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3D as well as the XoY, XoZ and YoZ cross sectional source location

images of 58,000 AE activities during the experiment.
Il’ltl’OdllCthl’l P and S Wave Ultrasonic Velocity Measurements in the Central \ v 5 %
JFLAG3D 5.01 Compacted zone and the Lower-Stressed Zones of the Cubic i ,' f%:éf @ '
. . . . 500 £ Siraes [VP9) and 7 St versys s (Gaconds) ) eSS i Rock Sample in Three Principal Directions from P-S1-S2 T Rt ’; Y z - z
Although true-triaxial testing (T'TT) of rocks i1s now more s B . . i I S I A P l, 5 S PR
450 I T ] | 20000507 VGlOClty Surveys e o 4—'4—7 ) —y— ) ‘4—"‘—;
extensive worldwide, stress-induced heterogeneity due to the B e sioe Shear and Compressional Wave Velocities in the Minimum and I ‘ o+ '
: . . : i i i i i EEE T | 35000508 ¥ and Z Plaens : " . . Q1. 5 T T
existence of several loadmg boundary eftects 1s not usually T e § | e 2300008 Intermediate Principal Stress Direction from the P-S1-S2 Surveys |
accounted for and simplified anisotropic models are used. S ; " | p— In LS stands for Lower- i : i -
. . . . £ E x ! | Crovesection of : . L /1 /L=2ALN 1\ t ]/ s . PP
This study focuses on the enhanced anisotropic velocity 5 o - — N e Siness Zoie, emdl e melss AR ={ (——( x)—)l e e I i «
. . .. . 150 . “c” presents the central part 201, \Vi5 L Vaq ” ! : Ce ;
structure to improve acoustic emission (AE) analysis for an - L e T of the rock that is more e m e w = = K TN
: : : : | | | | | | ] ‘ i : , . -1 | = ' T : = :
enhanced Interpretation of induced fracturing. Data from a S ™ USRI S S — compressed and intact. ) _ { L ( B (L‘Z%) 2 )] v
. . . : ' : ' ' : 2 3 - y P-wave vel locity V22 in the lower-stressed zone near the Y-facet X P-wave velocity V11 in the lower-stressed zone near the X-facet
TTT on an S0 mm_51de CU.blC sample Qf Fontalnebleau ’ S ) Cross-section of the TTT system and FLAC3D Modeling of Stress distribution at the There are two boundary ZM}' Vay L Va2 ” - | / | e o i
dst - d in thi tudv t luate th thodol v center of the rock along the X and Y directions for measurement of the lower-stressed zone zones considered for each of g g " = o % ) i
San S. one 1S used 1n 1S stuay to eya uate € Imetno O Ogy Schematic view of different stages of the Polyaxial test on Fontainbelau Sandstone: pseudo-boundaries in the minimum and intermediate principal stress directions the minimum and - 2{;_3;;;) L;iﬂlx ;E?; o o '_;;aj g e | gf};%‘- | -]
At different stages of the experiment the True-Triaxial Top: Evolution of main principal stress (blue) and strain in the X-axis (green) under fixed 6,=35 (Mpa) and intermediate principal stress |pe _ (Y5 1 Vlz:(mr ‘Ef;,#‘”ﬂvm Ve odty Structure | !
G hvsical | . Cell (TTGIC d o 6,=5 (Mpa). Bottom: : Evolution of main principal stress (blue), cumulative Acoustic Emission Activity (green) directions and, there is no v R To e w me me mo wo w cl)l n(.l:i )lz)illli:leﬁ D atracmss | o B
eop y81ca maglng e ( )’ arme Wlt an .I Y:L/z 8| 1 "_EJ' _7 boundary Zzones assumed ln \ 21“}' L—ZM} - -—|t]_'e-_!._‘ .—1:(.-'(1;[‘@(‘ S-wave velocities in the lower-stressed zone near the X-facet o o Xmm N KE:] o R xuﬁ; S o Yljﬁ;l o
. 5 5 Z Stress (MPa) and Acoustic Emission Events versus Time (seconds) « 10° ' WJ,' ",l ' — . .. et / s S-wave velocities In the lower-siressed zone near the Y-facet Rhlees Bldle »
ultrasonic and AE monitoring system, performed several L e e Sy 4 L = g}e main  principal = stress e [ _ (P v ) :
. . . 1| - Stolge- B ) bage € foeeeananes T . A — 18 1 Irection. 21— % 7\ pUs L 21 - T 3 -av12
velocity surveys to 1mage velocity structure of the 0 I S RS N A S . 1 . ] Vis ? - -L
sample. Going beyond a hydrostatic stress state (poro-elastic 5 — e All the velocities in different = : ik
. . E 300 13% | | I N ) I () A | ALx=17mm y ALy=15mm Central and near boundal‘y . ) 1 33 , . o e e we el ¥ 0 50 100 150 200 250 300 350
phase), the rock sample went through a non-dilatational = val 0| o e T — zones are calculated based e _ (g (1 e ﬁ) LI
. . . . . % i ; b //"/ o & //"'/'- T . th 1 t t 1= L x X VC L 11
elastic phase, a dilatational non-damaging elasto-plastic phase 5 0 e PN N P e S o
150 : : between the main principal ve o (B (o T )
containing initial AE activity and finally a dilatational and o 4° e EEEERE £/ N e/ '\ direction and the other two s T( vy vz%) L )7 i i
. . . . S | B o/ P ST P rincipal directions.
damaging elasto-plastic phase up to the failure point. The § 4 > i | e e Discussion
. o . . 0'1 12 14 1.6 1.8 2 22 24 26 2.59 L/z =40 mm ~ — .
experiment was divided into these phases based on the Rl i socons) 1o In the transducer location results,
information obtained from strain, velocity and AE streaming the calculated source time zero
data. Analysis of the ultrasonic velocity survey data also affects the resultant time
discovered that a homogeneous anisotropic core in the center residual (R). Therefore, sometimes
of the sample 1s formed with ellipsoidal symmetry under the Source Location with different Isotropic/Anisotropic and the location may have even bigger XIS NP / PR Bt o
standard polyaxial setup. Location of the transducer shots .. . : Homogeneous/Heterogeneous Velocity Models ' ‘ ' i 5Nl I R (N e i
- poLly Hup . . . Ray-path Travel-time in Ellipsoidal Media & & y misfit in location but with a
were 1mproved by 1mplementat10n of different VGIOClty Transducer to Transducer Velocity SuI‘Vey An AE event occurs at an unknown time ¢, and at an unknown position of the source as (X, , y, , z,). If the relatlvely smaller time residual
models for the s ampl e startin o from isotr Opl ¢ and Wher'l isotropic' elastic media 1s tria).(ially .stressed, Z 0t receiver transducers located.at detect the AE .ev'ent's at real arrival—timg data , this arrival-time as the (R) The diameter of the
) ) ) There are 18 transducers located on the six platens surrounding the cubic rock constitute a special subset of orthorhombic media, called observed or recorded data will depend on the origin time and the travel-time between the source and the 5
homogeneous models going toward anisotropic and specimen that both record the acoustic emission events and perform ultrasonic "ellipsoidal media“. Ellipsoidal symmetry is a degenerate Y receiver. By knowing the velocity structure, the synthetic arrival-times at the receivers can be computed transducer surface is about 2 mm
heterogeneous models. The transducer shot locations showed velocity surveys during the experiment. Each of the 18 transducers emits P case .of orthorhorpblc symmetry but with 6 independent V from a‘hypothetlcal model Yector composed of the source l.ocatlf)n and origin time. For example, in an il £l @ ek 21 T G @ ;m, T
. . . . wave pulses into the rock, and the other 17 transducers receive and record it. elastic parameters instead of 9. ; 1sotropic homogeneous velocity structure (v), the synthetic arrival-time data 1s: )
d 1major 1mpI’OV€m€Ht after the V61001ty model corrections had The figure below on the left demonstrates the locations of the transducers as The relation between the components of the velocity vector 1 mm uncertainty in locations of
: : : ell as the 1385 ray-paths between the transducers 1n our laborator within an ellipsoid in the three principal directions is, | , 7 2_, 2 2_,, 2 2_,2)\2 .. .
been applied especially at the final phase of the experiment. szﬁguraﬁon e ﬁgfn}; e rvivght epresents S di‘;gram e o - d; = Ty(xo,x;) + t, = ((x2-xs?)+(yiP-ys?)+ (22 -252)) e, the shot transducers is inevitable
. . . . . : A v
ThlS lOCatIOH 1mprovemer1t Vahdated our Velomty model at apparent P wave velocities from a T-to-T survey. The velocities computed for Vz;xz N Vz;yz N VI;ZZ . Vo pr ﬁ Ve s : Then, an inversion method can be used to find a model that the consequent synthetic arrival-times fit the and reasonable. Although the
- P . each ray-path hitting the lower hemisphere are projected and plotted on a szt 2ty 24 T S ¥ S : : : : : ) : . . . .
the final phase Of the eXperlment consistin g lOWGF Velomty horizontal circular area called stereonets at the point corresponding to the trend Py Py P, P, P, real al"I‘IVal.—tIH.leS better. Fo'r an anisotropic horpogen.eous velocity structure, there is a dlfferent Velc?(nty (v;) 1ocat10n FGSUltS in the aDISOtI‘OplC o R sl
zones bearin artially saturated fractures. The ellipsoidal and plunge of that ray-path. The vertical direction of the stereonet (0° for eacb SeIvTHe TAY tha't will depend on the orientation of ray vector demonstrated by dip and strike. The het del did t k
. . s P . y . ; p plunge) corresponds to the Z.axis direction of the sample which is the main The velocity vector can be decomposed in the Cartesian coordinate system as below, synthetic arrival-time will be, SLENUE SIS OILLS LN OCIEL G DL TR UAE
amsotroplc VelOCHY model was also veritied at the core of the principal stress direction causing the maximum velocity direction. V, =V, cosqsing . I/;y =V,sinpsing . V, =V, cos6 V, = Jv?; A ( )% v; = z a 81gn1ﬁcant Change Compared to s
. . : S = a . 4 . ] (xi®=xs2)+(yi?=ys*) +(z;*~z5%) Where (cos @; sinB; )%  (sin @;sin 6;)? - : E‘ \ "
sulpiy Teeks SpeCimeEn by AE svenit llogrion . off rameeivaer A”Ry = 5600 Combining and Simplifying the equations above for a medium divided into grid cells (7), d; = Vi + i ’ a? * B? + (cos 0 ) the transversely lSOtI‘OplC Ol S "
shots. AE of the rock during the whole experiment recorded o to the ellipsoidal homogeneous
. . . . 0 P 4 V,.cos @isinf;)? V,.sin@;sinf;)? V,.cos6;)? . cos@:sinB: )2 (sino:sin: )2 (cosB:)2 i i i ] 1] . vows® X T
by the surrounding transducers were investigated by location RS B G, e ~ S L . s To1 o v, (( 2 g Cmeitn )y oot ) =1 In an anisotropic heterogeneous velocity structure, each block also has different velocities for the same velocity model, however, the
) i ) ol 5200 _ D Py, Py Py BV, (2 seismic ray. If v  1s corresponded to velocity of ray 1 with arrival-time d’; that the ith sensor detects when 2 2
methods developed for anisotropic heterogeneous medium ol \ passing through the qth block, then the synthetic arrival-time is: aist! transducer positions in the final |
h he M=sh fact tt b d AE t R '| 8 Where dist' 1s the distance that the ith ray travels through the qth block. d; = Xgq T T L : o
where, the -SNape Iracture pattern was observed. events | s 2 Thus, components of the local velocity vector dist'_ is a portion of the total length of the ray vector between source and q V€10C1ty survey at Stage D were £
. R . . . N '8 5 1 i i ; 5 cos @; sin; )2 sin@; sin 9; )2 d . : . . . . . . p
occurred 1n the vicinity of the dilation pseudo_boundarles o g for any ray-path with a certain direction of Vo, =V, \/ ¢ o B 4 ¢ (Plﬁz %" 1 (cos 6, )? receiver and leads to defining a constant ¢/ relative to the corresponding block velocity vi, in order to write recovered with almost 2 mm "
) i ) o 4600 propagation in each probing grid cell can ' N the following equation 1 e | e
where, a relatively large velocity gradient was formed and u separately be obtained through the following = anZi distt = i (e — v + 0 — D) + @ — 2D, el =1 improvement. This indicates that - T i Rl
0 : : i equation based upon the semi-principal axes Py, ~ P'pyy . . :
along. parjallel fractures in the o1 ./GQ plane' .Thls research 1s 500 lengths ratios, a and P, Thus, the synthetic arrival-time can be calculated as the amsotroplc heterogeneous :
contributing to enhanced AE Interpretation of fracture b= (x4 0 — 3?4 — 25, bt velocity structure with dilatancy |
. . . i = i s i — Js i ~ 4s q,i s . . . o 5
growth processes in the rock under laboratory true-triaxial “ pseudo-boundaries is  entirely .
stress conditions. | effective after the weakening near
the facets 1n the minimum
= ASC Pulser-Amplifier System . . . 1 Average Misfit in Location of the transducars . . . . . ] ] ] ]
| . - m A S S Collapsing Grid Search and Location Methodology .In the. next step, we used a different value for .the T The anisotropic (ellipsoidal) heterogeneous velocity model used for transducer-to- principal stress direction by the
PZT Transduce: e i e isotropic homogeneous velocity model. The varying | ., transducer survey shot locations at different stages of the experiment is given in the deformational AE activities. : “
= Sl it Shevoge Kboulbeiie Since our goal was not to develop a fast and cost efficient event location, but to isotropic homogeneous velocity model used for | -, table below. The velocities are obtained from the P and S wave ultrasonic velocity The foat : I I SN I | | BRARNREE
\ <-3gf : == elcCIty o VEeYE A 1Ire ¥ . . . . . s i . n - e - o s s e — "‘)cm:m e R YI:;:W] 5%
\ N, B ' ot i e Bt examine th.e eftect of Ve.lomty structure. on accuracy of the locagon results, we transduce.r survey shqt loc.atlons at different stages of {ud measurements in the central compacted zone and the lower-stressed zones of the cubic e Iea .ures ye Ow as well as
. ’ ’ m chose the.: 51mp.1es‘F locat.lon r.nethod, Wblch 1S gr.ld search. In a grlq search, the the experiment is provided in the table below. I N | rock sample in three principal directions from P-S1-S2 velocity surveys shown above. the semi-curves in brown shown AE source location patterns versus CT scan image of the XoZ cross
J - ’ tes.t SpPECIE 1S diseretized imio & pariiculer gid, and e travel_tlr_nes.from any VMain Principal stress | Maim Principal stress | P Wave Velocity (km/s) from 0 I N N N S O We applied this structure all over the test including all A to D stages of the in the CT scan image of the rock section of the rock at the middle of the Y axis
point in the grid to each sensor are calculated. We collapsed the grid size down 4 | (MPa) at diffsrent | (MPa) at different | P-$1.82 Survey in all directions o s v experiment. :
f 1 f b . . d * h . 1 o h f h Standard Deviation of Modeled Traveltimes and Real Data . . . . . . Were a mo St O S erve y t e \ m
True-Triaxial Geophysical Imaging Oel to a final range ot cubic window with 0.1 mm space Intervals 1n each of the Transducers Surveys | P-S1-S2 surveys for the homogeneous model R R S S B S The two graphs signity that the AE source locations using the anisotropic 1 £ In total ' "
. . . . . . - i - . } : ; ; : : i . . . . . ‘
jchree orthog.onal dlrefztlons as well as a range of .tlme Wmdow with 0.1 (pus) time ! > > 493 heterogeneous model has not made a significant change in results compared to using SOUFCE 10Cdtions. 1N totdl, we were -
intervals while choosing the AE hypocenter locations by finding the minimum ; L; ;E 322 the transversely isotropic or ellipsoidal homogeneous velocity model in our laboratory able to recover a gOOd deal of the ik
o o . : p 2 9 3. a . . . . /, £ :
ASC Richter System ASC Milne System ASC Ceochi System time residual, given by, E scale rock specimen. However, the results in the final velocity survey are remarkably fracturlng process by the AE ¥ it |
where, ¢;is the computed P wave travel-time R 18 2 G - : - ° - : : : By
- ’ — 18 (t. — d. | e o - different with almost 2 mm 1improvement in accuracy ot the transducer locations. Lo
Leraieid) and d;is the real P wave travel-time data. 2i=1ti ) 10 %63 350 5 33 S —_— P Y SOUrce . locations €Sp eClally . with ," : 4_2,.15*'___
&7 20 150 470 517 P e m m E B ® Stress at | Stress at P Wave Velocity (km/s) from P-S1-S2 Survey e a0 the ald Of the continuous : : l '
. . . . . . ey e P9 | Transducer | P-51-52 Center Y facets X facets —_— . : x
l FlI‘St,‘ a single-valued isotropic horpogeneous V?lOClty model with a constant # | Suwveys | Suveys [T T T : wavetorms from the AE streaming .‘ '\\
velocity of 5500 (m/s) was used during the experiment for transducer survey MPa) | ey | S| Y| 2R Y XYL : system. Gy
P-51-52 Velocity shot locations at different stages of the experiment. 20 different transducer . : St Do o Nedsled Traslnss nd i D53 i 5 5 | 506|492 452506492 |452506]402]482| 7 . | A
) . . In the next step, an anisotropic homogeneous P wave T T T T ; — _ — T £ T B 5 Usde N
p p g 50 \
l B oy e e Survey in InSite survey travel-time data were analyzed at various stress states during the . 8 13 10 511 {511 [5.01 | 5.1 | 511 | 5.01 | 511 | 511 | 5.01 ’ Ve R
ransgucer-to-trans . , , 4 . . velocity model was used for transducer survey shot i - - R Ay
. T — —_— experiment. The figure below shows the mean time residual (R) for the 16 shot : . : : 5 " NN
AE Events in InSite ncsiond fleie st Bt sug : : : locations at different stages of the experiment. Time | ¢ = . - B
o - locations as well as the mean location misfits between all the shots at each of the . : g » n
T PSR | T residual (R) for the 16 shot locations as well as the mean 19 353 350 15201556 | 563|466 | 497|503 | 412440 | 445 T %;/ Acknowledgements
: - | e location misfits graph is shown on the right. ’ 20 450 470 | 463 | 527 | 556 | 415 | 471 | 407 | 3.67 | 417 | 4.40 - 56 o g
..................... " 1 Standard Deviation of Modeled Traveltimes and Real Data ] Average Misfit in Location of the transducers S . We aCknOWIGdge Dr. M.H.B. Nasser1 tor SupeI‘ViSing the eXpeI‘imental Setup as Well as L&SZlO Lombos
l /\'f """""" -3/ ' ' ' ' : ' : ' ' : : : Main Principal | Main Principal | P Wave Velocity (km/s) from P-S1-52 Survey in direction of: 02— 150 15iu zniu 0 360 35iu 0 Standard Deviation of Modeled Traveltimes and Real Data Awerage Misfit in Location of the transducers f f . h P 1 . 1 G h . 1 I . C 11
- . ’ 7/ % _ Stress (MPa) | Stress (MPa) A el Shoss o) 05 o or manufacturing the Polyaxial Geophysical Imaging Cell.
o / dlv 5.5 . ) ) Main Intermediate Minimum rerane s i Location of the raneduears : : : : : : : :
l s B l )~ _2 .............. A\ “g # at Different at Different Principal Principal Principal : ‘ ! ¥ | ! ‘ ! ‘ ! 05 AL
> Y N dix é ; or Iransducer P-51-52 “ ress Streas ‘1 ress | . | | B
T GQ. N : : urveys Stress Stress stress ot e . Key References
s R - o - = 1 5 5 82 Ke) 5. :E‘ L 3 04 £ . . . . . . .
o ' X z : - . - - = g S : 1. Tabari, M. G. (2015). Time-lapse Ultrasonic Imaging of Elastic Anisotropy in Saturated Sandstone
R - , E L 2 13 10 5.01 511 5.11 .. %o ¢ .l \ p : .g & . _ Py
R . - / ? § 5 = under Polyaxial Stress State (Doctoral dissertation, University of Toronto).
~ Yave Velocityv Qtructure & Tom - v T o3t 0.3 o . :
i P Wave Velocity Structure & Tomography 38} 3 = 5] 2. Nasser1, M. H. B., Goodfellow, S.D., Young, R. P., & Lombos, L. (2014) 3D transport and acoustic
: - - 25 0z . . . . . . . c
AE Locations Seh  Floweh . Anisotropic Velocity Tmage | i T e ST a—i L '”;D o T 19 353 350 571 5.40 501 | NS R A 0 S S N U T O N R0 M el I N properties of Fontalneble.zau sandst.or.le dur%ng true-triaxial deformation experiments, International
Z ematic OVV(Ci art o ata Main Principal Stress (MPa) Main Principal Stress (MPa) 20 450 470 5 68 595 160 0 £ 1w &iDinPriisﬁna\Stzrjss(MPag)D #4040 i 50100 :\458% priﬁgﬁm St?igs (MPSS)D 30 400 45D 0 50 100 :,fatiln Priﬁgﬁ-.m Sﬁggs (MSS)D 3/0 400 450 Journal Of ROCk MeChaHICS and Mlnlng SClenCGS, VOlume 69, July 2014’ Pages 1-18
cquisition and Processing




