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Evaluation of Fracture Aperture using X-Ray CT
(Document Prepared by Other Institute, Based on the Contract)
Michito Shimo", Kenichi Fumimura"

Yuzo Obara**, Akira Sato**, Katsuhiko Sugawara**
abstract

Understanding the influence of small scale structure and its heterogeneity onto flow through
rock fractures is important for improving the reliability of performance assessment of Geologic
Disposal of High Level Nuclear Waste. An established technique for measuring the fracture
aperture profile is required to achieve the above purpose. There are several aperture measuring
techniques: (1) estimation of aperture from roughness measurement results, (2) direct
measurement of the fracture from rock surface, (3) non-destructive method, such as tomography.
Among above, tomography method, which is rather new technique and its applicability to
aperture measurement is not well known, is expected to become an effective and feasible
approach since the aperture profile can be obtained without destroying the rock specimen. In
this work, we investigated problems associated with fracture aperture measurement using X-Ray,
then we proposed several approaches to improve measurement accuracy, finally we conducted
X-Ray measurements using some of the proposed methods to investigate the feasibility.

The obtained results are as follows: (1) an industrial X-Ray system, having higher X-ray
source power gives lower noises in CT-values than medical X-Ray system, (2) stacking is
effective for reducing noises, (3) newly proposed moving average is useful in reducing noised
with minimum information loss, (4) Fracture Projection Method can not be directly applied to
granite specimen because of noises due to heterogeneity of CT-value for different minerals, (5)
Differential Image Method can reduce the noises in CT-values and enables the application of
Fracture Projection Method for aperture measurement.

Work performed by Taisei Corporation under contract with Japan Nuclear Cycle Development
Institute

JNC Liaison: System Analysis Group, Japan Nuclear Cycle Development Institute, Tokai
Works

"Taisei Corporation

Hok . .
Kumamoto University
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DXL, fG,)) ERAWTR (2.5 TR UZEMPEEEERT S L,

1, =%Z?Z§st(w) @7)

LB,
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2.3.2 TEEEEMA~DER

Fig.2.1 |27 L7z b A slBt O gk LT, BEPEEEAZ A L2 RICONW TR 5,

F9, z=65mm, —66mm, —67mm O & CHE % {T-7- 38 (H =3) OO RAH v ¥
VT AT o T, Bl X RTEBIE X h=2mm T z 85I lmm ¥y FCT{rbiviz, Z DO

%5 Au %E{L%kﬁ):ré L DOBR%E Fig2.9 \Z/RT, HENIE 21, 22, z3 1B DR
BI040 lmm T 2&EZR D A2 TWADT, z T2l 4mm O X[ TOYHE & 78 -
TWb, DX, Bz 2REEIC LT, x B L0y o0 P=W =13

(P=w=3.81mm) B LUP =W =25 (P=W=7.33mm) @ 2 SOMEHE E WD, LI OMHEE
DOBEN R & RO T,

2 O K E S OEBUZ A2 AW BEREEE 2 i L 7285 R % Fig.2.10(a)3 X bR T,
Fig2.2 LW+ 2L, AN+, £/, HMENE Eid 2EENKE VL
Hifg L LCIERT2b DIz v, AROHBINKNEEZ > TN Z ERNboDd,

DXIZ, Fig.2.10 DHHR 1-I'D CT s34 % Fig.2.11 (\Zx ¥, MR -1 Fig.2.2 OWFHR -1
ERICALEICH D, Vo TNAX Y D CT %~ LTc Fig2.4 (a) 12325 &, CT
EDNT Y RTINS L T2 D h, BN KRE 2512 ERRENE L HRT 5 0NKREE L 725
TWDZEROLND, ZOLIT, BELEHEEZAWD &/ 4 XTI 223, K
72 CTEOERITFEE S, MY IcWERECOREShD LD, LIznoT, fif
Hrkt G2 B8 L 7= b) 7 fiik & 3 BT 2 LENR H D,
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2.4 BHEAOEFFMD=HD/ 1 AEFEDRE

WA S > X TIEIE ) A RAEJEE LTHEITHL Z EBHALNERST-, LI,
Fe oy TR W AR 2 B 3 2 2 DI TR E IS K OWE A Ze BN R & \Wo ¢, J@H IR e
GAEIREONLTHA I,

—%, BEEGT H2WHOEBGT — X BB EEAEA LS E, /A REREEn
b OOBENET HERD PS5, ZiU, Fig22 IZRT X ) ICHE# TRzl
FHITE D OMRIE 3 ~4EFESIIX LT, BROMOFMEZZEETIC 13 @HEHD
X 25 BFED X DI EICH HEEIC OV T E FE L7270 Th 5,

T, BREDWOTZDIZOED L RBETEHEZTEAT L, Thbb, A4 v¥x
V7L 2 WonmigIz, BAEITIFFWITTH D y whiFm, WmEOFMTE NI NIL
FENZDOWTDOIRD 1 IRTTOBENEE 21T 5, Thbb,

fi=a ) £00.9) 8)

Thb,
R, AR & REEIC z=—65mm, —66mm, —67mm D& T 417 -7- 34 (H =3) ®
BBEORY X T EiTolcBBICEMA Lz, T7obb, y fiimiconT 25 \$E

(W =25) OBB R EEN L=, 2O/ E% Fig2.12 17T, AAEEILT LY y e
YATTIE WO T, EROBEPEEIC L BROERENIE0T TV 523, Fig2.10 TRL
To BRI 5 L A ORE T 2R LT,

OEZ, Fig2.12 OHFR I-I'D CT 5546 % Fig.2.13 127379, EHAEDICHE O TIE CT E
DT XPRNSL e o TEY, BIROBEEEIZLY /A ARFHEHITnD Z &
Db, ZOHAMIE, n=5 DAL vx 2 k& L Fig2.7 IZHE L TH N7 Y ¥k
INEL T2, Fiz, BREEICBWTL CT EOBADBREEICENTND, Lo T,
BABOBEOSNT AT 2 HE121E, BERPEH O E LOIXQ) @M T 5 2 & 23 i T
oo LfmS D,

UTToMmFTIE, RQIY)TRINIBENEHELZHNLZ & LT 5,
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h for set point z3

h=2mm

h for set point z,

h for set point z,

o~

Fig.2.9 R Wrimis ENLE & WiE/E S & ORM%
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Fig2.10 (a) BEITH%O CTEE (P=W =13, H=3)
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Fig.2.10 (b) BEIEHHO CT Eg (P=W =25, H=3)
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Fig2.12 B#¥H (P=1, W=25 H=3) #® CT Hi{%
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3. e M = AL -8 RHFORAE FEDRE

3.1 BREEEICLHEMENDOERFOSTM
31,1 ERHEH

INC TH/KRBR % Fhis L2 AR 3Bt X 8 CT R %2 % L7z, IV 723k %
Fig.3.1lZ 3, s BHIAE RS C, AN 526471 100mm X 100mm X 100mm DL F IR TH 5,
¥7o, BARRBREE, AROREBEZRAT 27-DICRBEANMBICHIEEAINTND

3.1.2 X#R (TR
X #% CT Bi{g O F % Fig.3.2 1277, ZOWEIX, Fig3.1 [ZEDTZEERD xy Vi & AT

RETH D, BUIBEDOREWE P A L, BOHIBEN NS W Z R <FR R LTV D,
L7zdo T, Bt BVEIIIZER Th D, o, WHEMY S L 5 ICBViEER
RBNDN, ThANBRTHS, 7L, ZOWMSIIIMERTE STV
AEHZAWEIRD STET 5 & & HIg, WWIKEN S WK E TOEIRD BRI 5346
LCW5, ZHE, fEis a2l 2+ O0MiZ KL TWb B2 bd, i,
AEIOHFREFVICAVIBE R ER TE 22, ZOEBRT —X 00 Z v oW ¢
EXANAR

3.1.3 BREFEDEREN
ﬁé;l%@%p”&“ CiEY T, BANITERTHIINATNWD & L“Cﬁ%%ﬁ%:%ﬂj LTW5,
ZTHWERBOBANITBE CHREIN TS DT, BRNICERUSNOWE )3T
SN TV DEE DM EZ DL FITRT,

F9, Fig33MIIRT & 918, MEIURED £, O¥E - S5 EENICFET 58 0 &
w OBAEMOF LA O 2SS L, A B2 % x il & A E AKX, y,2) &
EHDH, 22T, BHEEONBEIZx=tw2 THY, BENITIISLRED £, OWE Tl

T2ENTND LET D, DXL, KU O ZHulE U TR AT 7230 & R sk
EEREL, xS RORI% P, yiﬁjﬂéﬂwﬁé% W, ORI E HET 5, s
ATk U CHREE Ty O X R E— B0 —x Bl JF R O 7> S AL, +x 87 18 0O S i 4 12518
5% X BROTRE 11X

I =1,exp{—f, (P—w)— fw} 3.1

THALH, B pIFKRATEZLND,



JNC TJ8400 2003-021

p=—-In({,/I)=f, (P-w)+ fw (3.2)

FENTREIRINIZ, Fig.3.3(IZnd XK 9 e NEBIC B R % G & 72 L HElL (Base region) & L C,
Fig.3.3(b)IZ/~ 3 AR AT 7230 % & OF% Nk (Drop region) & [l U~HEDE T K% Wk D
WENZABET 2 &, Z OO po 13 B.2)IC w=0 Z LA L T,

ThHzon5, XBI)NHLKB)EELIIE, wiZO>WTHEL &,

(3.4)

L, 7B, BARNOYMENREROBEIEf, =0Th2d, X0 Ap 1 FRZTERT S
EOEETH D,
KGAHTRTERPBAEE D EREORKBETHY, TOMRE CT HE AW THET HiE

IZOWTEUFIZHIAT 2, £F, RBAD fn 3 L O, & 22U O FEIRILIUR S £
B L ORENWE O FHRRIURIL [ L ET 5.,

f, =2 (3.5)

7o, MO0, Fig3a \ORT LI, MR L A BRI 5 ik A R

5, BTFIICEEND xFMOE 7 AP, yElFO Y7 R VAW |, z 8k m o
Ve H, BENEOE 72 E S FRETHE, ZhbERATEZ LN,

W g2 s-wm (3.6)
d h

p=L -
d

L& E L

ZITC, diF1eserolNETHY, hiIEEBESTHD, DX,
, W,z

T, xWHEOC s EALES=1,2, ..., P, yBiHEOE 7 EAES j=1,2, ..
HRDOE 7 V&R k=1,2, ..., H %A L, B TFHOEG,j, BT 5 CTEE A, j, k)

LRI DL, BEWIH i OV CTH g() 13,
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(3.7)

v 2y 2ok
gli)= =

LEEIND, ZIT, SIERFE R IOV TORMAZ RS, £72, RISV TH RIS,
T, j, DIZEB T 5 CTIEE fi,j, k) L=t d 5 &, #EWrm i O CT E go(i) 13,

NI
(i)= =

<A (3.8)

L%, LizhioT,

p=¢)d, p,=) g)d. f,= 2.0 (3.9)

LD, L, fATOWTIE, ZOWERETO XM CT MEEITY, TOHRENS [ L

[FERICIEZ 5 95 2 L AR E LD,
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Fig.3.2 X#RCT HBOM & RO E (I8 =R e
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Base region

Projection: p;tp

(a)

Projection: p

(b)

Fig.3.3 @K%z & M HIIC I T D A A & B T
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DASC 1eg10

Projection: p,+p

Fig.3.4 ¥k & (% T ik o Bl &
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3.1.4 TEmERH~NDBREEZEOEAMEDKE

F79, XBHEHWD Lt kDBRKZEOBRAIZAETH D, L, AVTZiENO
BERITIIBENFEIN TS 2D, T OMRIIREEZ M S 20 niE, AR N EEZ KD
DT EIFTERY, ZHIZHOWTIE, RFEOBIHEZ VT E OBRIURE 2 FHN 3 2 2
N5,

DXL, BREETIE, BE, TRbbMBHEEITIE - 5 TRIRIR I
%5%@&Lf%ﬂ%ug%ﬂﬁ¢5

% Z T, wﬁ'”ﬁﬁﬁﬂkaFg35_rﬁio_,7w::¢A@ﬁﬂ%% L7,
Tbb, 2007 NAVI=ULAOEAREHEL, TOEROmERANEmERRL, WE
BbE %O MRS — P 2 A L CRZNME NI LT SRR AR A R LTz,
Bl DO BT D RAEO T LR ZF O'L T 5 EAEE(®, y,2) ZHWD, 7B, ¥H
WOELIT 60mm TH D,

X # CT IR, £9, BEHRAENENEKOEAICOVWTRELZERK L, 72771, ik
i%wéﬁmé#ﬂww¢MMEﬁimb,@DMET 3 EIORE AT 72, 723,
ﬁﬂ@ﬁ] X KL KR Tl 72 STV 2, BREEHEIE O —fF % Fig.3.6 IT7~d, BEFOMEN

THAI=U LB THY, BEAREZRTROBEBHGMICHRTE 2,

—fIZ, WHE - ELFRMEEHOCESAE TS CTEIZIEIAN T Y X BHFET D52 LR bR
TWb, 22T, REBEBO /) A A2 BN E L OB A ER L7z, £7, FLT
MET3MDOENGRT — 2 BEFEOLNTWNWDZ D, TILD 3DODEBOARY v X VT alT
o2 (H=3), &2, ZOAX vF¥ o7 LEERIZOWT, y 5z 25 © 27 L5y
BE A>T (W =25),

B 1B 5 CTED /A % Fig.3.7 127, l@ﬁ%ixﬁfbé BB AP IET 5
JFSATIE T CT EDO IR/ N BV D DY, EALLS OISR TIRIZIE kRl 2 7~ LT
%, P =20 & L7 JEHE T CT I 2264, HVERZEIL 16 ThD, DX D RTF—X
XL T, EROBAEBEIEOHEAN R TH 5,

fEREE, —MRICBRAEEZAL, 361, B4, A%, ERREOHEWRF TRk ST
%éo_ﬂ%@%%@%i%gﬂﬁﬁékw 555 - BB M BN R L C CT DN T Y
FlFREWEFPHEND, £2TC, Fig32 TR LUEEBT — X OS2 06 L=, B
RIYICIE, z 7 MO Imm & ICRE SN 3 OEBREAX X 7L, S5, D
WD y W5 25 B 27 vy OBEIEREZ LY, ZOFLOMEEZEOAETORE CT
& Lz,

:ﬁﬁM%ﬁ%%®@#%IHjbquH B D CTIED /A % Fig.3.8 75 Fig.3.10 12”7,
JFUSATITIC CT fEDIRWER N FIE L, BEDFEEE AL DI ENTE D, Fig3.10 O
kﬁmmHLTCTﬁﬂﬁ%@ﬁ&@OTW5@i TR 2)S 50 6 FE R A il LTS 728D
Th b, 3ODIHENTHOBEITIHBNT S, P =128 & L7-HE D EYEROFEHER T 40,
36, 40 THY, TAI =T LOZFNICHB LT 2HBUERE N, LEN-T, WE - %5
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DM B R & LTV D HEROBEERRIEE Z 0 X ) Rfta @i+ 2 2 IR TH
HEEZBND, SHIZ, Figl.8 DOAITHL TN TIEH 50, FIZhogfhLtz>THEY,
By BT OEBRBINTND,

UL EZES 212, FEx QIR TR SN D IEREO L 5 A AICRRRELEZ 2O F
FHWHT 2 Z EIXREETH D720, RETIRARD X9 2B M 21k 2 A U7 it
LCRHEBREEZEAT LI ENREE LV ESZS I LN,
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Thickness gauge
Tomography region

Fig.3.5 T/ 3= LD HAaEHER X
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3.2 ERMENEIC&ZEHEAOEOTE
3.2.1 EBMENEDRE

B 725 &1, [ U2 B 70 2 IRIE TR L 72 Bifg o0 22 % B - 7= G & FV CREdT
TLHETHDL, ZOFETIE, MEORHEMIZED CTHEONT Y00 v B JHS:
NZENZNOREBGICFRRICE TN TWHOT, ElBiE 5L, ZROLOFRELZRY
RS ZENTEDE LD, ZMULIZEEAETEZRY L THITT 22D TEDHE VD
FlEEALTWD, Lt#of,maff«tio@#%a_owfiﬁ@&ﬁ%k%z
bivs,

3.2.2 ERRZEREIC J:é%g”ﬁﬁlil%@ﬂﬁﬁ‘t

BN T WE & Z 2T g 2 A 5 BRI 7250151 & 2 AR 0 & O FHh A 2 7
BY¥5, £IT, %ﬂ%ﬂ@u{% TR dﬁf”@ﬁtﬁé% LM 7 STV D &R
ET D, BEDRRLIMEL LTIE, BEO/NIWZER, BEEORE VKR K KEE R E
WEZBND,

F9°, Fig3.11 O X 51, BRI £, (x) OWENICAF(ET 2B 0 & w OB H O
RO Z A E L, Bk B A% x Bl &3 5 EAEEX, y,2) ZEDDH, Z T,
BAFOMBEIL x=2w2 THY, BENEBITRRIURED £ OWE a THi-ShTns

LET D, RGDEAWD L, XHBOBE p @i,

=1 () {P-wh+ £ “w (3.10)

LETIENTED, £, BRENBBBBIURE P OWE BTSN TV &, #

%2 p(ﬁ) i,

PP = f ()P -wh+ £ Pw (3.11)

D, BBEREIZESEITY 0o ZEiE, XG106XEBINEE L& Z LiTxfial, £
NEwZHOWNWTHES XD X 912725,

p —p
w= f(a) f(ﬂ) (3.12)
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ESASHE S &, MR OBRIAREK £, (x) DEEN 72 720, ABRE OIRL-o7 v B 7

DT WV BRS Z &M TE 5,
SOFIZ, FROBFRE CTHEZAVTETHIECOOTHAT S, £, XG.12)0 9%

L O fP m @B T SN B O CTE [ B L0 fP LT 5 &,

_p=p” 3.13)

f(a) f(ﬂ)

185,72 C, B TFIRICE TN A xR0 7 A Pyl oY s e VAR W,
z B MO 7 vy H, BEMBEOY 7 v iy S LRDT L, ZhbiEkkTh

26D,

,S=WH (3.14)

g=1
h

p-L 7w
d d
ZIT, diZ1EZEADONETHY, hIMEES ThD, SFIL, EIELOFME L
T, xEHEOE s EAES =12, ..., P, yWFRAOY s ELES j=1,2, ..., W, z il
HEOE 7 v VE S k=12, ..., H AL, BTFROFH(G, )/, HICBT 5 CTEE £9G, ),
kEERT D L, BAENIYE af{%‘f_énﬂ\éﬁu, W § O CT il g'3%) 1

(a)
Z 2 f 0.k (3.15)

(a)

IRF n IZOVTORIIEERT, RIS, ARNICHE B3

LERIND, ZZT, I,
BUTD CTAE AU, ), heFiR+ 5L, BEWmi O

72 STV AEEIXERG, /, b
#) CT il g6 1%

(/7’) k
z 2 f (.7 (3.16)

(ﬂ)

L%, T21P L, £, & PG, ), TR T IR RR > T-ETH D, EREAWS

&, MHEDOEZITRATEZOND,
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p(a) _ Zlg(a)(i)d’ p(ﬂ) — Zlg(ﬂ)(i)d (3.17)

—J7, WANET LTV AWEDTY CTE £ BLO L%, cOWER T O X

CT iR & T-> CGiHii T 2 L ER H 5,
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Half of
base reg1o

Projection: p,+p

Fig.3.11 WE N OB & b
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3.2.3 EBRESEDER

(HEME ZVERAE

—R DA E AW BB RE AT 2B ZER L, ZREHWT 3. 21 TR LCEg
725 K 2 B N EOFMIED Z S 2 BETT 2, BEHTRWsEHE, ST
M TH D,

1) WELRMELELTOT VI =T A
2) NEEMEE L TofbhEE

TNENDOMBHZ L o> TR SN 2 2O AREME L, Figl.12 IZRT X912, 2D
EREOmHARHEmE L2 L, HEELEEBEO—IMICRE S — U2/ A L CRIEEN R
FEAZEA T AREE R ZER L, ZhaREtE Lz, 72, BEnflosEmicisi 280
FUb 2R O' L 45 EAEE(x, v, 2) 25, 7238, FEAROERIT 60mm Th 5,
X # CT ORI, £, BEAENENZER T STV AIGEIZ oW TR & Fii
L, 0, BRENEIZKIKERS D VIIKEFEAL CHEREZE K L=, &H50H
HAZBWTHRAE YD A RO LB O E T 3 BIORE 2% Lz, LT O/
T, INL3IKDEBGRERY vF 7L TND,

T, TNENOERED L X, RERMHCOBEDMIZL LN EREELVDT,
BARNBRZEZZOGEICHEN TS, B OFEFITARNTICIEAN LB 207 L CH T
RHE TR 2 i L 7=,
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Q7= LERHDOER
DX % CT E1&

XFCTIZEV I LT VI =y AoWEE# % Fig3.13 1277, EHOMERT VI
=y LAREFCH Y, FREERRIIRUE LA D B ICALE LT D, Fig3.13 (a) T8
PNERAS KI KR (E &N —t v MR 30%) Tz TWHREOEBRTH Y, Fig.3.13
(b) ITRHENENEL TSN TV DHEHATH D, Fig3.13 (¢) 1 Fig.3.13 (a) & (b)DHE[{E D
7S ((E®) - {EEb)) Tho,

% ()X AN KT KIFEDH T STV D72 DICBE I T VI = Ak A< #E
REINTN D, Eif(Db) TORZEIT KIKEIREDOZER L FRICRSEREN TN D, HE
) TIERABIOEENZIZ E A EHEA TRATLTINRALENDLR > TR RSN TWVWD, Lz
Mo T, REOBERMURBEDONT Y00 v B T ORBERORS ZENTE LB X
bbb,

QCT B 7

F9, SWROEHEZ A X v X7 LEEBIZOWT, yEilFmic 25 7 v oBEhE
B xR o7 (W =25), Y EOFIETRD x il LD CTHOHAD 5 B, Fig3.13 Ol 1,
I BXONIZEIT D CTIED /54 % Fig.3.14 7> 5 Fig.3.16 IZ/Rk 7, X D(a), (b) B L (¢) I
ZNENRBANEN KIER CThi 72 AL TV D56, ZRTHIZINTWDEE, BLD (a)
L DYDEBEBDOZITKIELTWD, 7277 L, ZZ T x BiFmok FEiT@azis b &
L7220 ©27&L (P=20) & L7,

£, HIER I O Fig3.14 ITOW TR D &, (a) IXBANEN KI KR THLHDOT, &
HNO CTIEIXT VI =T LAD0FENLED b REL 2D, Kb)ITBRANTNZERTH L&
SRSy T CTED A L TR Y, BROFIEEZWIRICH AR D Z LN TE 5, K(a)ds L U(b)
DOIHERD CT O FEMEITHH T 2264 & —F L, EEFEEIZNEHh, 138X 16 T
bol-, DX, Ko 5 FEHEE O CT EOSAITIFIE 0 £24 CEE S EHERRZE) T,
BRI T CTHEARE LS 2o TWD, i, KO CTEOEERAITNEL, £
DIEEENFE L 72> TEY, EGEZENERANTHDLZ LE2R LTS,

728, ERRoMEIE, HIHR I O Fig.3.15 3 X ONHR T @ Fig.3.16 75 b [AERICHER T &,
KW 1T 5 FUE D CT D434, HIER 1T TO0 +24, HIRR I CT-1£14 ThHo7-, £77,
HEE, BAEOENZWENS T, I, T OIEICEEL CWS72, BOEN/NSL<7RD
IZL72i’3»C, BRI D CTHOE L /NS 2o TS Z ERDID,
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Q) tEERHDOER

DX # CT &g

X # CT I L 9 s L7 AERa OB i % Fig.3.17 \xd, BEHRoOMENERERE T
BV, FEEAINIFEI LA E Y BT ANICALE LTV 5, Fig3.17 (a) IFERANE K Tl
ENTVWHEGEDOHEBETHY, Fig3.17 (b) ITRXENTNZELTHIZINTWDHLHETH
%, Fig.3.17 (c) 1% Fig.3.17 (a) & (D) D W DA% ({#if(a)} - {HE(b)}) Th D,

i (a)F L ONb) & BICHER A FICEEDOE W AWBESEN D L, (ERE 2k 28
L7 OFENHERTE D, Hig (o) TIETRBIOWENII LT NICHN TV DR, AR A
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