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OOBEeKT uccaeA0BaHUSI -

g posBbie N300pakeHNnss 00Opa3na TOPHON HOPOABI Ha IIpeaMeT pa3pabOTKM YMCACHHBIX aATOPUTMOB
oLleHKI eé 3(PPeKTUBHBIX (YCpesHEeHHBIX) MOP(POAOTMUECKX, TPAHCIIOPTHBIX U YIIPYIVX HapaMeTpOB.




PasHoMacIiirraOHOCTD

1 rmara

Maxkpomaciuurad Me3somacrirad MukpomaciuTad
AO /4 AAVHBI BOAHBI 0.01 - 0.1 Aaus! nopsiaka 1 cm
(oxoa0 10 — 20 m) BO/HBI
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OOBLEeKT 1uccaeA0BaHUS -

1 pOBbIe MOAeAV TOPHON MOPOADBI Ha pa3HbIX MacIITadax Ha IIpeaMeT pa3pabOTKI YMCAEHHBIX METOAOB
11 aATOPUTMOB AA5 MOAEAUPOBaHMs Teo(pU3NIeCcKIX 1oAell 1 oleHKN DPPeKTUBHBIX (yCpeAHEeHHBIX)
(pU3MUecKNX TapaMeTpOB Ire0A0TUYeCKOI CpeAbl.

1 ranA
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YucaenHas orieHka 3(pPpeKTUBHBIX YIIPYIUX I1apaMeTpPOB

* penpe3eHTaTUBHBIN OOBEM AA5 TAaKOIO
13MepeHIs 00AbIlle, YeM AAsl OLIeHKU

MOpCl)O/lOI'I/II/I ITOPOBOTIO ITPOCTPAHCTBa Ecamn y4eCTh BCe DTU
[Saenger, 2008, Shulakova et al., 2013, Tpe6OBaHI/I}I B OAHOJI MOAEAN,
Saenger et al., 2016] MOTPEOYIOTCST OTPOMHBIE

BBIYVICAUTEAbHBIE PECYPCEI
* OH 3aBMCUT OT KOHTpacTa yIpyrmx _— pecyp

IIapaMeTpPOB 3€peH U [IeMeHTa B MOAeAN
CLIeMeHTHpOBaHHOM 1opoasl [Huet, 1999]

* Ha pe3yAbTaThl OI[eHKM CyII[eCTBeHHOe
BAVISTHVIE OKA3bIBAIOT MMEPOX0OBATOCTh
IIOBEPXHOCTHU 3€PeH, FTeOMeTPIsI
IIPOCTPAHCTBA MeXAY HUIMU U ITapaMeTpHhl
rmemeHTa |[Leurer et al., 2006; Madonna et
al., 2012; Saenger et al., 2016]




YucaenHas orienka 3(pPpeKTUBHBIX YIIPYIUX I1apaMeTpPOB

1. 'eocraTucrnueckoe MmozeampoBaHue AAsl IIOCTPOCHUS MOACAN
Ha MaciuTade CT-uzo0pakeHumn
2. Ouenka 9¢p¢peKTUBHBIX YIIPYIUX [TapaMeTPOB TOPHOM
IIOPOABI I10 €€ (P POBBIM U300pakeHNIM

KT-uzobpaxenus SEM-u3o0pakeHst
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DddexTnBHEIE yIIpyTUe ITapaMeTpPsl TOPHOU ITOPOABI

¢ PexTUBHEIE yIIpyrue TeH30phl KeécTkocTH C*

M ITIOAATAUBOCTU §*
_— . * —_ - * —_
Oij = Cijki€klry  €ij = SijkIOki

YcpeaneHue o npeaACTaBUTeAbHOMY O0ObEéMY

1
Eij = VfO'UdV
t;(S) = Jl]n] — v
0 _ 1
O-l.] — 0-] €ij —stijdV
|74
1 1 0
U= E[ o;j€;; AV = l]klakla -V
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Pemnienne cepum craTnyecknx 3agad

CraTuueckas 3adavda AI/IHaMI/I‘IeCKaH 3adavda
TEOpUHU YIIPYTOCTU T€OpUU YIIPYTOCTU
O-ij,j =0 le + avi = o;j;
Oijj = Cijki€kl = CijkiUk,l Oij = Cijki€kl = CijkiVk,1
—

t=20: Vi= 0, O'ij=0

t;(S) = oln; t:(S) = odm

C AICCUIIaTVBHDBbIM Y1€HOM



Peaausanms

« 3D domain decomposition;
» Use of Isend, Irecv;
» Use of MPI |/O.

Efficiency
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Bepudnkanusa aaropurma orieHKM dPPeKTUBHBIX YITPYTUX
I1apaMeTpoB Ha MOAeAsIX KOHCOAVAVMPOBAHHBIX IIOPO/,

Moaeap 0aAHOPOAHO U3O0TPOITHON ITIOPOABI

o = 2700 xr/m3 A+v2u A A 0 0 0

) A+2u 0 0 0
A =47604240000 I1a sym u 0
u = 18533880000 I1a H

TouHbIe 3HaYeHsI BorumcaeHHDBIEe 3HAYECHUST

C11117 C2222 = C3333 = 84672000000 C1111 = Cropy = Cazaz = 846719999142

= 3323 = €313 = C1212 = 18533880000 _ ok _ ok _ ox o _
H = C2323 = G313 = ez L = €393 = Cy313 = Ci212 = 18533879937.46

A= Ciizz = Ciu33 = C2233 = 47604240000 ) - Cl122 = Ci133 = Caz33 = 47604239998.42

Ocmanvtvie cjjg; = 0 Ocmarvitvie clyy =~ 1071
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Bepudnkanusa aaropurma orieHKM dPPeKTUBHBIX YITPYTUX
I1apaMeTpoB Ha MOAeAsIX KOHCOAVAVMPOBAHHBIX IIOPO/,

Moaear oOpa3na ussectHska no KT nszo0paxenusm

512 X 512 X 768 BokcesieH

paspeienue 3.44 MKM Ha BOKCeAb

Yrpyrue napamerpsl cKeaeTa:
o = 2700 xr/m3

V, = 5600 m/c
V, = 2620 m/c

A= 2%
A = 4%
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[ locTaHoOBKa 3aaaumu

[TpoBoanmocts dpaonsa 1074 —10°

ITpoBOAMMOCTDE MUHEPAAbHOV MaTPULILI 10" -10"




|'paHmyHbBIE YCAOBYS




Ornienka 3pPpeKTNBHONM ITPOBOAUMOCTHU

i 7 P4 =X )=,
V-(6Vp)=0 p(x =X) =",
o
5X¢ (Xz,s :X;’sR):O
2,3
( R L)
L =
Pemenune: (DZ(DE_(DII__ X1-|—,B, J=|0
X =X 0
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YucaeHHbIe DKCIIEPYMEHTEI

formation factor

100 1 1 1 I I I 1 1
1 2 3 4 5 6 7 8 9 10

Time instant

Pazmeps! oOpasuos 40073
Yucao urepanum 100 — 400
Bpem: na 1 nurepanmio 1.2 c.
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Moaeaun Ha ypoOBHE pe3epByapa
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CercMmyeckmii MOHUTOPUHT

Collectionand = e
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Macmirad nop

IloTOK Tpancriopr pearexra
vy ©c)—-v-(Dve) =0
R . u _— . —
Vp —uAu =0 ot
oC
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Level-set method

['(X) = {X|p(X,t) =0},
‘nga()?,t)“ =1

Cg0_8g0+87(

i V 0=0
a ot a ¥




Immersed boundary conditions
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Immersed boundary conditions
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PasHbie crieHapun

pCO,=3 MPa
pre:reactlon

Cluster 1, t=300

size in mm

0 0.5 1 15 2 25
size in mm

(b) Cluster 3, t=300

size in mm

0 0.5 1 15 2 25
size in mm

size in mm

size in mm

Cluster 2, t=300

0 0.5 1 1.5 2 25
size in mm

Cluster 4, t=300

0 0.5 1 1.5 2 2.5
size in mm

Figure from Smith M. M., et al. CO2-induced dissolution of low permeability carbonates. Part I: Characterization and experiments // Advances in Water Resources. - 2013. - V. 62, Part C. - pp. 370-387.




Il3ameHeHNe TOoAOIuyY IOPOBOIo IIPOCTPAHCTBA

pCO,=3 MPa
pre:reactlon

Yucaa berrn:

B0 — 411ca0 0AHOCBSI3HBIX OOAacCTeNn

B1 — 4ncao nuka0B (411CA0 KaHAAOB B CTPYKTYpe)
B2 — 4nca0 n30AMpOBaHHBIX OTBEPCTIIA

B3 — Dnaeposa xapakTepucTuka

- e W (&
P(1,0,0) P(2,0,0) P(1,1,0) P(1,2,0) P(1,5,0)

Figure from Smith M. M., et al. CO2-induced dissolution of low permeability carbonates. Part I: Characterization and experiments // Advances in Water Resources. - 2013. - V. 62, Part C. - pp. 370-387.
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Baprupyemeie rmapamMeTpsl MOAEAN
Flow Reactant transport

Vp—u=0 Z—f+l7-@7)—l7-@C)=0
170 a;=@6—cs) onT

Boundary movement

TR A
— =p,n= p (C—C,), x €T

dt
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Dusnueckre KCrIepruMeHThl
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Dusnueckre KCrIepruMeHThl

Ultrasonic — mpocsednBaHue Ha

IpoxoAasmmnx BOAHax
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Forced oscillation
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YucaeHHbIe DKCIIEPUMEHTDI
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Initial signal

3 kHz

VO—

x 10

1 —1 —1 —1 —1 ==

YucaeHHbIe DKCIIEPUMEHTDI
BOAHOBOW PE>XKVM
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YucaeHHble DKCIIEPUMEHTHI,
BOAHOBOW PEXKVM

Attenuation
0.45
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HycaeHHble DKCIIEPUMEHTEI

Ultrasonics
KBasmu-crarmueckun _
PEXIIM Resonant bar Oscillatory tests
— u, = —-Aue™
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YucaeHHble DKCIIEPUMEHTH],
KBa3M-CTaTUYECKUI PeKUM

Oscillatory tests
n

iw;w = —Up, . ] >
v-o=0 . e
o=QA,V -u+aM?V - -w)l + u[Vu+ (Vu)7], __‘: =~ ==
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Compression tests Shear test



YucaeHHbIe DKCIIEPpYIMEHTH],
KBa3M-CTaTUYECKUI PeKUM

Nonlintersecting
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[loToxn Cl)/lIOI/LZI,OB, MHAY M POBAaHHBIE CelICMUYeCKMI BOAHaAMU
Background matrix

Wave-induced fluid flow (WIFF):

* Fracture-to-background (background
and fluid properties, fracture geometry);

* Fracture-to-fracture (fracture-filling
material properties, fracture
connectivity).

Correlation between fracture
connectivity and seismic wave
attenuation - ?

-

Attenuation

Fractures filled with
highly porous material
containing fluid

Frequency [Hz]



MogaeanpoBaHye BOAHOBBIX 1011

Numerical setup

x Receiver line 1 Receiver line 2

VA
Source line | |
Fractured layer
o . <Y [ W A
Initial signal — Ricker wavelet s(t) = (1 —2 [nvo (t — v—)] )e [’“’“(t Vo)]
0
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MogaeanpoBaHye BOAHOBBIX 1011

YpaBHeHHSI TOPOYHPYrOCTH 2D discretization:

staggered grid
Prgae Tk 1T TP TP By
v . q
—a—€=M(aV-v+l7-q)
0o v .
— =V -v+aMV - I+ u[Vv + (Vv)T] Z!

ot 1
. Oxx)0zz, P = i,j,n+§

1

VvV vx,qx—>(i+§,j,n)
|

A vz:Qz_)(l:] +_:n)

2

11
O Oxy ™ l+§,j+§,n+§

)

1

)
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YucaeHHbIe DKCIIePUMEHTDI

HpOCTI)Ie MOIC/IN TPCINNHOBATOCTH
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YncaenHole >KCIIepUMEHTEI
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YUncaeHHbIE DKCIIePUMEHTEL

Pe3yabrarhl - CeiCMOrpaMMBbI

 Intersection of the fractures affects the wave amplitude and velocity

}{10‘3 vo = 7000 Hz
1.5 .
= 2 4 & 4 .. ..
BRI TEE RN
2 |
- — = = = = = = = =
FD5' ﬁ}i}q;q}q:}q:’q:’q:’
Initial signal
0
107 107"® 10" 10" 107"% 10" 10° 10°
Permeability k, m?
— Inputsignal —— Parallel —— Perpendicular ~—— Nonintersecting —— Intersecting
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[Toraomenune, 00ycaoBaeHHOe paccessHueM

Velouty field Spectral density

IFI_H“:- ,I _*: / 0 600
M 7 [Correlation function o « Scattering indicatrix
Rt j°° |
E | b (k) = 1 fLD(P)e kadp 1000 |
°° > (ZT{) ? 2000 Il

-2000 0

Y(p) = Cpy(p) 1 (B0) [ 3 KPnes(Q(4))dg

Q(w) wT

Rytov S.M., Kravtsov Yu.A., Tatarsky, V.I., 1978. Introduction to statistical radiophysics. Part Il. Random fields,
® Moscow. Nauka, (in Russian)
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CpaBHeHUe pe3yAbTaTOB

Koppeknus 3a paccesnue

Parallel

Perpendicular Perpendicular
0.12 0120 e CoM2p
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- \\ave-propagation | o
—e— scattering BER -
01+ L R . 8 : L
01 ‘ Scattermgl RN 01
attenuationis | g :
hegligible: B
0.08 0.08- 3 | ﬁj - 0.08F
FBWIFF | fg' L
g »i | & :
T | Scatteri
= 0.06 0.06 | M«t"/-:d-scatt-ee“-r_‘g ----- 006"
S A" | attenuation starts to
3 | domln;ate :
2 AR
< 0.04 0.04 0.04F
0.02 0.02 0.02f
0 0 | : o or @ \Nave-propagation
” | i ; P —— Quasi-static + scattering
10° 10* 10° 10°
Frequency [Hz] Frequency [Hz] Frequency [Hz]
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CpaBHeHUe pe3yAbTaTOB
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AVICKpeTHbIe CUCTeMBI TpellH

 Fracture systems were generated with simulated annealing technique

« Objective function includes percolation probability

« 10 model sets (6 different percolation stages for each realisation) were
generated
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Fracture size — 0.004 m x 0.03 m

Concentration — 15 %
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Fracture Medial
— .
system axis
Number of branches Length [cm] Distance [cm]

Tortuosity
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IloJie 1aBaeHUA

Fluid pressure [Pa], t = 0.00081787 s
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Pe3yabTaTel MOAeAVPOBaHIS

Attenuation
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CogepkaHue

47O TAKOE BbIMMCAMTEABHAR COM3MKA TOPHbBIX MOPOA (digital rock
physics)?
MacLiTa® nop

o Pacyert ynpyrmx MOAyAen

o PacyeTr yaAeAbHOIro COMpPOTUBAEHMUS

o Pacyer abCOAIOTHOM NPOHULLAEMOCTU

o MOAEAMPOBAHME XMMMYECKOTO B3IAMMOAEMCTBUL CDAIOMAC C MOPOAOM

MacLTa® kepHa

o TpelmHOBATO-NOPUCTbIE Cpeabl —wave-induced fluid flows

MacLuTa® NAQCTA

o [eomexaHmyecKkoe MOAEAMPOBAHME
o Cencmmyeckoe MOAEAMPOBAHME
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Moaeau pa3zaoMoOB U IpUpPasAOMHBIX 30H

FDZ FTP
Fault damage zone Fault tip Fold-related crestal
fracture corridor process zone fracture corridor
fracture corridor 2
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Finite elements

Boundary elements
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Discrete elements




YucaenHsle MeTOABI MOACAMPOBAHNS Pa3A10MOB

Finite elements
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+ Computationally cheap
(relatively)

- The faults must be
predefined

Discrete elements




YucaenHsle MeTOABI MOACAVPOBAHUS Pa3A0MOB

Finite elements
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Discrete elements

+ Fault formation is defined by
mechanics, not by user

- Computationally intense

- Calibration required
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Statistical realizations
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FDZ
Fault damage zone Fault tip

fracture corridor process zone
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FDZ FTP
Fault damage zone Fault tip
fracture corridor
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CogepkaHue

47O TAKOE BbIMMCAMTEABHAR COM3MKA TOPHbBIX MOPOA (digital rock
physics)?
MacLiTa® nop

o Pacyert ynpyrmx MOAyAen

o PacyeTr yaAeAbHOIro COMpPOTUBAEHMUS

o Pacyer abCOAIOTHOM NPOHULLAEMOCTU

o MOAEAMPOBAHME XMMMYECKOTO B3IAMMOAEMCTBUL CDAIOMAC C MOPOAOM

MacLTa® kepHa

o TpelmHOBATO-NOPUCTbIE Cpeabl —wave-induced fluid flows

MacLuTa® NAQCTA

o [eoMeXaHM4YeCKoe MOAEAMPOBAHME
o Cencmmyeckoe MOAEAMPOBAHME
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CericMuuyeckoe MogeApOBaHMe

Structural model Full model Seismic wavefield
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[ locTaHoBka 3aaaun

B moaynipocrpancrse z>0, onipeaeaeHa
crCTeMa ypaBHEHUI AMHAMIYECKON
TeOPpUM YIIPYTrOCTU

ou

~ _V.o,
P ot
i 1(Vu +VuT),
ot 2

o=C¢

HauyazpHble yca0BMs — Hy A€BbI€.

I'pannyHbIe YCAOBUS — CBOOOAHOM IOBepXHOCTU pu z=0 1 yCAOBUA
IIpeAeAbHOIO IOTA0IIeHN s Ha OeCKOHeYHOCTH (alllIPOKCYMUPYeTCs
BBEAEHIEM IAealbHO COrAacoBaHHBIX ca0eB uan PML).



KoHeuHO-pa3HOCTHAasI alllIpOKCUMa Vs
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J. Virieux, Geophysics, 1986



Peaanzarims

pM_v.o E_lvuiw) o=c*%.
ot ot 2 ot

« 3D domain decomposition;
» Use of Isend, Irecv;
» Use of MPI I/O.
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Ilapaaseavnas peaausanus

BMmemaromas cpe€aa Ha

Pesepayap Ha KPYIIHOII CeTKe

MEIIKOII CETKE

Fine-grid area can be
placed at any part of the

model regardless to
the domain decomposition
used in coarse-grid model.

IﬂP}’Hﬂa“’ 115 na I'pymma I1D Ha
MEJIKOIl ceTke KpYIIHOIf CETKe
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CericMuuyeckoe MogeApOBaHMe

Structural model Full model Seismic wavefield

0" T < = —




CenicMmyeckne 1300pakeHusI

Faults Fracture corridors Faults Fracture corridors
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Opranmsarniys BbIYMCACHUN




Cucrema HaOAIOAHUN

33 Source lines with 200 shots per line

L17

201 receivers lines with 400 receivers per line

40100 receiver channels per shot

L1



KoHTpoAb KauecTBa

Scaled model at 2300 ms Stacked section at 2300 ms
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OOBLEeKT 1uccaeA0BaHUS -

1 pOBbIe MOAeAV TOPHON MOPOADBI Ha pa3HbIX MacIITadax Ha IIpeaMeT pa3pabOTKI YMCAEHHBIX METOAOB
11 aATOPUTMOB AA5 MOAEAUPOBaHMs Teo(pU3NIeCcKIX 1oAell 1 oleHKN DPPeKTUBHBIX (yCpeAHEeHHBIX)
(pU3MUecKNX TapaMeTpOB Ire0A0TUYeCKOI CpeAbl.
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