, p. 883—-899.

Lokajicek, T., Klima, K.: A first arrival identification system of acoustic emission (AE) signals by means
of a high-order statistics approach. Measurement Science and Technology, Vol. 17, No. 9, 2006,
p- 2461-2466.

Petruzalek, M., Vilhelm, J., Lokajicek, T. and Rudajev, V.. Assessment of p-wave anisotropy by means
of velocity ellipsoid, Acta Geodyn. Geomater., Vol. 4, No. 3, 2007, p. 23-31.

Sedlak, P., Hirose, Y., Khan, S.A., Enoki, M., and Sikula, J.: New automatic localization technique
of acoustic emission signals in thin metal plates. Ultrasonics, Vol. 49, 2009, p. 254-262.

Veverka, J., Rudajev, V.: Evaluation of ultrasound emission foci in loading rock samples. Acta Geodynamica
et Geomaterialia, Vol. 1, No. 1 (123), 2004, p. 103-110.

Vilhelm, J., Rudajev, V., Lokajicek, T., Veverka, J.: Correlation analysis of ultrasound emission from loaded
rock samples — the study of interaction of microcracking nucleation centers. Rock Mechanics and Rock
Engineering, Vol. 41, No. 5, 2008, p. 695-714.

151



Priloha 3

Publikace 2

Petruzalek, M., Vilhelm, J., Lokajicek, T., & Rudajev, V. (2007). Assessment of P-wave
anisotropy by means of velocity ellipsoid. Acta Geodynam. Geomater, 147, 23-31.



Acta Geodyn. Geomater., Vol. 4, No. 3 (147), 23-31, 2007

ASSESSMENT OF P-WAVE ANISOTROPY BY MEANS OF VELOCITY ELIPSOID

Matéj PETRUZALEK "?*, Jan VILHELM " Toma§ LOKAJiCEK "
and Vladimir RUDAJEV "

Y Institute of Geology, Academy of Sciences of the Czech Republic, v.v.i., Puskinovo nam. 9, 160 00 Prague 6,
Czech Republic

2) Charles University in Prague, Faculty of Science, Albertov 6, 128 43 Prague 2, Czech Republic

*Corresponding author‘s e-mail: petruzalek@gli.cas.cz

(Received July 2007, accepted September 2007)

ABSTRACT

A method for estimation of elastic wave velocity anisotropy based on ultrasonic sounding data during rock-sample loading
was developed. The subject matter of the method is approximation of ultrasonic sounding data by triaxial velocity ellipsoid.
The applicability of proposed method was verified on investigation of anisotropic rock samples.

Laboratory loading of migmatite samples was realized under various mutual orientations between acting force direction and
rock foliation — perpendicular, parallel and under 45°. P-wave velocity of ultrasound waves was monitored by 8 sensors
network. The velocity ellipsoid was computed and changes of sizes and orientation its main axes during loading were
analyzed for separate experiments with regard to loading level. It was found, that independently to mutual orientation between
rock foliation and loading direction, the minimum velocity vector turns to perpendicular direction to final rupture plane and

maximum velocity vector turns to the plane of final rupture.

KEYWORDS: foliation, loading, ultrasound sounding, elastic wave velocity, anisotropy

1. INTRODUCTION

Rocks relatively often show a macroscopic
anisotropy of mechanical properties (e.g. Tilman and
Bennett, 1973). This anisotropy can be caused by
crystal structure of single minerals, arrangement of
mineral grains and orientation of cracks or microcrack
systems. Anisotropy of mechanical properties depends
also on the stress level and on the system of acting
forces — uniaxial force, confining pressure etc. The
rock anisotropy is especially characteristic for
sedimentary and metamorphic rocks but it can be also
observed at eruptive rocks. Anisotropy of mechanical
properties has effect to rock behaviour during its
loading, a way of final failure and it also causes
anisotropy of elastic wave propagation in rocks.

Elastic wave velocity anisotropy complicates as
velocity models of seismic wave propagation through
rock medium. Otherwise, it can reveal valuable
information about rock structure not accessible by
direct observation. The relationship between velocity
anisotropy and rock structure can therefore be used for
interpretation of geophysical measurements. However,
for successful application it is essential to know
influence of stress-strain state of rock to velocity
anisotropy.

A method for estimation of elastic wave velocity
anisotropy based on ultrasonic sounding data during
rock-sample loading was developed. The subject
matter of the method is approximation of ultrasonic
sounding data by triaxial velocity ellipsoid. The

mutual relations between velocity anisotropy, rock
structure, loading direction and rupture plane were
further observed in dependence to the loading level.

Testing of anisotropy velocity ellipsoid method
was demonstrated on the study of effect of the mutual
orientation of rock structure and applied uniaxial
loading on selected parameters of ultrasonic sounding.
Migmatite (locality Skalka, Czech Republic) was
chosen as a suitable rock material for our experiments.
This migmatite has a macroscopic visible plane-
parallel structure (foliation).

Anisotropy of ultrasonic wave propagation was
experimentally investigated in dependence to mutual
orientation between acting force direction and
migmatite foliation. Tested migmatite was also
subjected to ultrasonic sounding under confining
pressure condition. The purpose of this experiment
was to investigate the course of anisotropy changes in
dependence to increasing hydrostatic pressure.

2. PRESENT STATE OF LABORATORY
INVESTIGATION OF ULTRASOUND
VELOCITY ANISOTROPY

Investigation of elastic wave velocity anisotropy
relates to determination of rock elastic parameters.
Rock elastic parameters can be determined by means
of static or dynamic methods. The static methods are
based on the Hook’s law, which propose linear
relation between acting force and deformation. In the
case of presence of open cracks in rock, acting force
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can induce their closing and relation between force
and strain is not linear.

Dynamic methods based on ultrasonic sounding
consist in determination of elastic wave propagation
time through the sample along the known path.
Dynamic methods, in contrast to static methods, result
from application of small deformations and short-time
acting force. The overall magnitude of seismic
velocities in rocks can be according to Ji et al. (2003)
even calculated based on high-precision single crystal
elastic constants and volume fractions of the
constituent minerals of the rock and appropriate
mixture rules. In this case, however, the orientation
distribution function of rock forming minerals has to
be considered.

Babuska (1984) studied velocity anisotropy of
minerals and rocks especially with respect to its
application for deep structure research of the
lithosphere. Ptikryl et al. (2007) demonstrated that
hydrostatic pressure can cause closing the cracks in
eruptive rocks, so the increasing hydrostatic pressure
can produce changes of velocity anisotropy. If the
eruptive rock structure is isotropic, the velocity
anisotropy can disappear under the sufficiently high
hydrostatic pressure. Babuska (1984) supposed the
anisotropy caused by effect of cracks disappears at
depths of 5-6 km. Hydrostatic pressure approximately
200 MPa (Owens and Bamford, 1976) corresponds to
these depths. The anisotropy of intact rocks is caused
only by their structure. Pfikryl et al. (2007) showed
the anisotropy of these rocks is almost constant and
independent to the changes of hydrostatic pressure.

If the rock shows anisotropy caused by the
combination of both effects of the mineral grains
arrangement and the preferential crack orientation,
then the anisotropy changes depend on the mutual
orientation of both these structure elements. In the
case of diverse orientation of mineral grains and
cracks anisotropy, the changes of hydrostatic pressure
don’t induce only changes of anisotropy value, but
they also cause changes in the anisotropy orientation.

3. PROCESSING OF ULTRASONIC SOUNDING

MEASUREMENTS

The results of wultrasonic sounding were
transformed to the velocity ellipsoid. The ellipsoid is
constructed as a quadric passing through the end
points of velocity vectors. The origin of each velocity
vector is situated in the midpoint of the ellipsoid.
Direction of velocity vector is determined by the
source and receiver join (Fig. 2). The amplitude of
velocity vector is the velocity value corresponding
source - receiver join.

In the whole 56 different propagation times are
obtained in one sounding cycle, however only 28 data
are independent. The half of 56 propagation times is
only the duplicate sounding in straight and reverse
directions along the same propagation path. The
average of straight and reversed propagation times is
used for the velocity calculation and this velocity is

assigned to the given path direction. For some sensor
pairs waves can partially propagate through the steel
press jaw. These measurement directions were
excluded and the total number of velocity vectors was
reduced to 22.

The ellipsoid of velocity anisotropy is a quadric
with the mid point situated in beginning of coordinate
system. Every point [Xi Y, Zi] of this ellipsoid has

to fulfill following equation:
an A A || X

[ vi zllan an anl|lyi|=1, (D
;3 Ay Asz || g

where a;; are the coefficients of symmetrical matrix A,
which determines the parameters of ellipsoid. The
equation (3) can be converted to the form:

2 2 2
Xiay +Yiay +zZia; +2X Y, + )
b

+2X;z;a3 +2Y;Z;a5; =1

where i =1,2, ... 22.

The six unknown parameters of matrix A can be
found by means of Gauss generalised inversion
method (Meju, 1994). This method is based on the
minimisation of sum of squared differences between
the measured velocity vectors and the velocity
ellipsoid approximation.

The set of equations (4) can be written in matrix
form:

Gm=d, 3)
X12 yl2 Z12 2%y, 2x,2, 2y,
G=|: : : : : : ,

2 2 2
| X2 Y I 2X0nYn  2XpnZy; 2Yniy

—_ = e e =

The unknown vector m containing six
independent components of matrix A can be expressed
by means of generalised inversion:

m=(GG"J'G"a, @)

where G denotes transposed matrix G.

The amplitudes and the directions of velocity
ellipsoid semi-axes are calculated as eigenvalues and
eigenvectors of matrix A. The sizes and directions of
velocity ellipsoid semi-axes correspond to the
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velocities Vpax » Vmean » Vmin and their directions. The
presence of a single maximum velocity direction and a
single minimum velocity direction is a disadvantage
of this method. Moreover the directions of maximum,
mean and minimum velocities are mutually
perpendicular. However this model of velocity
anisotropy is generally accepted (e.g. Wang et al,,
2005 and others). The basic advantage of the proposed
method of ultrasonic sounding processing is the
possibility to use a sparse net of sensors for detailed
study of elastic waves anisotropy. Resulting velocity
ellipsoid reveals not only estimate of anisotropy
coefficient, but also the main directions of velocities
in the material.

The parameters of above velocity ellipsoid were
found by optimization procedure of solving the
overdetermined problem. The resulting quadric
represents therefore smoothed approximation of
directional velocity distribution. The differences
between measured data and their approximation by
ellipsoid can be caused for example by inner
inhomogeneity of rock material, inaccuracies in
determined propagation time and also by the
simplified model of velocity anisotropy used.

For the quantitative evaluation of differences
between measured velocity vectors and established
velocity ellipsoid the root mean square value RMS
was used for evaluating of approximation quality:

_ (L3
RMS = [— > AV (5)
Ni=1

where Av; is the difference between the measured

velocity and the calculated velocity in the cor-
responding direction. The number n of velocity pairs
was usually 22.

4. EXPERIMENT
4.1. CONFINING LOAD EXPERIMENT

Migmatite from the locality Skalka (Czech
Republic) was chosen for the experiment as a material
with distinct, macroscopic visible plane-parallel
structure (Fig. 1). At first, the ultrasonic sounding was
made to prove the effect of migmatite structure on the
P-wave velocity anisotropy. P-wave velocity
anisotropy measurement was carried out on the
spherical migmatite sample under several levels of
hydrostatic pressure. The spherical sample was
sounded at 132 independent directions at each level of
hydrostatic pressure in a range from 0 to 200 MPa
(Pros and Podrouzkova, 1974; Pros, 1977; Pros et al.,
1998; Pros et al., 2003). The results of velocity
anisotropy measurement are showed on Fig. 1. The
minimum velocity direction is perpendicular to the
migmatite foliation and the maximum velocity
direction lies in the foliation plane, as it follows from
the Fig. 1.

Anisotropy can be quantitatively described by
the value of anisotropy coefficient K, in this study
defined by the relation:

K = 100%-MAx —VMiN_
Vmax

, (6)

where Viyax is maximum and Vyy is minimum velocity
value. This definition is a modification of anisotropy
coefficient ¢ introduced by Birch (1961):

¢ = 100%tax — Yy %)
VMEAN

where Vyean i average value of velocity. In the case
of sphere sample sounding, average velocity is
calculated as a weighted average of 132 measured
velocities (Pros, 1977).

The results of the wvelocity anisotropy
measurement of migmatite spherical sample under
confining pressure revealed that the anisotropy
orientation doesn’t change during loading up to 200
MPa. The coefficient of anisotropy k decreases with
increasing hydrostatic pressure from 41.1% to 12.6%.
The anisotropy coefficient and the velocity values
return to its original values after unloading.
Substantial decrease of anisotropy coefficient,
together with fact that the orientation of velocity
anisotropy doesn’t change during loading, indicate the
presence of crack system with orientation parallel to
foliation plane. It was caused by a reversible process
of closing this cracks system during the sample
loading.

4.2. UNIAXIAL LOADING EXPERIMENTS

The migmatite cylindrical samples length of 100
mm and diameter 50 mm were used for this study.
Experiments were carried out under different mutual
orientations between the loading direction and the
migmatite foliation (parallel, angular 45° and
perpendicular). The computer controlled MTS loading
system was used for samples loading. There was
applied uniaxial loading regime with constant loading
rate 0.5 MPa/min.

There were attached eight wideband (WD)
sensors of ultrasonic emission (PAC, USA) on sample
surface (Fig. 2).

All sensors were used for both, ultrasonic
sounding, and monitoring of ultrasonic emission,
arising during sample loading. The ultrasonic
emission together with ultrasonic sounding signals
was recorded by eight channel transient recorder
Vallen Systeme, AMSY 5. This apparatus was set up
in triggered regime, the sampling frequency was 10
MHz and the record length was 2048 points, so
recorded signal duration was 204.8 ps and retriggering
was 50 ps.

Ultrasonic sounding was realized in consequent
sounding cycles at selected load levels (see Figs. 3 —
5). Every sounding cycle includes eight steps — every
sensor act as a source of ultrasonic sounding and the
others 7 sensors were receivers in the individual step.
From the recorded signals of ultrasonic sounding the
corresponding velocities were calculated. Due to large
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dimensions of sensors, special measurement on glass
cylinder was realized and obtained data were used for
corrections of measured times namely in dependence
on direction of ray path.

5. RESULTS AND THEIR DISCUSSION

This study was focused on the research of the
influence of mutual orientation between loading
direction and rock structure orientation on the rock
material (migmatite) anisotropy changes and the
sample final failure process. Loading of samples used
uniaxially acting stress with constant loading rate.
Three types of experiments were performed with the
mutual orientations close to 0°, 45° and 90° between
the loading direction and the migmatite foliation. The
ultrasonic sounding with the sparse net of sensors was
used for the research of velocity anisotropy changes
during the process of closing of open cracks at the
beginning of loading and an increase of anisotropy
when approaching the sample strength limit. Also the
relation between orientations of main velocity
directions and the sample final failure plane was
studied. During the sample loading the ultrasonic
emission was monitored, too.

The velocity ellipsoid parameters were used for
interpretation of ultrasonic sounding measurement.
They were: the size of its semi-axes (Vmax, YMEaN> VMIN)
and their directions (oax, Omean, Omm) and
anisotropy coefficient k (defined according to formula
(6)). The developed method of velocity ellipsoid
calculation enables the evaluation of ultrasonic
soundings realised on cylindrical samples under
uniaxial stress by the similar way as the velocity
anisotropy measurement on spherical sample under
hydrostatic pressure. This makes possible to mutually
compare results obtained during uniaxial loading of
cylindrical samples with results from hydrostatically
loaded spherical samples. This comparison can be
used in the interpretation of sources of elastic waves
anisotropy.

5.1. ACTING FORCES PERPENDICULAR TO THE

FOLIATION

In this configuration the minimum velocity
performs the maximum changes during the loading
(Fig. 3A). The values of mean and maximum
velocities don’t significantly change. Then the value
of minimum velocity has decisive influence on the
coefficient of anisotropy. Anisotropy coefficient k
decreases up to 70% of ultimate strength and from this
loading level k increases with loading up to ultimate
strength (Fig. 3B). Decrease of anisotropy coefficient
in the first part of loading, up to 70% strength is
probably caused by closing of primary microcracks.
The increase of K in the final part of loading could be
induced by formation of new microcrack system in
direction of ultimate failure.

Orientation of maximum velocity vector is
particularly given by the migmatite structure and it

doesn’t change during the whole loading experiment.
Maximum velocity lies in the foliation plane. During
loading the orientation of minimum velocity vector
changes from the direction perpendicular to migmatite
foliation to the direction perpendicular to the plane of
final rupture (Fig. 3C).

The ultrasonic emission slowly increases up to
80% of ultimate strength and after reaching this value
it increases rapidly (Fig. 3B). This is caused by great
creating of new microcraks. Coefficient of anisotropy
k reflects very well changes of rock failure state.

Up to 60% of strength, the deviations between
measured velocity vectors and calculated velocity
ellipsoid, characterized by value of RMS, decrease and
it has similar trend as anisotropy coefficient. After
reaching this loading level the RMS value slightly
increases until sample rupture.

5.2. ACTING FORCES PARALLEL TO FOLIATION

In this configuration the maximum velocity is
practically constant during the whole loading
experiment. The minimum velocity doesn’t change up
to 70% of ultimate strength, and then it decreases up
to sample failure (Fig. 4A). Difference between course
of minimum velocities during perpendicular and
parallel loading experiments can be explain by fact,
that major part of primary cracks is oriented parallel
to the foliation. Closing of this crack system takes
place only in the beginning of perpendicular loading.
After reaching approximately 70% strength the new
cracks origin in both loading manners and this is
reflected in course of minimum velocities and even in
course of anisotropy k.

From the courses of maximum and minimum
velocities follows that anisotropy coefficient is almost
constant up to 70% strength and then it increases up to
total sample failure (Fig. 4B).

During this experiment (force parallel to
foliation) the minimum velocity direction is
perpendicular to the migmatite foliation, and in this
case is also perpendicular to the plane of final sample
rupture (Fig. 4C). The maximum velocity direction
lies in the foliation plane and it turns to the direction
of uniaxial loading.

The ultrasonic emission number slowly increases
up to 80% of ultimate strength. At higher loading
level the UE increase is faster (Fig. 4B). That can be
related to the sample fracturing process.

The RMS value increases during whole loading
experiment and it has a similar trend as anisotropy
coefficient and UE number.

5.3. ACTING FORCE UNDER 45° TO FOLIATION

Any substantial changes in velocity values and
velocity vectors directions don’t occur in this
experimental configuration. Obtained results can be
explained by this, that neither closing nor widening of
primary microcrack system nor formation of new
microcrack system occurs. The orientation of
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minimum and maximum velocity vectors correspond
to the plane of final rupture parallel with migmatite
foliation. In this case the sample deformation is
realized by sliding along the predisposed foliation
planes.

The ultrasonic emission only slowly increases up
to 90% of ultimate strength. At higher loading level
the UE increase is fast (Fig. 5B). The final UE number

is much lower than in other experimental
configurations.
6. CONCLUSIONS

Laboratory experiments were focused on

determination of elastic waves anisotropy and its
changes during rock samples uniaxial loading.

New method for processing of velocity
anisotropy was developed on the base of velocity
ellipsoid. This approach is enabled by ultrasonic
sounding with monitoring by sensors network usually
used for monitoring ultrasonic emission. It was
proved, that for this method the sparse network with
only eight sensors is sufficient for determination of
velocity ellipsoid. The accuracy of velocity ellipsoid
approximation was tested by root mean square method
(RMS). The RMS values are smaller then 10% of
P-wave velocity values for all experiments.

Applied method of velocity ellipsoid makes
possible to study influence of mutual orientation of
acting load and rock foliation on the changes of
velocity vectors and anisotropy during loading.

Values of velocity vectors determined on the
cylindrical samples by velocity ellipsoid method
correspond to velocities measured on the spherical
samples under atmospheric stress.

Method of velocity ellipsoid was successfully
used for determination of P-wave velocity anisotropy
during sample loading. This way of determination
velocity anisotropy is shown as a suitable tool for
characterization of rock fracturing process.

It was found, that the minimum velocity vector
turns perpendicularly to final rupture plane. The
maximum velocity vector lies in the plane of final
rupture during the whole sample loading. This
behavior is independent on mutual orientation
between rock foliation and loading direction.

ACKNOWLEDGEMENT

This work was partially supported by the Grant
Agency of the Czech Republic, project
No0.205/06/0906, Research Project of Ministry of
Education No.MSM0021620855, Institutional
Research Plan No VZ 3013051 of Institute of Geology
AS CR v..i. and by Grant Agency of Charles
University in Prague, project No.47007.

REFERENCES

Babuska, V.: 1984, Anisotropy of the deep lithosphere
structure, Doctor of Science degree thesis.
Charles University in Prague, Faculty of Science,
(in Czech).

Birch, F.: 1961, The velocity of compressional waves
in rocks to 10 kilobars, Part II. J. Geophys. Res.
66,2199-2224.

Meju, M.A.: 1994, Geophysical data analysis:
understanding inverse problem theory and
practice. Society of Exploration Geophysicists,
Tulsa. 296.

Owensand, W.H. and Bamford, D.: 1976, Magnetic,
seismic, and other anisotropic properties of rock
fabrics. Phil. Trans. R. Soc. Lond. A. 283, 55-68.

Pros, Z. and Podrouzkova Z.: 1974, Apparatus for
investigating the elastic anisotropy on spherical
samples at high pressure, Verdff. Zentralinst.
Physic Erde, 22, 42-47.

Pros, Z.: 1977, Investigation of anisotropy of elastic

properties of rocks on spherical samples at high

hydrostatic pressure. In: High pressure and
temperature studies of physical properties of

rocks and minerals, Naukova Dumka, Kyjev, 56-

57, (in Russian).

Z., Lokajicek, T. and Klima, K.: 1998,
Laboratory study of elastic anisotropy on rock
samples. Pure Appl. Geophys. 151, 619-629.
Pros, Z. Lokajicek, T., Prikryl, R. and Klima, K.:

2003, Direct measurement of 3-D elastic
anisotropy on rocks from the Ivrea Zone
(Southern Alps, NW Italy). Tectonophysics 370,
31-47.

Prikryl, R., Lokajicek, T., Pros, Z. and Klima, K.:
2007, Fabric symmetry of low anisotropic rocks
inferred from ultrasonic sounding: Implications
for the geomechanical models. Tectonophysics
431, 83-96.

Ji, S., Wang, Q. and Xia, B.: 2003, P-wave velocities
of polymineralic rocks: comparison of theory
and experiment and test of elastic mixture rules.
Tectonophysics 366 (2003), 165— 185.

Tilman, S.E. and Bennett, H.F.: 1973, Ultrasonic
shear wave birefringence as a test of
homogeneous elastic anisotropy. J. Geophys.
Res. 78, 7623-7629.

Wang, Q., Ji, S., Salisbury, M.H., Xia, B., Pan, M.
and Xu, Z.: 2005, Pressure dependence and
anisotropy of P-wave velocities in ultrahigh-
pressure metamorphic rocks from the Dabie—
Sulu orogenic belt (China): Implications for
seismic properties of subducted slabs and origin
of mantle reflections. Tectonophysics 398 (2005)
67-99.

Pros,



M. Petruzélek et al.: ASSESSMENT OF P-WAVE ANISOTROPY BY MEANS OF VELOCITY ELIPSOID

confining stress [ MPa |

0MPa kmis]  5MPa fav's]  2ompa g™
i
Ve e Ve o e, M85 g et gt i [M88
i Mg D A P a:
¢ @ @
o 5 o E : 0
alen S ! R EE S 5 S B i 5.4
Rt PR N L A &“'\';,' . i
oSy ! 0Ny 0=y T 2
11 11 45 11
35
® T 50
£ R PR T -
= 0 T ' | | | 40
= T 3 v | A .
§ [ " ] : : : : = 30
gt 1 " [ ] 1 1 1
2 : : i : ' : i - 20
g [ - L 1 1 1
i ' ; . : 0 F n 10
0 40 80 120 160 200

anisotropy coefficient [ % ]

Fig. 1 Ultrasonic sounding of the spherical rock sample. Left: migmatite sample with the pronounced structure.
Top right: projection of ultrasonic wave velocity distribution on the surface of spherical sample under
confining pressure at levels 0, 5 and 20 MPa. Bottom right: course of maximum, mean and minimum
velocities, and coefficient of anisotropy k in dependence to the confining pressure level.

Fig. 2 Arrangement of the experiment.
Circles 1-8 denote the position of ultrasonic sensors.
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Fig. 3 Loading: direction perpendicular to foliation, ultimate strength: 111.8 MPa.
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Fig. 4 Loading: direction parallel to foliation, ultimate strength: 139 MP.
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Fig.5 Loading: direction under 45° loading direction, ultimate strength: 125.7
MPa.

A) Vuax: Vmean: Vmin: Velocities in directions of velocity ellipsoid axes versus loading level.
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B) AE number: cumulative number of recorded AE events; k: coefficient of P-wave velocity anisotropy; RMS: approximation
error of velocity ellipsoid.
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C) Stereographic projection of the Viyax, Vmean: Vmin directions during loading up to failure.
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ABSTRACT

A method of velocity anisotropy analysis based on conventional ultrasonic transmission technique is
proposed. Multiple transducers are used both to monitor acoustic emission and to measure velocities in
different propagation directions. A sparse network of transducers located on the rock core surface
allows approximation of elastic waves velocity distribution as an ellipsoidal surface. The shape and
orientation of velocity ellipsoid is a measure of velocity anisotropy.

A study of changes in velocity anisotropy and its orientation was performed on uniaxially loaded
migmatite rock samples with distinct foliation. The velocity measurement was carried out during
applying a uniaxial constant strain-rate loading. Orientation of the velocity ellipsoid corresponded to
the anisotropy of rock structure up to activation of a failure plane. Prior to brittle failure, the axis of
minimum velocity rotated from its initial direction normal to the foliation to a direction normal to the
failure surface.

The practical importance of the ellipsoid model lies in its simplicity and in its general applicability,
which allows the use of measurement in a sparse sensor network. The use of time-variable ellipsoidal
velocity model led to a better localization of acoustic emission events during the sample loading when
compared to the use of time-variable isotropic velocity model. The position of the failure plane

determined by clustering of acoustic events foci coincided closely with observed sample failure.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

A number of destructive and non-destructive methods were
developed so far for testing material properties. The mechanical
properties of materials are mostly determined using various types
of loading tests. In recent decades, loading tests on rock material
have been standardised with regard to preparing the test specimens
as well as the technological procedures of loading under various
configurations of acting forces and time course of the tests [1,2].

The mechanical properties of rocks are frequently distinctly
anisotropic. This anisotropy results from the lattice and shape
preferred orientations [3] and distribution of cracks or microcrack
systems in the rock [4]. The existence of thin layers with different
properties such as macrocracks or healed joints, contribute to
anisotropic behavior of rocks and often determines the way of
their fracturing. Rock anisotropy is especially characteristic for
sedimentary and metamorphic rocks with distinct structure but it
can also occur in igneous rocks without pronounced structure [5].
The anisotropy of mechanical properties affects rock behavior
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under the loading as well as its fracturing process [6]. Mechanical
anisotropy also causes the anisotropy of elastic wave propaga-
tion [7]. This anisotropy is usually described by the coefficient of
anisotropy, which depends on the ratio of maximum and mini-
mum velocities.

The anisotropy of ultrasonic wave velocity was originally
determined from velocity measured in two or three mutually
perpendicular directions. Specimens were shaped as cubes,
prisms or cylinders. In the 1970s, a special device for detail
measurement of P-wave velocity anisotropy under hydrostatic
pressure was developed [8,9]. This accurate determination of
velocity in 132 independent directions, however, can only be
made on spherical specimens. In ordinary mechanical test, how-
ever, uniaxially loaded rock specimens in the shape of prisms and
cylinders are tested. In these cases, only a limited number of
sensors can be attached to the sample surface. This enables the
ultrasonic transmission to be measured only in a limited number
of directions (sparse sensor network).

This paper introduces and evaluates a new procedure of
determining the velocity anisotropy by measuring in a sparse
sensor network. The directional dependence of velocity was
approximated by a triaxial ellipsoid. This velocity model proved
to be suitable for localization of acoustic emission (AE) sources,
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generated during the loading of rocks. The analysis of AE hypo-
center distribution contributed to describing the rock structure
changes and to the evaluation of the future failure areas.
The ellipsoidal velocity model can be re-evaluated and adapted
to changing stress—strain state and failure degree of rock sample
under load.

Proposed method was applied to an anisotropic rock material—
migmatite, which was characterized by a structural anisotropy
(the difference between the maximum and minimum velocity
being about 25% of the maximum velocity). Two different experi-
mental setups were used to verify the method applied for velocity
model calculation. In the first case the sparse network of eight
sensors was used; in the second case the monitoring system
consisted of 14 sensors.

It was verified that the change in the orientation of the velocity
ellipsoid, once 80% of the ultimate strength was exceeded, pro-
vides a good description of the developing deformation of a
uniaxially loaded samples [10].

2. Measurement of the velocity anisotropy

A common method of determining the velocity anisotropy is
based on measuring the travel times of elastic waves in two or
three mutually perpendicular directions. The directions are cho-
sen at random, or with regard to an observable property, e.g.,
foliation, deposition, lineation, orientation of the bore core, etc.
Loaded cylindrical samples are most frequently measured in the
direction of the acting force (referred here as the axial velocity)
and in two mutually perpendicular directions in the plane
perpendicular to the acting force direction (referred here as the
transverse velocity), e.g., [11,12]. However, this method does not
allow the directional dependence of the velocity to be determined
in detail. If the velocities in the individual measured directions do
not differ too much, their average may be used as a simplified
isotropic velocity model. When the differences are significant, an
anisotropic velocity model is introduced. In such model, the
direction and magnitude of the highest measured velocity is
considered to be the direction and magnitude of the maximum
velocity. The direction and magnitude of the minimum velocity
can be defined analogously. The obtained values of the axial and
transverse velocities might not, however, correspond to the real
maximum and minimum velocities of elastic wave propagation.
One usually has to bear in mind that the measured maximum
velocity could be smaller than the real one, and similarly the
minimum measured velocity is probably higher than the factual
one. In addition, the model results from three velocity measure-
ments and its validity depends on how well they represent a
general velocity distribution. This measuring procedure does not
enable monitoring of changes in anisotropy orientation, e.g., in
the course of loading.

Another way of obtaining the velocity anisotropy is the
ultrasonic transmission method realized on polyhedral samples
(e.g., [13,14]). [15] analyzed the three-dimensional distribution of
P-wave velocity using a spherical function to determine direc-
tions of the principal axes of granite.

A detailed representation of the directional velocity depen-
dence was obtained by measurement of ultrasonic velocity on a
spherical specimen in 132 directions [8,9]. Anisotropy changes
caused by hydrostatic pressure may be interpreted as a manifes-
tation of a microcrack system closure and, for higher pressures, as
an effect of pressure on elastic constants of rocks [16-19].

In case of loading cylindrical specimens, a sensor network
allowing measurements to be made in a larger number of
directions than just the axial and transverse, can be installed on
the specimen. A sensor network designed to monitor the acoustic

emission can also be used for ultrasonic transmission measure-
ment. During such a velocity measurement, all the sensors in turn
become the sources of ultrasonic waves, which are, after passing
through the appropriate path of the specimen, detected by the
remaining sensors. In a network, consisted of n sensors, this
means that nx(n—1)/2 different trajectories can be used. In a
suitable sensors configuration, the different trajectories allow a
sufficient directional coverage of the sample. One of the methods
of processing travel times is to establish an anisotropic velocity
model by approximating the directional dependence of velocity
with a triaxial velocity ellipsoid [20]. The changes of the velocity
ellipsoid in the course of the loading experiment may provide
evidence, e.g., of the initial closing of the primary microcracks
running perpendicular to the acting load, and after exceeding the
local ultimate strength may monitor the fracturing process of the
material.

Besides describing the directional dependence of velocity in
terms of velocity ellipsoid, it is useful to express the degree of
anisotropy by a single parameter. This is convenient, e.g., in
comparing the degree of anisotropy of various materials, or in
estimating the suitability of using the anisotropic model in
comparison with the constant velocity model. Birch [21]
expressed the velocity anisotropy in terms of the coefficient of
anisotropy c, defined by

c= (Vmax—vmin)/ymean 1)

where Viyax Vmin and Vpeqn are the maximum, minimum and
mean velocities, respectively. Since the method of calculating the
average velocity Vmean using different systems of measurement is
ambiguous, the modified anisotropy coefficient k was calculated
from the observed values of the maximum and minimum velo-
cities

k = (Vmax—Vmin)/Vmax 2)

The accuracy of ultrasonic velocity determination depends on
the precision of travel time measurement. A high frequency signal
(usually hundreds of kHz) and sufficiently high sampling rate
(tens of MHz) are used to improve the arrival time identification,
which is closely connected to the problem of automatic picking of
arrival times [22-24]. There are also other factors, such as
propagation through the casing of transducers or a time needed
for generating and capturing ultrasonic waves, which increase the
measurement error. The influence of these effects may be dimin-
ished by using corrections determined by a calibration with
known material (homogeneous, isotropic).

3. Velocity ellipsoid determination

The velocity ellipsoid is a quadric with the midpoint in the
origin of the coordinate system. The length of the radius vector of
each point on the ellipsoid gives the velocity in the direction of
the vector. The directional dependence is symmetric about the
center. Every point [x; y; z;] of this ellipsoid has to satisfy the
following formal equation:

a1 G2 413 | | X

[Xi Vi Zi] Qi Gy A3 | |Yi| =1 3)
13 03 033 | | %

where a; are the coefficients of symmetrical matrix A, which

determines the parameters of the ellipsoid. Eq. (3) can be
modified to read

X211 +Yi2 22 + 22 A33 + 2X;Y;12 + 2X;Zi013 + 2Y,Zi23 = 1 4)

where i=1,2,... m, and m is the number of points [x; y; z;] of the
ellipsoid, which are considered. The six unknown parameters of
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matrix A can be found by means of the generalized Gauss
inversion method (e.g., [25]). This method is based on the
minimization of the sum of squared differences between the
measured velocity vectors and the velocity ellipsoid approxima-
tion. The amplitudes and directions of the velocity ellipsoid semi-
axes are calculated as eigenvalues and eigenvectors of matrix A.
The root mean square error (RMS) was used to evaluate the
approximation quality.

The basic advantage of the proposed method of processing
ultrasonic transmission data is the possibility of using a sparse
net of sensors for a detailed study of elastic wave anisotropy.
The resulting velocity ellipsoid reveals not only the value of the
anisotropy coefficient but also the magnitudes and directions of
extreme velocities which have a direct connection to the structure
and stress-strain state of tested rock material.

4. Application of the velocity ellipsoid method

The approximation method for anisotropy characterization by
velocity ellipsoid was proved on highly anisotropic rock
material—migmatite. The migmatite samples origin was from
the region Skalka, Bohemian-Moravian Uplands. Petrographic and
mineralogical analyses showed that the clusters of individual
minerals in the migmatite samples were arranged plane-parallel.
They contained rock-forming minerals quartz, potassium feldspar,
plagioclase, muscovite, biotite and amphibole. The average size of
the quartz grains was 30 x 50 pm, grain aggregates with undulat-
ing extinction were as large as 1.5 x 0.8 mm, tabular aggregates of
parallel intergrown grains of muscovite chips 2 x2 mm and
0.65 mm thick. At the boundary between mica and feldspar there
were infrequent occurrences of sericite aggregates and clay
minerals, 60 pum in size. Migmatite had a distinct, macroscopically
visible foliation. In the foliation plane, there was also found a
lineation, caused by elongation of biotite—amphibole aggregates.
The loading experiments were carried out on cylindrical samples,
diameter 50 mm and height 100 mm.

The P-wave velocity anisotropy was first measured on a spherical
sample under different levels of hydrostatic pressure up to 200 MPa.
It was found that at atmospheric pressure the minimum velocity
(4400 m/s) direction was perpendicular to the migmatite foliation.
The maximum velocity (5900 m/s) direction lies in the foliation
plane in the direction of lineation. The velocity in the foliation plane
was in interval from 5600 m/s to 5900 m/s. The orientation of
velocity anisotropy did not change during the whole hydrostatic
loading experiment. The coefficient of anisotropy k decreased with
increasing hydrostatic pressure from 28% to 12.6%. The substantial
decrease of the anisotropy coefficient, together with fact that the
orientation of velocity anisotropy did not change during loading,
indicated the presence of a crack system whose orientation was
parallel to the foliation plane. The anisotropy coefficient and the
velocity values returned to their original values after unloading. A
reversible process of closing the crack system parallel with foliation
occurred during the sample loading.

The cylindrical samples of migmatite with horizontal foliation
(Samples I and II) were uniaxially loaded at a constant strain rate
(17 x 10~3 mm/min) up to the failure. Two examples of velocity
measurement with different sensors setup are presented. Eight
broadband acoustic emission sensors (WD - Physical Acoustic
Corporation, USA) with diameter 1.5 cm were attached to the
surface of the Sample I (Fig. 1a) and fourteen broadband acoustic
emission sensors (Fuji AE204A, JPN) with diameter 0.8 cm were
placed on the Sample II (Fig. 1b). The Sample II had a visible
healed crack (marked in Fig. 1b by magenta color). High voltage
sine pulse with frequency of 200 kHz was used as a source of
ultrasonic transmission. This corresponds to the wavelengths of

2-3 cm for velocities from 4 to 6 km/s. The sensors were used for
both the ultrasonic transmission measurement and for monitor-
ing the acoustic emission generated during sample loading.
The acoustic emission together with ultrasonic transmission
signals were recorded by a sixteen channel transient recorder
(Vallen Systeme AMSY-5, Germany). This apparatus was set up in
triggered regime, the sampling rate was 10 MHz and the length of
recorded waveforms was 2048 points. A two-step AIC picker [23]
was used to identify the onset times. The precision of this
technique, verified by comparison with hand-picked travel times,
was =+ 0.2 pus. The resultant velocity error should have not
exceeded 100 m/s.

The ultrasonic transmission was performed in successive trans-
mission cycles at selected load levels. Every transmission cycle
included 8 and 14 steps for Sample [ and Sample II, respectively.
Every sensor acted as ultrasonic wave transmitter and the others as
receivers in one particular step. The velocity vectors were calcu-
lated from measured times-of-flight and known position of sensor
pairs (see Tables 1 and 2). For some sensor pairs (e.g., Sample I: 1-
4,5-8; Sample II: 9-13, 5-14; see Fig. 1.) waves propagated mainly
through the steel press jaw. These measurement directions were
excluded and the total number of velocity vectors was reduced to
22 and 25 (see Fig. 1c and d) for Sample I and Sample II,
respectively. For every transmission cycle the corresponding velo-
city ellipsoid was calculated. The step of azimuthal coverage (30°)
was the same for both nets. The inclination coverage was more
detailed in case of 14 sensors net (Fig. 1c and d).

The first arrival times were determined, from recorded AE
waveforms, using the two-step AIC picker [23]. A grid search
procedure [26] was applied to locate the AE events. Only strong
AE events with clear identification of first arrival time were
localized. The velocity ellipsoid was used as an anisotropic
velocity model. The accuracy of localization of strong AE events
was + 3 mm, that was estimated by the localization of known
transmitting sensors position during ultrasonic transmission
measurements.

Fig. 2 compares the localization of AE events with isotropic
velocity model (upper line) and anisotropic (lower line) velocity
model. The migmatite sample with vertical foliation (Sample III)
was uniaxially loaded up to failure. The sample failure was caused
by two failure plane parallel with the foliation. The sparse sensor
net (Fig. 1a) was used for both AE monitoring and ultrasonic
transmission. Only strong AE events were localized and those with
location error <4 ps (40 samples) were plotted in Fig. 2a. There
were about five times more (Fig. 2b) AE events localized by means
of the anisotropic velocity model (triaxial ellipsoid) than were by
means of the isotropic one (average of measured velocities).
The cluster of AE hypocentres localized by anisotropic velocity
model corresponds to the position of two failure planes. Only AE
hypocentres in the central part of the sample were localized by
means of isotropic velocity model. In this case, it was impossible to
determine the failure plane from AE hypocenter cluster.

The results of velocity ellipsoid approximation method are
summarized in Fig. 3. The ultimate strength of the specimens
was reached at axial stress of 115 MPa (Sample I) and 109 MPa
(Sample II). Both experiments took about 7 h of loading. Fig. 3a and
d shows the changes in the maximum, mean and minimum
velocities (lengths of velocity ellipsoid half-axes) versus axial load.
The changes of maximum and minimum velocities were reflected
in the changes of the anisotropy coefficient k (Fig. 3a and d).

Fig. 3c and f displays the orientation of velocity ellipsoid
(directions of maximum and minimum velocity) during the
experiment. These directions together with foliation plane and
the plane of failure are depicted in the Lambert azimuthal equal-
area projection into lower hemisphere. The variations in o
(the angle between the direction of loading (axial) and the
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Fig. 1. Sample I: (a) Experimental setup - eight acoustic sensors and (c) stereographic projection of 22 velocity vector directions. Sample II: (b) Experimental setup - 14
acoustic sensors, healed fracture plane and (d) stereographic projection of 55 velocity vector directions. (For interpretation of the references to color in this figure caption,

the reader is referred to the web version of this article.)

minimum velocity vector), were used to describe the development
of velocity ellipsoid orientation during the loading (Fig. 3b and e).
The before-mentioned RMS error, (dashed line in Fig. 3b and e) was
used to evaluate the quality of velocity ellipsoid approximation.
The monitored acoustic emission was expressed as a cumulative
number of AE events (Fig. 3b and e). This parameter has an integral
character and enables identification of loading level (or deforma-
tion) at which new cracks begin to form in the specimen.

The mentioned variations of velocity ellipsoid parameters
were interpreted with regard to the level of uniaxial stress.
The initial velocity anisotropy of migmatite was caused together
by its foliation (LPO), primary microcrack system parallel with the
foliation and lineation in the foliation plane. In the case of Sample
I, the preexisted crack also contributed to the initial velocity
anisotropy. The samples were drilled almost perpendicularly to
the foliation. The minimum velocity, perpendicular to the folia-
tion, was almost vertical, whereas the maximum and mean
velocity which lies in the foliation plane, were almost horizontal.
The direction of maximum velocity, lying in the foliation plane,
was parallel with lineation.

In the case of Sample I, the interpretation was divided into three
parts with different mechanical behavior of the migmatite. From
0 to 80% of peak strength (PS) the anisotropy coefficient k decreased
with loading mainly due to increase in minimum velocity. The
velocity ellipsoid did not change its orientation: vector of minimum

velocity remained perpendicular to the foliation and maximum
velocity vector stayed in the foliation plane in the direction of
lineation. The decrease in k was accompanied by a low activity of
AE. Space distribution of AE foci was almost random up to 80% of PS
(see Fig. 4a). This behavior could be explained by closing of primary
microcrack system. Loading perpendicular to the foliation plane
closed these cracks and this was reflected in the increase in
minimum velocity. The maximum velocity remained nearly con-
stant, or gradually increased.

In the second interval (80-95% of PS) the anisotropy was
increasing and changing its orientation (see Fig. 3a and b).
Minimum velocity vector, initially perpendicular to the foliation,
rotated to the direction perpendicular to the future failure plane
(see Fig. 3c). AE activity increased and the hypocenter locations
clustered into the limited volume (see Fig. 4b). In this interval, the
behavior of velocity anisotropy was attributed to the increase in
local heterogeneity caused by creation of future failure plane.

After exceeding 95% of PS (third interval), the value of
anisotropy was continuously increasing while its orientation
remained unchanged. There was a rapid increase in AE activity,
whose foci were clustering along emerging fracture.

The RMS error (Fig. 3b) was below 180 m/s up to 95% of PS and
it slightly increased while the sample was approached failure. It
was probably caused by increase in local heterogeneity in the
sample.
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Table 1

Sample I: input data for triaxial ellipsoid approximation - orientation end values
of 22 measured velocity vectors for three selected transmission cycles; azimuth
from direction of sensor pair 1_3; inclination from horizontal plane.

Table 2

Sample II: input data for triaxial ellipsoid approximation - orientation end values
of 55 measured velocity vectors for three selected transmission cycles; azimuth
from direction of sensor pair 2_4; inclination from horizontal plane.

Sensor pair Azimuth Inclination Measured velocity [ m/s] Sensor pair Azimuth Inclination Measured velocity [ m/s]
[°] [°] PS: 0%  PS:67%  PS: 99% [°] [°] PS: 0%  PS:30%  PS: 99%

2.1 122.3 0.0 5708 5708 5295 3.1 90.0 0.0 5532 5532 5253
3.1 180.0 0.0 6101 6101 5339 ‘6_1 60.0 33.7 5203 5203 5153
‘5.1 259.0 75.5 4639 5516 5239 7T 105.0 30.8 5224 5224 5132
‘6_1’ 316.7 453 4989 5453 5289 11_1 255.0 30.8 5044 5044 5000
7.1 14.4 51.4 5136 5782 5329 “12_1 300.0 33.7 4964 4964 4747
‘8.1 334.6 73.9 4653 5331 5114 “13_1 270.0 67.5 4444 5164 4170
3.2 237.7 0.0 5860 5860 5635 “14_1 90.0 67.1 4771 5333 5230
‘5.2 136.7 54,5 4738 5565 5080 ‘4.2 180.0 0.0 5714 5714 5714
‘6.2’ 14.4 75.5 4606 5354 5202 7.2 150.0 33.7 5153 5153 5153
7.2 72.1 453 5025 5583 5583 ‘8.2 195.0 30.8 5319 5468 5468
‘8.2 90.0 73.9 4673 5395 5379 ‘9 2 30.0 33.7 5010 5522 4831
‘5.3 194.4 44.4 4828 5539 5373 122 345.0 30.8 5468 5468 5417
‘6.3 252.1 54.5 4869 5650 5700 “13_2 0.0 67.5 4634 5214 5214
7.3 129.8 75.5 4575 5484 5323 142 180.0 67.1 4729 5230 5281
‘8.3 205.4 73.9 4600 5400 5268 5.3 285.0 30.8 5087 5132 5044
‘5. 4 183.5 73.9 4582 5482 5290 ‘8.3 240.0 33.7 5466 5578 5637
‘6.4’ 298.8 73.9 4561 5380 5162 ‘9.3 75.0 30.8 5044 5224 4718
7.4 54.2 73.9 4604 5367 5404 10_3’ 120.0 33.7 4919 4919 4875
‘8 4 0.0 90.0 4489 5430 5459 “13_3 90.0 67.5 4594 5115 5115
‘6.5 151.2 0.0 5494 5494 5171 “14_3 270.0 67.1 4771 5230 5230
7.5 208.8 0.0 5872 5872 5800 ‘5.4 330.0 33.7 5203 5203 4919
7.6 266.5 0.0 6190 6190 6190 ‘6.4 15.0 30.8 5572 5572 5572
10_4 165.0 30.8 5087 5087 4835
114 210.0 33.7 5253 5253 5253
134 180.0 67.5 4929 5265 5265
A failure plane was approximated by a least squares fit of AE 144 360.0 67.1 5083 5386 5386
hypocenters. A normal of the observed failure plane (345°/18°) (& 1200 0.0 5532 5532 5000
had . h 345° and its inclination f hori ! ol ‘9.5 0.0 66.6 4638 5109 4479
ad an az!mut °an its inc ination rom orizontal p ane 105 2250 774 4330 4999 4330
was 72° (Fig. 3¢). Anticipated failure plane obtained from velocity 115 270.0 53.1 4631 5001 4871
ellipsoid had a normal (the direction of ellipsoid’s minimum axis) 125 315.0 50.1 4830 5217 5016
with orientation 325°/15°. In the case of Sample II (with preex- 13.5 300.0 743 4496 5167 4309
isted crack), the primary microcrack system was closing up to 36 2100 0.0 >778 >778 5778
ack), primary ystem Y 9 ¢ 450 50.1 4742 5323 4952
only 20% of PS. In this interval the coefficient of anisotropy k 10_6' 90.0 66.6 4541 5069 5030
decreased (Fig. 3d). 11_6° 315.0 77.4 4488 5082 5124
Between 20% and 30% of PS, the vector of minimum velocity 126’ 0.0 53.1 5035 5138 5138
changed its orientation from the direction perpendicular to the 13_6 30.0 743 4595 5333 5367
foliati he directi dicul h isted K ‘9.7 90.0 53.1 4871 5283 4871
0.1at10n to the .1rect1(.)n perpendicular to the preex1st§ crac ‘107 135.0 501 4771 5252 5182
(Fig. 3e and f). During this period of minimum velocity reorientation, 117 180.0 66.6 4671 5231 5231
the coefficient of anisotropy k kept constant value and there was no 127 45.0 77.4 4842 5256 5256
substantial AE activity. In this interval, the preexisted crack started to :;357' gg-g ;‘;-i jzsig i;‘f; iégi
play the mgm role in mecrolamcal behavior of e).(ammed speamen. 108 180.0 531 4840 5910 5174
In the interval 30-85% of PS, the coefficient of anisotropy k 118 225.0 50.1 4984 5252 5287
remained constant and also the orientation of velocity ellipsoid 12_8 270.0 66.6 4954 5231 5231
was stable. In comparison with intact Sample I, the AE foci were ‘138 210.0 74.3 4922 5367 5402
not randomly distributed but they clustered around preexisted _11—9_ 60.0 0.0 5591 5843 5049
k (comparing Fig. 4a with Fig. 5b and c). At 85% of PS a slight 14.9 60.0 742 a70e 200 4788
crack (comparing rig. g - ° g 12_10° 150.0 0.0 5532 5532 5200
stress drop occurred. After the stress drop, there was observed a 1410’ 150.0 742 4552 5307 5273
fast increase in AE activity leading to sample failure. 1411 240.0 74.2 4602 5341 5376
The RMS error (Fig. 3e) was mostly about 160 m/s up to 85% of 1412 3300 74.2 4843 5273 5273
1413 0.0 90.0 4669 5258 5258

PS and it increased to 220 m/s as the stress drop occurred. After
the stress drop, the RMS error was slightly increasing up to the
failure. The RMS error behavior was probably caused by increase
in local heterogeneity in the sample.

Orientation of preexisted crack corresponded to the plane fitted
through the AE hypocenters. This plane had a normal with
orientation 283°/12° (Fig. 3e). Anticipated failure plane obtained
from the velocity ellipsoid had a normal with orientation 307°/12°.

5. Discussion

The chosen velocity model, determined by the velocity ellip-
soid, has some limitations in describing the anisotropic properties.

A general anisotropic medium is fully characterized by 21 indepen-
dent elastic constants. The introduced example of anisotropic
velocity model makes use of only P-waves. It considers a medium,
in which there is only one direction of maximum and minimum
velocities, which, moreover, are mutually perpendicular. This is a
significant simplification compared to the most general condition of
material anisotropy (see also [20]). In case of rocks, the resultant
velocity anisotropy is a complicated function of the lattice, grains
shape, their preferred orientations and modal composition, and as
well as the effects of cracks and pores In general, the mechanical
properties are controlled by effective elastic parameters, which lead
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Fig. 4. Sample I: location of AE events in three intervals of loading.

to the simplification of velocity anisotropy and this can correspond
to the model of the triaxial velocity ellipsoid.

The triaxial ellipsoid is a simple homogenous anisotropic
velocity model which may be calculated from ultrasonic trans-
mission data measured by a sparse sensor network. In the final
stage of loading the velocity anisotropy is strongly influenced by
the emerging failure plane (area of P-wave velocity reduction).
Thus it may be possible to estimate the orientation of failure
plane from orientation of velocity ellipsoid even if the using of
homogeneous model is a simplification of a velocity distribution.
This model allows to determine the value and orientation of
maximum and minimum velocity in directions where the velo-
cities were not directly measured. The velocity ellipsoid model
allows a different and simpler way of interpretation compared to
direct measurement of P-wave velocity heterogeneity.

The RMS error was used to evaluate the fit of ellipsoid model to
the direct measured velocities. The RMS error remained almost on
the same level (Sample I: 0-90% of PS; Sample II: 0-85% of PS)
after exceeding this level it began to increase in connection with
increasing local heterogeneity caused by fracturing of the sam-
ples. It did not exceed 250 m/s and during both experiments it
was less than 5% of average model velocity and less than 13% of
(vmax_vmin)-

At a certain level of loading (Sample I: 95% PS; Sample II: 30% PS),
the orientation of velocity ellipsoid corresponded to the orientation
of future failure plane. The differences between the orientation of
failure plane determined from AE hypocentres and the one from
velocity ellipsoid were: Sample I: 20° in azimuth, 3° in inclination;
Sample II: 24° in azimuth, 0° in inclination. The fact that the
preexisted crack (future failure plane) did not go through the central
part of the Sample Il might have been the reason that there were no
significant improvement between 8 and 14 sensor net.

The triaxial ellipsoid was compared with isotropic velocity
approach as a model for AE localization. The localization of strong
AE events monitored during uniaxial loading of migmatite Sample
Il is presented as an example of great differences between
applied models. The ratio of the number of events localized with
ellipsoid model to the number of events localized with constant
velocity model was increasing with velocity anisotropy from 1.2
(k=17%) to 7.7 (k=30%). The position of macroscopically visible
failure planes was compared to the clusters of AE hypocenters
monitored during the final stages of loading. Unlike the use of

isotropic velocity model, the use of ellipsoid velocity model lead
to a good agreement between macroscopically visible cracks and
clusters of AE events in case of all tested samples.

6. Conclusion

A simple method of analyzing the elastic wave velocity
anisotropy was developed and experimentally verified. It is based
on the approximation of ultrasonic transmission velocities by
triaxial ellipsoid. This method allows the ultrasonic transmission,
measured by a sparse net of sensors, to be used not only for
determination of magnitude but also for the orientation of
velocity anisotropy. An optimization approach was used to
determine the six parameters, which fully define the ellipsoid.
The proposed method is, therefore, suitable for measurement
networks with different numbers of sensors. In general, six
independent parameters are sufficient to define the velocity
ellipsoid.

The velocity ellipsoid method makes possible to monitor the
changes in magnitude and orientation of velocity anisotropy.
These changes may be induced by the closing of primary micro-
cracks (beginning of the loading) or by the increasing number of
microcracks (before the failure). These changes can be interpreted
with regard to the deformation process of materials. In the case of
measurements of rock specimens, it was found that the maximum
velocity (the principal axis of the ellipsoid) remained in the
foliation plane in the direction of lineation during whole loading
process while the minimum velocity turned from the direction
perpendicular to the foliation to the direction perpendicular to
the failure plane.

The proposed method may also be used for completely
different anisotropic materials and for various configurations of
the sparse measurement network. It can be also used for mon-
itoring the degree of fracturing and for estimating the orientation
of the failure plane.

The use of time-variable ellipsoidal velocity model led to a
better localization of acoustic emission events in comparison with
time-variable constant velocity model. The position of failure
plane determined by the clustering of acoustic events foci coin-
cided closely with observed sample failure.
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Highlights (for review)

The attenuation of ultrasonic waves was used to determine the crack initiation stress.

The mutual orientation between foliation and maximum compression stress determines the failure
mode of tested samples.

The combination of splitting, shearing and sliding was found to control the fracturing of the sample
with sub-horizontal foliation.

Shearing and sliding were dominant in the fracturing of samples with oblique foliation. With greater
dip of foliation, we found an increasing role of sliding at the expense of shearing.

Due to the favorably oriented system of microcracks already present, shearing and splitting was at the
same level during fracturing of the sample with sub-vertical foliation before nucleation began.
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ABSTRACT

Migmatite from the Skalka region (Czech Republic) was chosen as the experimental rock material. It
has a macroscopically visible plane-parallel structure (foliation). The foliation was caused mainly by biotite
grain arrangement. Cylindrical samples of migmatite with sub-horizontal, sub-vertical and oblique foliation were
uniaxially loaded up to failure. A network of 8 broadband sensors was employed for acoustic emission
monitoring and ultrasonic sounding. A grid search method with an anisotropic velocity model was used for AE
hypocenter localization. The source types of successfully localized events were determined from the average first
arrival amplitude. Structural anisotropy of the tested rock material caused the anisotropy of its mechanical
properties (peak strength, Young’s modulus) as well as a different fracturing process depending on the angle
between the axial stress and the foliation plane. The combination of splitting, shearing and sliding was found to
control the fracturing of samples with sub-horizontal foliation. Shearing and sliding were dominant in the
fracturing of samples with oblique foliation. With greater dip of foliation, the role of sliding increased at the
expense of shearing. Due to the favorably oriented system of microcracks already present, the shearing and
splitting was at the same level during fracturing of samples with sub-vertical foliation before nucleation began.

KEY WORDS
Anisotropy, Fracturing process, Acoustic emission, Ultrasonic sounding
INTRODUCTION

The process of failure of low-porosity rocks depends on their mechanical properties and actual stress
and temperature conditions. At low pressure and low temperature, brittle failure is most common. This is a
progressive process requiring the initiation, growth and coalescence of cracks [1]. Stress strain behavior of low-
porosity crystalline rocks during laboratory compression experiments is divided into four characteristic stages:
crack closure, elastic region, stable crack growth and unstable crack growth which leads to brittle failure, [2, 3,
4,5,6,7].

The fracturing process of stressed rock begins with crack initiation (o), which for low-porosity rocks
occurs approximately at 40-50% of peak strength (c,) [5, 7]. After o, dilatancy begins and stable crack growth
follows up to the crack damage threshold (ccq), which is approximately at 80% of o, [5]. After crossing the crack
damage level, there is unstable crack growth accompanied with nucleation of the fault plane (o)) at 97-100% of
op [8]. The stress drop accompanied with the formation of a macro-scale shear failure plane follows after peak
stress is crossed.

Throughout stable crack growth, the generation and propagation of tension cracks is supposed to be
dominant [9, 10]. Because the tension cracks are parallel to the maximum compressive stress, they cause a
nonlinear increase in lateral strain while the axial strain remains linear with increasing stress. In the plane
perpendicular to maximum stress, these tension cracks also decrease elastic wave velocities while increasing
wave attenuation, velocity anisotropy and shear wave splitting [11]. After crossing o, there is an onset in
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acoustic emission (AE) activity [12]. When isotropic material is fractured, random space distribution and
dominance of tension source types is characteristic for AE events at this stage of loading [11].

The crack damage threshold corresponds to the reversal point in the volumetric stiffness curve [5].
Unstable crack growth follows after o4, already existing tension cracks connect with shear ones, which also
initiate new tension cracks and after reaching peak strength eventually lead to failure [13]. There is an
exponential increase in AE activity [12], AE events cluster around the failure plane [1, 11] and the shear type of
sources begins to dominate as the nucleation process starts [11]. The fracturing process is also influenced by
grain size [14, 15], presence of predisposed fault planes [16, 17] and the loading regime [18].

The fracturing process of isotropic rocks is well described, but there are only a few studies of the
fracturing of anisotropic low-porosity rocks. Shea and Kronenberg (1993) [19] studied the role of mica
concentration and spatial arrangement in rock failure under triaxial loading. Rawling et al. (2002) [20] found that
the initiation of cracks is mostly affected by the orientation of the weakest mineral relative to the axial stress.
Kwasniewski (2007) [21] described the dilatancy process of foliated schist under true triaxial compression.
Hakala et al. (2007) [22] thoroughly investigated the anisotropy of mechanical properties and the fracturing
process of migmatic mica gneiss.

This paper presents a laboratory study of the fracturing process of foliated migmatite under uniaxial
loading and describes a different fracturing behavior depending on the mutual orientation of foliation,
microcrack alignment and acting stress.

SAMPLE MATERIAL AND EXPERIMENTAL SETUP

Migmatite, a highly anisotropic rock material from the Skalka region in the Bohemian - Moravian
Uplands was used as the experimental rock material. Mineralogical analyses showed a plane-parallel
arrangement of the clusters of individual minerals in the migmatite samples (Figure 1). These rock-forming
minerals were quartz, potassium feldspar, plagioclase, muscovite, biotite and amphibole.

Figure 1 -. Plane-parallel texture of migmatite; a) photograph of whole thin section; b) detail of thin section
under plane-polarized light; c) detail of thin section under cross-polarized light.



The average size of the grains was from 0.5 mm (quartz) to 2 mm (mica). The migmatite had a distinct,
macroscopically visible foliation. There was also lineation in the foliation plane, caused by elongation of biotite -
amphibole aggregates. The combination of the foliation plane and lineation in this plane should correspond to the
orthorhombic elastic symmetry of the rock matrix.

Detailed P-wave velocity distribution and its changes under hydrostatic pressure loading were measured
to determine the elastic anisotropy and primary microcrack orientation [23]. The P-wave velocity was measured
on a 50 mm spherical sample in 132 independent directions [25, 26] under hydrostatic pressure up to 200 MPa.
At atmospheric pressure, the minimum velocity (4 km/s) direction was perpendicular to the migmatite foliation
(Figure 2a). The maximum velocity (5.9 km/s) direction lay in the foliation plane in the direction of lineation.
The velocity in the foliation plane was within an interval from 5.6 km/s to 5.9 km/s (Fig. 2a). The orientation of
velocity anisotropy did not change during the entire hydrostatic loading experiment up to 200 MPa (Figure 2b),
where most of the microcracks should be closed. The velocity difference between 200 MPa and atmospheric
pressure (Figure 2¢) was caused mainly by the closing of microcracks. The size and nature of the anisotropy of
the velocity difference indicated the presence of a microcrack system whose orientation was parallel to the
foliation plane. Velocity measurements returned to their original values after unloading. A reversible process
closing the microcrack system parallel to foliation occurred under hydrostatic pressure loading. This experiment
confirmed the anticipated orthorhombic symmetry of the rock matrix. The presence of microcracks parallel with
foliation increases the difference between maximum and minimum velocity (magnitude of anisotropy) but does
not change the type or orientation of symmetry caused by the rock matrix.
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Figure 2 - P-wave velocity distribution projected on upper hemisphere. a) Velocity distribution under
atmospheric pressure. b) Velocity distribution under 200 MPa of hydrostatic pressure. ¢) Velocity difference
between measurements at 200 MPa and at atmospheric pressure.

Cylindrical samples of migmatite 50 mm in diameter and 100 mm tall were uniaxially loaded by means
of a digitally controlled MTS815 servo-hydraulic press at a constant loading rate (10 N/s) up to failure. Samples
with different dip of foliation were tested: sub-horizontal (13°), sub-vertical (81°) and oblique (47° and 67°), as
is shown in Figure 3.

vv02 w23 w21 w11

®=13° d=47° P=67° ®=81°

Figure 3 - Orientation of foliation of individual tested samples, loading was applied in vertical direction



Two axial MTS extensometers and a MTS circumferential extensometer were attached to the sample to
evaluate the relative deformations. Eight broadband acoustic emission sensors (WD - Physical Acoustic
Corporation, USA) 1.5 cm in diameter were attached to the surface of the samples (Figure 4) and were used for
acoustic emission (AE) monitoring as well as ultrasonic sounding (US). A high-voltage sine pulse with a
frequency of 200 kHz was used as a source of US. This corresponds to wavelengths of 2 - 3 centimeters for
velocities from 4 to 6 km/s. The AE and ultrasonic transmission waveforms were recorded by a multi-channel
transient recorder (Vallen System AMSY - 5, Germany). This apparatus was set up in triggered regime, the
sampling rate was 10 MHz and the length of recorded waveforms was 2,048 points, each point with 16 bit
resolution of the A/D converter.
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Figure 4 Experimental setup showing the location of 8 AE sensors on the cylindrical sample

PROCESSING OF MEASURED DATA

For some samples, the measured relative axial deformation was not correct due to the contact of axial
extensometers with rubber bands which were used to attach the AE sensors. Loading of the dural calibration
sample showed inflection points in the circumferential deformation which should not be present and might lead
to misinterpretation of experimental data. From these reasons, the extensometric data were not used in
interpretation. The relative axial deformation was evaluated from loading frame displacement using a dural
calibration sample with known elastic properties. Apparent Young modulus was calculated from the linear part
of the axial stress-axial strain relation.

A two-step AIC picker [26] was used to identify the onset times in recorded AE and US waveforms.
The precision of this technique, verified by comparison with hand-picked travel times, was + 0.2 ps. The
resultant velocity error should have not exceeded 100 m/s. The measured velocity should correspond to the phase
velocity considering the size of transducers, length of trajectories between the sensors and frequency range [27].

The ultrasonic transmission was performed in successive transmission cycles at selected loading levels.
Every sensor acted as an ultrasonic wave transmitter while the others acted as receivers in one particular step. A
velocity ellipsoid model was calculated as a least square approximation of measured velocities [17] for every
transmission cycle. A grid search procedure was applied to locate the AE events. Only strong AE events with
clear identification of first arrival time were localized. The velocity ellipsoid was used as an anisotropic velocity
model. This model showed smaller localization error in comparison with the commonly used isotropic velocity
model [17]. The accuracy of localization of strong AE events was = 3 mm. That was estimated by the
localization of known transmitting sensor position during ultrasonic transmission measurements and by
localization of sources generated by the pencil lead breaking.

The first arrival amplitude was automatically determined for each recorded waveform of AE and US.
The crack initiation stress o was determined at the point of first decrease in first arrival amplitude of US. The
point where the AE cumulative count-axial stress relation changed from linear to exponential was defined as the
crack damage stress o¢q [22]. Source types of AE events were determined based on the average polarity of first



arrival [28]. Only the source types of AE events located in the middle part of the sample (z coordinate 25-75
mm, see Figure 4) with little error in the localization process (4 us) were interpreted.

EXPERIMENTAL RESULTS AND DISCUSSION
The uniaxial strength and apparent Young modulus (Tab. 1) were determined from the stress strain data
(Figure 5). The uniaxial strength (op,) showed highest values for samples with sub-horizontal and sub-vertical

foliation, while the samples with oblique foliation had lower values of o,. Similar anisotropic behavior of peak
strength in dependence on foliation angle was described in [29, 30, 22, 31].
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Figure 5 - Stress strain diagrams of tested samples

The value of apparent Young modulus increased with the foliation angle, which is in accordance with
results published by [20, 22, 32].

Table 1 - Results of uniaxial experiments. ® — dip of foliation, E — apparent Young modulus, o, — uniaxial peak
strength, o — crack initiation stress in MPa and in percentage of 6, , 6¢4 — crack damage stress in MPa and in
percentage of 6, , 6, — nucleation stress in MPa and in percentage of o, , N — number of AE events detected.

) E Op O O Ocd Ocd On On n
[(] [GPa] [MPa] [MPa] [%] [MPa] [%] [MPa] [%] []
w02 13 39.1 1145 515 45 103.1 90 107.6 94  4.1*10°
w23 47 44,2 109.6 76.7 70 98.6 90 104.1 95 2.7*10°
w21l 67 50.7 828 621 75 80.3 97 78.7 95 0.6*10"
wil 81 53.4 125.3 439 35 112.8 90 114.0 91 7.3*10°

sample

The crack initiation stress (o) was determined at the first decrease of first arrival amplitude of
ultrasonic sounding in the horizontal direction which was most perpendicular to the failure plane (see figures on
the left side of Figure 7). Samples with oblique foliation showed higher o in comparison to samples with sub-
horizontal and sub-vertical foliation. The differences were greater when normalized by o, because of lower o,
for samples with oblique foliation. Cai et al. (2004) [5] summarized previous results of crack initiation stress
determined on various types of mostly isotropic rocks. The crack initiation level was found to be 35-60 % of .
Hakala et al. (2007) [22] determined o; of anisotropic mica gneiss depending on the mutual orientation of the
loading axis and foliation. Their results showed only slightly higher o for samples with oblique foliation (49%
of o,) compared to ones with sub-horizontal and sub-vertical foliation (41% of o). The crack initiation in
isotropic samples or in samples with sub-horizontal and sub-vertical foliation is associated with microcracks
parallel to the maximum compression stress. In this case, the ultrasonic method used for determining o is



suitable and considering its sensitivity, probably more reliable than other methods based on strain or AE
measurements. In tested samples with oblique foliation, crack initiation was associated mainly with shear-type
microcracks, for which the ultrasonic method is not so sensitive due to their smaller aperture. The very high
values of o for samples with oblique foliation presented in this paper were caused by an unsuitable method for
determining o in this particular case.

The crack damage level (o.q) corresponds to the stress at which the unstable microcracking begins. In
this paper, oq Was determined at the beginning of exponential increase in AE cumulative count (Figure 7). The
values of 6.4 were found to be 90-97% of o, which is in accordance with the values of o¢g (91-97% of o))
published in [22].

Figure 6 shows sample scale fractures caused by the failure of loaded samples. Failure planes were
determined based on AE localization. In samples with foliation angles of 47°, 67° and 81°, the failure planes lay
in the foliation plane. One failure plane developed in the sample with a 67° foliation angle. Several parallel
failure planes developed in the sample with a 47° foliation angle. The development of several extension
macrocracks parallel to foliation led to the failure of the sample with sub-vertical foliation. One shear plane
cross-cutting the foliation caused the failure of the sample with sub-horizontal foliation. Even in this case, the
foliation predetermined the orientation of the failure plane, both planar structures had the same strike. The
described influence of mutual orientation between the loading axis and foliation on the failure of stressed
samples is in accordance with the works of Nasseri et al. (1997) [29], Niandou (1997) [33], and Cho et al. (2012)
[31].

Figure 6 — Photographs of fractured samples and corresponding AE hypocenter distribution

The results of ultrasonic sounding, P-wave velocity and amplitude of first arrival reflected the
anisotropic behavior of the fracturing process of all tested samples (Figure 7), which was most pronounced in the
sample with sub-vertical foliation (Figure 7c, d).

The fracturing process of the sample with sub-horizontal foliation was dominated by tension-type
microcracks up to 94% of peak strength. At 94% of o, the nucleation phase began accompanied by a sharp
increase in shear-type microcracks. The domination of shear-type AE events and continued increase of collapse-
type AE events were seen as the sample approached failure (Figure 8a).

The sample with sub-vertical foliation was found to have an equal amount (45%) of tension and shear-
type AE events before reaching nucleation phase at 91% of o,, where the percentage of shear-type AE sources
sharply increased. After nucleation began, the amount of shear and collapse-type AE sources continuously
increased as the sample approached failure (Figure 8b).

The dominance of non-tension-type AE sources was characteristic for the samples with oblique
foliation. Nucleation began at 95% of peak strength and was accompanied with a continuous increase in
collapse-type AE sources (Figure 8c,d).

Only in the sample with sub-horizontal foliation did the microfracturing process resemble the
microfracturing of isotropic samples with dominant tension-type microcracks parallel to maximum compressive
stress up to the nucleation stress level. The other samples showed different behavior with an important role being
played by non-tension-type microcracking. Based on optical microscopy and SEM, Rawling et al. (2002) [20]
reported that tension-type microfractures are dominant in triaxially loaded samples of biotite gneiss independent
of the mutual orientation between maximum compressive stress and foliation. The different behavior of samples
tested in this study might be caused by the presence of relatively large amounts of primary microcracks, most of
which were parallel to foliation (Figure 2). The microfracturing behavior of migmatite samples was found to be
consistent with the experimental study made by Singh et al. (2002) [34] to explain the anisotropic properties and



failure behavior of jointed rock masses. The sketches in Fig. 9 represent different failure modes of uniaxially-
loaded models of a jointed rock mass. In the migmatite samples, the continuous joints in Fig. 9 correspond to the
primary microcrack system parallel to foliation, the discontinuous ones may correspond to the boundaries
between clusters of biotite and quartzo-feldspathic bridges.

100,

transmitter1, receiver3

4
X61 0

§ 90
5 80 a) z
E 70l 2
<] 475
< 60 >
Zz :
g 50 g
2 40 §
= L <
s 200 w02_13°_|_
s 10
0 —i_i_g
0 10 20 30 40 50 60 70 80 90 100
stress level [%)]
transmitter1, receiver3 ‘
100 e
T 90
o
1]
5 80 c) 62
S
§ 701 g
c ©
z & 2
g 50 45
2 40 §
S 30 o
2 = 24
g 20 wi1_81°_|_
s 10 1
0 > 0
0 10 20 30 40 50 60 70 80 S0 100
stress level [%)]
transmitter2, receiver3 10"
1008 5
g 90.::: :: 1
» 25
5 80 2
§ 70 e) 2 %
(=3 ®
R g
g 50 H15 &
S 40 E
$ 3 1t 2
2 I | <
8 2" w23 47 _| 105
s 10 - S 1
0 - 1 1 0
0 10 20 30 40 50 60 70 80 90 100
stress level [%)]
transmitter2, receiver3
100 g - —a - & 6000
g 90 ::
® 5000
2 st @)
5 70 4000
< 60
2
g 50 3000
2 40
€ 30 12000
2
= 20,
Q. 411000
E 10 w21_67° _|_ |

0 1 1 1 1 L 1 1 1 1 0
0 10 20 30 40 50 60 70 80 90 100

stress level [%)

amplitude, velocity [normalised]

amplitude, velocity [normalised] amplitude, velocity [normalised]

amplitude, velocity [normalised]

90
80

70+

60
50
40
30
20
10

100
90
80

60
50
40
30

20+

10
0

0 10 20 30 40

60
50
40
30
20
10

0 = ..o
0 10 20 30 40 50 60 70 80 90 100

100 -
90 ? 4
804 :

701

transmitter2, receiver3

1 00|;=-‘———-—-——-—~—.:ﬁ’%1 o
b

)

- w02_13° |

stress level [%)

transmitter1, receiver2

wi1_81°||

0
50 60 70 80 90 100

stress level [%]

transmitter1, receiver3

0

1004
90
80

70+

60
50
40
30

20r

10

x10°
d) ;

70+

0 1 1 1 1 L I I 0
0 10 20 30 40 S50 60 70 80 90 100

stress level [%)]
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In the sample with sub-horizontal foliation, the splitting mode, in which the extension microcracks
dominate, was active up to nucleation. When the density of extensional microcracks was at the same level as
their length, the nucleation process started and shearing dominated. Even if the dip of foliation was
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Figure 8 - AE source type versus stress level, tension type- blue color, shear type- green color, collapse type- red
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small, sliding was also present in biotite and caused the anisotropy of the fracturing process. Based on the results
of ultrasonic sounding (Figure 7a, b), the amount of extension microcracks in the direction perpendicular to
sliding was higher than in the direction parallel to sliding. The fact that the failure plane had the same strike as
the foliation was also induced by sliding in foliation planes.

The combination of shearing and sliding led to the failure of samples with oblique foliation. Because
the process of sliding is slow and shear modulus in biotite basal planes is low, it does not cause AE activity. The
decrease in AE activity (Table 1) with increasing dip of foliation resulted from the increased role of sliding at the
expanse of shearing. The quartzo-feldspathic bridges broke due to a combination of extension and shear-type
microcracks.

Before nucleation stress was reached in the sample with sub-vertical foliation, the combination of shear
and extension microcracks was found to dominate the fracturing process. At this stage of fracturing, the
relatively high amount of shear-type events was caused by the interactions between favorably oriented primary
microcracks already present.

CONCLUSIONS

The anisotropy of mechanical properties was determined based on the interpretation of uniaxial loading
tests on samples with different dips of foliation. The samples with oblique foliation had lowest peak strength.
The apparent Young modulus increased with the dip of foliation.

A new approach based on the decrease of first arrival amplitude of ultrasonic sounding was used to
determine the crack initiation stress. Even if this method is not suitable for samples with oblique foliation, it
should be very sensitive and probably more reliable than methods based on AE and strain measurement in the
case of isotropic samples.

Based on the results of ultrasonic sounding, the fracturing process was found to be anisotropic for all
tested samples.

The mutual orientation between foliation and maximum compression stress determined the failure mode
of tested samples. The combination of splitting, shearing and sliding was found to control the fracturing of the
sample with sub-horizontal foliation. Shearing and sliding were dominant in the fracturing of samples with
oblique foliation. With greater dip of foliation, we found an increasing role of sliding at the expense of shearing.
Due to the favorably oriented system of microcracks already present, shearing and splitting was at the same level
during fracturing of the sample with sub-vertical foliation before nucleation began.
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