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AE (Acoustic Emission) or MS (Microseismicity) is a very useful method to understand fracture mechanism
and to predict serious rock fracture like rockburst. This method can be applied to monitor reservoirs where water
and gas are injected, for example, in underground sequestration of carbon dioxide and in EOR (Enhanced Oil
Recovery) of petroleum industry. If a numerical simulation helps to interpret AE monitoring results, AE monitoring
would become much more powerful tool for the rock engineering. Thus, in this paper, the authors review various
methods that can simulate occurrence of AE events incorporating inhomogeneity of rock.

A code of Finite Element Method (FEM) developed by Tang et al., those of Boundary Element Method (BEM)
by Napier's and Stephansson's groups and those of Distinct Element Method (DEM) by Shimizu et. al, Fakhimi et
al. and Cai et al. are briefly introduced as simulation methods of brittle fracture like rockburst. For simulation of AE
events induced by water or gas injection, DEM incorporating Fluid Flow Algorism by Shimizu et al. are introduced,
with showing their simulation results of hydraulic fracturing.
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Fig.1 Numerical simulation with RFPA code, which was developed by Tang, for

progressive failure process in a uniaxial compressive rock. The brightness
of the gray shading in the plots indicates the stress level (high = white,
low = black) in proximity to failure'® .
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Fig.2 Some relations obtained in the simulation'® .
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Fig.3 AE source distributions obtained in the simulation'® .
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Fig.4 Typical fracture patterns obtained in the simulation with DIGS code, which was developed by Sellers and Nalpier26 .
Bold lines indicate flaw elements in (a) , while they indicate fractured elements from (b) through (e) .
(b) Simulation result of a uniaxial compressive test having 20 % flaw elements in

elements of the numerical model.

©

(d)

(©
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(a) DDM

the model. (c) Simulation result of a uniaxial compressive test having 4 % flaw elements in the model. (d) Simulation
result of a tri-axial compressive test having 4 % flaw elements in the model. Confining pressure is 10 MPa. (e)
Simulation result of a tri-axial compressive test having 20 % flaw elements in the model. Confining pressure is 50 MPa.

Table 1  Strength parameters of the three DDM elements in the simulation with DIGS code?®.
Site Type Cohesion  Residual  Friction Residual ~ Dilation Tension
C, (MPa) Cohesion angle ¢ friction cutoff
Crn (MPa) P/ Vm MPa
Intragrain 100 0 45° 30° 0 10
Intergrain 40 40 45° 30° 10° 10
Flaw 5 1 45° 30° 10° 1
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Fig.5 Simulation result of a uniaxial compressive test by FRACOD code, which
was developed by Stephansson and others®?. The process of fracture
initiation, propagation and final failure of a rock sample is clearly and
consistently reproduced by the simulation.

Fig.6 Simulation results by FRACOD code of the shaft walls at the depths of
500 m and 945m of Mizunami Underground Research Laboratory in
Japan32) . The left figures show fractures before the failure, while the right
figures show fracture extensions after the failure.
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Close up view

Fig.7 DEM model and loading condition for the simulation of a uniaxial
compression test?? .

(a) Normal spring

(b) Shear spring

(c) Rotational spring

Fig.8 Three kinds of springs between two bonded particles40) .
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O Shear

(a) (b)
Fig.9 Spatial distribution of all the cracks obtained during this simulation*?.
A tensile crack is expressed with a closed circle, while a shear crack is
expressed with an open circle. (a) The diameters of all the circles are
the same. (b) The diameters of the circles correspond to their respective
magnitudes of energy.
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Fig.10 Representative figures for stress-strain curves of Class I and

Class II behaviors of rock failure under uniaxial compressi0n46) .
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Fig.11 Complete stress-strain curves obtained from the simulation with different controlling methods
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Fig.12 Spatial distribution of the cracks induced before (left) and after (right)
peak stresses*® . Tensile and shear cracks are expressed as closed and
open circles, respectively. The diameters of each circle correspond to their
respective magnitudes of energy.
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Fig.13 Test setupSI) : (a) Specimen geometry and positions of AE sensors;
(b) Loading configuration.
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Fig.14 AE locations with error smaller than 1mm3" . All 497 AE events are
indicated by the closed circles. The eight AE sensors are positioned in the
upper half of the specimen.
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Fig.15 Synthetic specimen with the microcracks at the end of the numerical
simulation’) . A microcrack induced in the numerical simulation is a line
perpendicular to the centerline of the two particles with the broken bond
that has a length equal to the average radii of two particles involved.
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Fig.16 Statistics of the angles between the crack planes and displacement vectors
with respect to the macroscopic failure plane 5D
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Fig.17 Close-up view of a portion of the failure plane together with the
microcracks and displacement field®!
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Fig.18 AE sensor layout in H section at the Kannagawa site™ . Sensors are
numbered sequentially from shallowest to deepest locations for the chamber.
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Fig.19 FLAC model for H4-5 sensor coupling analysi554) .

Fig.20 PFC model for the FLAC/PFC coupling analysi554) . The model width is
0.5m and the height is 1.0 m.

VLR [ AL 2 5 0.5 ~ 0.75m F2 £ Ofti A TH A L7z AE Loz
RLZRW, 2T, H&5 BV —0HER R E LTS & Eb
AHIE 0.5m, &S 1m Ol 2 kDR (A E B B 5615 O PFC T, %
D JE W DOWE 640m, & & 610m D FEIK A FLAC TE 5 Lk L7z,
FLAC (IR BB e SHAECEI A T » 7 DT LB AHETH D7z
O, Fig. 1912737 K 5 (CHIVE A A SR 12 2D S el % 8 Tl
DEBICE S L, OTHEALET A E AT, 15 B (K410 3
BeB 17 —FHB, 5% 0 D 12 BePEIIARIR DS FHRAT) OHEHI A
T TGS E BN E T LTz, SIb AT T AVNICALE 5
PFC €7 /VJEL D FLAC ® A > ¥ = %, Fig. 19 O EMNIIER L

TRL7z, £72, 05X 1m @ PFC fikI%, Fig. 20 lZRT K 51,
4721 HO PR TR S N T\ 5B, ARk &7z PFC ET /VIZITE
JEUTRE SV RIIIHE 2 L, EEIA Ty RIS
7= FLAC %?“w@ﬁ@*ﬁﬁfk%# 5 PFC &5 /WIS ZENL F 72 13 2L iR
JED, Z PFC & T /L O H0> H FLAC & 7 VI B IME
%éﬂé FAEN AT » 7T, “ODTT IVIENLE T2ITENE
JE B A HVNIZITIE L, PFC &5 /LN TOR - oHEgIEA
DREIEN AR ORAEICHKIET Db D EHZ 2T,

Fig. 21 (a) 1%, PFCE7 /L & Dpk7e LD FLAC &7 /L Okt
TR LI, ZERAPEEI OHERIZ X D PRC S OIS 128 (SR IH%
) @ FIZ, PFCET/VEHR L T2 AE O%4% % 7 1 v b
L7-KTH D, TSSO AE 545113 PFC &7 /L ORI 1-3503
ZTNIEL < 7D 729, AEBAERITARAERIIKT D TER
INTWD, MRHTRE SN Fig. 21 (b) (ZoR L7z SR S v 7= AN £
9 AE BAEB O 28I, BT E LM OS50 & 5 5 Tl
DTIN—HEZRLTNDZ EBNDND,

Journal of MMIJ Vol.127 (2011) No. 10, 11

G, /63= 10

G, /65=5
30%/
Vi

25

I/ i
/ / Initial stress state

/ /
/ / /Total AE pvent #2302 @ FLAC/PFC
0
0 2 4 6 8 10
3 (MPa)

(a) FLAC-PFC coupled simulation

Gy /65=10 oy /63=5

T
o / /
: 4, W/
S lling fimit \
B4 7o
/ 7 Initial stress state
[ A
[/
51
/ / -
/ /Total AE bvent # 5629
/
0 t
0 2, 4 6 8 10
o3 (MPa)

(b) Field measurement

Fig.21 AE numbers at H4-5 sensor from the FLAC-PFC coupled simulation and
from the field measurement54).
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Fig.24 Rock specimen model for the simulation of hydraulic fracturingﬁl) .
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Fig.26 Distribution of AE sources induced in the simulation of hydraulic
fracturing61 . Closed circles indicate tensile fracture, while open circles
indicate shear fracture. The diameter of the circle corresponds to the
magnitude of crack energy.
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Z ® X 5 7¢ Fluid Flow Algorithm %38 A U 7= RopR A9 {E 51 32 32 1
ZAVAUE, Al O BEHERINC ZREE R 3R O M TR 7e LT
EFEANLTZHEIC, SBROREEMICER L CARHEBNCEET S
AEZ Y Ialb— 52 ENRTE, BIISN AE Z HGRATIC
RET 22 ENAETH D,

6. #&

AE BIE#E B2 AN D 72D121E, AE O3 4 5Kl
@i ¢ 2 2 L— kL, G A HH N ;%%ﬁé_&m%ibm
LinL, AE OFEEITEMPARERINAT T 2 NS & &z
HLCWDT, & OEEMNII IR E M 2 KB 20005
BRTRBMETHD, ARHTIE, ZOXIRAEDREEZ VI 2
L— b T 5 720 OEAERAT FIEICOW T, BFECB R OHER 24
FEUMERL LT, TORREREIAT L LROEBY Th 5,

(1) AREREAEME LR L, SU8E TR ESE
ICARBVE IR & v v VR 52 CREO R EL 2 RBLT 5
Tang 5 RFPA 2 — F7R AEFAD T I 2 L—a U FEL LT
WHARETH 5, oL, Ao #EfHRROY I 2L —va
CERTV, BIEASHE L T AE 23R WIS L TR ED
EAER S, TO%BERNEICES 7 & 2 25 EfE ¢/
HLTWD, 51T, ZoMEEir=a— FE2AnT, &
ERETNTZITV, NTROFRAEREEBEL TV 5,

Q) FREHEEZILHEE LTk L LTI, DDM EEE AW
7= Napier © @ DIGS = — R & Stephansson & @ FRACOD =t — R
AN, AEEADY I a2 —varyFELLTHEHMAAETH S,
Stephansson © 1%, FRACOD =t— K% H\\"C, HAJRT4F5E6
A B B BR VR B R AT 98 T N U150 0 B 2R I oD TR 24T >
TEY, ZOMP#EFITERO AR RIER S L O HIca & 8
bbb,

(3) FL DOHELNZE LWRDIRAE R ZE R E1E, A2 ki 7 OES
BELTET LT D TETH D0, EBENEICAE L DIEN%E
PR AR SIS D DI UNC R BT E DR83H W AEFRED T I =
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<0, Classll 5 A1 O LWEHITE AN DT & A L OFEIR A L
PRFFLICEFMEICEL Z LR —RTHDLZ R Y, AR
BERAE SR LT R LA B 5 M2 LTV D,

(4) Fakhimi et al. 1%, A v 3 = DR HRIED [T LSO 2
2R\ TEDHN, £ A v 22UV ET L2 RERD
fRITIN T & D, EREHEOAIMEE LTHRMLTWS, i
B TLE 2R - 72 B AR O S EH O B ik B o AE IE
fE R RDRAERERETY I 2 L— ML, EBRFERIC-BT5
BAF 7RI R AT D,

(5) Caietal X, RORRERIERIEOEH =2 — R THDHPFC LF
@% HEDO—FETH D FLAC OMEENTIC J 0, KHIEL A R %%

BT 22 OIREINTLE 9 SRS OFHT 21TV, AE JIE O F2H1
REHW LTS, MEHIETEOREND, Z0O XD TeRdEfigh
AEMIE L OFHT 2 2 L2k 0, AE JIE 28R O 2 @ MEFET I
HMIFIHTE D Z L ERLTND,

(6) A D HHEEL L — Mmr$®ﬂ¢ﬁﬂﬁbfﬁ¢%FAL
TG AIEETCRET D AELZ Y I a2 L— M 57201, it
TRDIZFHBIGC M BKE D %m%@wkﬂéﬁim%éo@%ﬁ
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TROREMER K & < 72 % LKA 0 ELBUR - — R A3t A Wil
D OBIRMEICZL T D 2 & MR L, ER TR Sz
AE O A J) = X MEMTRE R O 0 2 GEIICHPITE 5 2 L 2R
L7,

BED D E T STV D & LSV R BEFEY 0 Hifg AL
RO R O T, M RIS 2R A S D 72,
AE BN X 2 @HOMERECING Y, (EROBEENEHTH S,
F 72 ZE LR FE O M RSO I OB RIS B D AT E D
=RV TFHEE LTS, AEBIIITER B bnd, &g
IRART YT TIED & B 55 L Z O RFAIE, 2ok 57k
SEIERT v Y = MK D AE WIEO#AYE L F A &
HLbDOEMEIND,

T2 ik 18 2255 H L7= Fig. 1 -3, 3CHk 46 2L 81 L7z
Fig. 10— 12, 3k 51 22551 L7 Fig. 13- 17, 3Cik 54 255 H L
7= Fig. 18 =21 {22 T Blsevier & ¥, 3Tk 26 55 L7=
Fig. 4 O Table 1 {22V T Springer — Verlag £E & 0, 3CHk 40 2>
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