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Abstract The description of the pore structure in porous media is the base of microcosmic analysis and scientific
computation of many complex shape entities. Traditional approaches do not fit for efficient rendering and further computation
because the actual pore space in porous media is exira complex. In this paper, a new approach to study the morphology
(shapes and connectivity) of the pore space of sandrock is presented. This approach uses an efficient algorithm to describe
the 3D pore structure based on the pore-network model and implicit polynomials. The pore-network model uses maximal balls
to recognize the pore space in magnetic resonance imaging data, and to distinguish between the “pore bodies” and “pore
throats” , and then establishes their respective connectivity. After the pore bodies of the pore-network model are constructed,
a smooth implicit surface is generated to describe the pore space using the technique for blending implicit functions. This
algorithm has been tested on the natural sandrock ’ s magnetic resonance images. The experimental results show that this

model not only remains the complicated topological structure, but also assures the smoothness of the reconstructed surface.

The results also show the microstructure characters of the pore space are in accord with the fractal model.

Keywords volume data, porous media modeling, pore-network model, implicit surface

B ENEEERBERERATRANERAZ
MR, Bl FRERAN (NS HERE) Mt
Brhs(KBERRERERME) QRS , THEH
REBERARMER, UAREEEAREL BHEBERBREAFZTERELE SRR,

1 5

m

AR :EAXARFFES T HTE (10102020) ; P EBFEARLH TEE X B (KZCXI-SW-04) ; S EB AR R I BEARESR
X I B 2% H (PLN0409)

7R B 18 :2005-03-14 ; ¥ [ F KB :2006-01-16

$—EERR . KFE(1979~ ), B, AHNPEHEEAKRFIRAEKAFRFTRLE, FERRTANRFARLE FTHAS.
E-mail : hfeng@ mail. uste. edu. cn



900 FEESBEER

EBVE ]

HEEZAALE (MBS K. BERR . G2 R
BEARS)BIN 3 AERERRS AN FH PR
EREOFERES A FTEREETFRERELA
ARZAEHWRE R R, TXELAANROTLRE
RERFEH B MM HAE TR WA R
WA AT LA R W R R A R

MF-LBEEHRHEANE, BAERER
BELEERL et RERNARE, BN FENR
MARSEH, X—HAHXRAL -2 REY, B
S, 2 F—2REHL R R R B AR, AT AR B
BT-FRHRY, AMOTEREAEHRES
LN REWH AL S EHNEL S ENEAN TS
B BRENEZANRARZANRAEREE
FART @RI TERERALRAKYE AL
FVEWEMERERAT, RN T BB EAR
BT B AR AT 6 O B SR A A 2% R R K8 R AL A
BHNERBRHER BEEEMH AN B AN K
fLBRZ EE MR T,

BRALNEAN HHREEBRIER KX, A—1
Bokm R WME, BB EY RS, BERR
KB BELRTUALE D IR pm ~om B
METHAS, B —%XARRAPREGHITH
43 BRI TR —-ENERFR, 6
BAMNMERKIALRER L — SR T —
ER TR, B R TLBR S B B A AT 8

MARLENT —E3 BEHOTEOH
R BEEMENLHAAEH K, WL
BHESRBANBERXALBRE E AR B EEOIE
A, 1] i B0 LB 45 g B 4R A (43 LA O IR S
BHER%E) RARZAKEBEBXRAN T #.

ML, A HRE AR BRIER 3 kKR
HE SR EBANEHERRFE, RET MK EA
A AL - PO 2 R A A B Rl T A 5 IO L BR S R
Wk, —BRR,ZANMTREYARLRGHE
RERZN, MEAdENEARERRERAR
FREH#HNRS, ARTUFESABERSS
R i A XA B, 3F B — RO AT LU R
BIMSEEHFER, OETB#— S WK%, H
RO TELEABNEAN RS 3 BARBIEQBER
REFEAN BHHEEABKAMEEHWEERSE
WREAUHTRAGEN, IR R0 — 248
FBo HRAMEG B M EE TR S b K
TRARTE R A SC (A LA P Bk, T 76 B 9 S ik 2B

EEREUHEREEROARENW, TRAE4
32 A PR s L R 2 T ) B X ol T Y R T A
BiER, ERERRBILREEAMFESH, RE
AENEENEHEERETANEENY, 4
SERERELHFLEEROTRRRBENLRE
BN, ER XM MRS REY, HE R
FRERABR—BEN  BURTSHT -
ERER, MBS —XBERWER S, WKBRES
BB G AILMEHD . BREFMFETYU
BB ERENBRZIE, HREEENRENE
KB TRAEANESE, BI85 BAN KK T
(ARG ETAREAM ER)RETARER
B/MHWERET BERHRE, A XERBRIR
“BAI” M ERZES R ;R REA
BREGK/NFIEE X R KB B A MR- %
BRGRE, AR R R B, 48 BY Ba X R 7R
FANBEALREE . HEIHER, W #— S HE
LI R 40 B R 43 A R B K B S ALBR
WAL,

2 ZBANRILE-P&EE

2.1 EAER
TEAHBARABEMNE X, ELLELR
T RRNEASE AR MFHOELRE, HE
M BB X, B R R AR, PR ARES
M—AFE NF3RSHR EOKETLUR
3R EILBI (2,y,2) RETR. RENT RAM
B AEREED = (2,7,2) KER. HAEBFHA
Z BB A ILE XN
dist(p,,p,)= (%, - %) + (5, -%,) " + (2, -3,)°
EBBMERT,EXRO N p,, BN R OB
i dist(p,p,) <R My H A, X MR H
Bo(p,) oA MNYFERMILIAME (M £ R 9 F
£),BMBIEN M, BABRKRTUZE XN
R B, (p,) REKAR, B AMNLE R Mg—1
FEAREM PHEBRFAE, XM L
BEK(M) N MEM ER—EpeK(M),%H
Yp B—ABKRIGHKL, WETURY, T4
FEW— peK(M) b p JeEMBARER—1,
M EREE—RWBERN M & ZMEE, R
BRE— A BRAR, AHROEERFME, HER
HERBRANT . TELH—PLFATRNES




w54

B 5. ZAMRIEAREANRAMETER T K 901

AF.EMEELNERERAXFIN,

BN EANBSREBE, REAROE
fih SR, T B JLAD R R 6 P R A <R B 3 B —
MEEM 6 MERIEE, 12 MR, M8 A
ERIER . MBFMERLER - SRR R
HIFF P, A EfREEN,

X FRAGE, B ERA - B E&Z
MEEEL. NERLERE, ARRELNFEFEX
MR, AAFEEN, ERET AN HHALR
B MR R A LA AL IR BB/ I 28 BR . A
ABAREL R ERPZNF LR (A 1T
Ao T4 HTLAAGENERERE,

1 FRAANEENER
Fig.1 The skeleton of a parallelepiped

2.2 FLiEANMRE A W %

BB ETUSHUAT AR

(1) IRBERRENRKRIR, RE_EXKE
S FEBTHE MR, ERE—E—E
BRI, ETERIHES, EXBMRENER
BB, KHE, B S HE d BT A R R RE R
BB LB, UHENERIRL, ERMN 0T
(EEEVRERES) ZHEKX, ERRB Bk
Fo BILBEEBAKN n, RXKRKERRN R,,,
MEHHMERER 0(n’ - R,,.)o BEEERKSH
EHm ARNERERELA, B2H5HTHER
BB T AR FE R IRE R B

(a) R=1

(¢) R= /13

2 EREHRTRRE
Fig.2 A discretized ball or sphere

(b) R=/3

HTRIPALDENFFIHE  EBREIBPR
iLE R,

BAMBERIABRFAIEBL:

OHEBERZAT HENEEHEERDE,
HHPSK 26 MERSEEE, ERRBIBELR
M1k, R AE D 26 M BA RS L RIERHE
R/ L ARBERRSE MNWE r@HE
sZSfEL  rE/NEIRE R S R IEH K R 2r,
FEHIBL =(r+1)’, F—AEBR2r L H
BRI EHBRREBRD/NTF r+ L H K
MERTREY BREBEEH), TEXRG LB
BAF(r+1)%,

@ HiEM rRENFR KK, B LK RKRK
BEBEFRRB R =2 +9" +7°, BHERTER
BEM +y +7 <L T, BEIREALREET
BB/ & +y 4280 P REIRABEAT
KBAK * +y +2 B0 G, MBERBTIXHEH
P UEHFHERERY S +9 +7 <F H B K B
L4y 2 WE L =F I RERAERD W M —
EREMBASHARG BRBRNEREF X
G P =L +1,

(2) Mg E R

LIRS R TA R ARBERRERUE,
HPE WMok 2RO TFE(MBE3IFIR). 4
REMELRSEEHNBERTHER. 8 TFHEY
HERIIRENILRSENELRC S tRFay
T BHEEFEEEX TR MR, BB,y
Stk BB E X LAY B R BRI 2K B 5 R/, K
FHR— R, XHELULHI R =0 5, BER
WUELET. ATMHRELENOABEERE, AXFA
T—NB8E%, P (2,y,2) B—FMHEBBROE
(%,7,2) B KR, MEBEHFIEHBR KR, U N
Fiit. XIEEXMNF—1TROE P, = (%,%,%), ¥
BRHR HEXRXE, AEEESERPHESH
R&M dist(p,p,)’ <R, WIKR p MR H B KR, IF
HEBRNEENREAERQEXANDT, MERD
—AMOE BB RER, M BRI, R e
ESEEPREENSEY . BEEHEXRTET
Fst BB B bR AS R,

HEEENE EELENEAT . E—1TROE
e EBH R MEREET —MRUEe, ¥BRHIR,
BBk, WA R, +dist(c,,c,) <R, ,BEFHKHELT,
FRRERI, AImAEE2 P RAFHRCAE (N



902 hEESEEER

L RVE:-

H3 —EBHOMREBMEER 1 HREY
Fig.3 The white voxel is a zero-radius ball include

in two other balls of radius 1

B4Fm)e MOZEIMERHVE,ER1+/8>
VB ERHAZARERCAE, KNMEHEAR
KEREER ER L BHERBH R, +dist(c, ,¢,) <
L, W] AR B R— AR A X R IR L

4 29 (a)B(c) e
Fig.4 Ball (a) include in ball (¢) of Fig.2

(3) BERPHREEXR

W ERE, BB TRRROER, ISR
KERRERRUER TEMLRERNER. B
R FERELWESY D LA B MEM X R E
B2 (8], BRI 7 B — P 4 B M Bk, TR
EBRKRZAMEERE.

X FRAHZRA TR, TELFBDHR
FEBRREROEBRIR, ELBRIE BAIRIH
BRRBIARZEMERXR, XERERPH
B—ATRAE—THERES. ¥TF—1¥BH
REERFY, REELELER 2R B AE KRBT
BT, BUFXHMERXRLUE, T LLE HR
ZHBRRXAACHMBR(NES Fim), HT
ZEARZEWRE, ®FELELERKER EERK
RRUK,BE R AR MR R AR
RER FZRHERREELREREEROR
e, X BN ER, W EROHERGENE A S
W RRES S, ME—NREZ BB,
BLX BB ] 6 8 X R BUE NEEER PR
EE )

B5 RBREKAMKE,BRCRRBHKR
BIYBEKE. KB CHRALKA MR
Fig.5 Ball B is a slave of A, and a master of C.

After a rearrangement, ball C has only one master of A

ZHEREBRT —MEROER, HPERAE
K RRESRRT — LI W RRAE, T B IR Z A
M X RUAR THRE MR, WRE-MERK
B TR IR SR i 25 ] A 3 Ak, T4 9 K T 2
B MR- BRE A BIAH, WA M EE 8
BRORATEAN; BEHA T B E N ERMER P
MR, RANBYTEILNEHOTLIF-FERE,

3 RAHENER

38 R B S A 1 BT 2R TR 0 B X T R A
THERTE20 #E 80 FRFHERERMY, BEF
07 EAR T R M 0 3 B O vk, B A R il TR R ok
B, AA NS R AR ESERER, WA FE#
NG BT LR CSG(constructive solid geometry)
MITEERNESE,

EXEHHMER:S = {pe R’ |f(p) =0},
He

fp) = ;f,-(l’)

EAURSAMHRBEWEM, HBERBOTHEH
& XA Blinn 145 %00k 3" . Muraki # “blobby” ™’ |
Wyvill B9« otk M %%,

— MK %, BB A e A FLBR 25 IR 9 0 R A
M SHEE, 2WRE XM ITHRER, X FRAH
FERBERRBRREEN, AXH LS FIHEE
BREHM R E R S (p) , 3 K XL R S
BR—AERNHRES(p) , BGHBE R f(p)
WEHEENERAME.,

HFRIE, TR E S R, X B
T 5 0 o R B G PR R BR 0 R B AT R
& MARBAMEZARERERIEY, &R



%5

B OEH ZANE3 RTLRZS 6 A ol 1 1 RO K 903

A ) B T E XM H BB 50 R £, # fy, BT of 1
K EIIENREEMREEBS, DHH S
BER S8 =fy +fa0 Eit—&, LT KR
FEXR U = (fD +f7) " ne R, B¥ n FikK
BHEMNOEEFX. BT ERSIBEFEPRER
ZEMEHMREANSEN, HERTREE RS, X
BYERE M RBER, AT ™EEE, N
W, BETALRE g, (745X P v Bl IE B 38 K
BB, FANELHT M EMER d. X f(p)FF
Xof IO B ol T B R R s, U BT I S R U B R R
g(f(p)) dist(p,s) <d
¢(p) = {0 dist(p,s) = d

MTFHEW e WEFEFFEH. XRM{TIAH TR
g(t) ="' , ERFEIMEMER d B » THH
HRERMEWHF. ITFEMERd MEB, R P
FRATHRENEEN dEH D(R),

BAMBEETURRY ()ELWERRI R
HERROE R, HEBERMRKB A, B
BRLF KRR S, (p); Q) EWMBRR i, E L
RERRERRSCEENHER, MR REEE,
WS (P)MS,(p)ME; QIRKBRBRAEENE
REALRQ);(REHA AL BE, KK
BUX SR B FEHE, I BB REEWNE,

BHSH—-BFREE, YRR ESBHN
LERABRER, AR KT RE ,HATLL
BRERME() S, HEHEHER I REHER
B WAL KSR H B S,(p). EHHERKREY
HED, EFELBHATREEEHDRNERL R
EBRXESABERHA AT URTFEBWELEE
iof T g

4 LBisiR

ATHRIEAXFTEOFERE FHAREAER
BRARRANGEREEFTER. XRH, H%
X B S TLBRZS BT 45 38 KR AT 2 R ARIT
PR U505 o X S A R B R KR, R B R ST B AT
ZRMBERRRMEERR; BE /B b EIHE
T Bt 23 1 ) B 2K ol TR o o

AT —A AR E A QKRB (128 x128 x
128 h g, BB Ipm) HTTHEELR, &
XHEET BT VC+ + TR, ERALHLE
B BRRERMEA S KRl EREHFFR, T

AREREREE. B6.H7THRHENTLRE
REER, EH6 HhERESANERE, BTN
HERENER. NETHULUEH, RAFX T %
RERAURETARSEMGHEIER, TiELLH
& R E BB R,

6 HEMHBIRE
Fig.6 “Super ball” set before modeling

H7 BREHERER
Fig.7 Reconstruction image after modeling

MAERENARZRNSR, 7 L#—23
REEARARLBREMBER, A0 5H AR
BERREBEME X ELBEHRE HETH
HEARENBER,

R1 4ERNEMINBHARENSERILY
Tab.1 Comparison of effective porosity and permeability

HRARE BEX
R G R BUE ¢ =0.178 K, =0.075pm’
AL B E 0 B ¢, =0.171 K, =0.066pm*




904

o B R B R

128

KEMBTBBEEM Kozeny AR K =
Go'dy/ (1-¢)’ HFHRAFHEANREHF
FEREE LR, B ENRGBERINANK
FLBRBE R AR K, v 1645 21 6 I 3h 6 Pt R W, BT
LATE Ab 380 550 45 1 L BR BE MK 8 8 R B9 1 DL B, AR SCHY
HERA— R,

5 & it

AR T F A AL R-R AR 5 G X i A
GEMARBREFANRMATERK T, BE
ENBTHR“BRKR"HITHERRIAREGH
B IR 3 4R BAR P A FLBR S 18], R ML AR |
WEZANRLF-MERRK TS REHET LR
AMEH LB, FHAAEREHMEOERL
B, SMBAMANREITAMNESE, BH T2
Ho XRERXY, EREMMELE LR,
mIMEWRETH . NEBB AR ILRMS AT
ERE, WA BTN S A RN T 28 A 5 2Kk
RETRE,

F5b EERHIBRET , h TERHZAN R
PR RIE AT AR K, B R A SO B
i b, B A S s MR FR R 3R AT 8 F Bt i iy
L AT A KA T 8 R, (B R B B
Bt —F B,

$ % L &k ( References)

1 TANG Chu-nan, FU Yu-fang, ZHU Wan-cheng. Numerical
simulation of failure process in short fiber reinforced composite
material[ J]. Acta Mechanica Sinica, 2000, 32(3) ; 373 ~378. [ /§
BE BT R GARHNBRAVHBESR I RHRAEB
I, H%E%#R, 2000, 32(3): 373 ~378. ]

2 GUO Shang-ping, YU Da-shen, LIU Ze-yang, et al. Study on the

10

1

—

12

1

w

14

Voo cal
4 B!

characteristics of porous flow in bi perimental studies
on the porous flow of biofluid in rabbit kidney[ A]. In; Proceedings
of the 2nd International Conf on Fluid Mechanica[ C] , Beijing,
1993.
Brunauer S, Skalny J, Odler I. Pore structure and properties of
materials[ J]. Academia, Prague, 1973, 5(1); 3 ~26.
YU Bo-ming. Advances of fractal analysis of transport properties for
porous media[ J]. Advances in Mechanics, 2003, 33(3): 333 ~
346. [Rp{E%. FANRBEEENAIERIHERI]. hE¥EH
B, 2003, 33(3): 333 ~346. ]
Qen P E, Bakke S. Process based ion of sand and
prediction of transport properties [ J]. Transport in Porous Media,
2002, 46(2-3) ; 311 ~343.
GUO Hong-hui, PENG Qun-sheng, LI Jie. Modeling technique based
on media-ax is and metabsll for vessel biomedieal structure{ J].
Journal of Software, 1999, 10(5) : 455 ~461. [ B4 IE , W B4 ¥
H EFRAAWPH-TREB R[] KEER, 199,
10(5) ; 455 ~461. ]
FANG Xiang, BAO Hu-jun, WANG Ping’ an, e al. Implicit surface
deling based on general skeletons[J]. Journal of Software, 2000,
11(9): 1214 ~1220. [ 1), IR %, EF K ¥. ETEEERW
BAMEERER]T). KEER, 2000, 11(9); 1214 ~1220. ]
Venl Arun, Lindqui

throat size distributions

W B, Dunsmuir ], et al. Pore and

..
-l

d from synct X-ray
images of fontainebleau sandstones [ J]. Journal of Geophysical
Research-Solid Earth, 2000, 105(9) ; 21509 ~21527.
Jonker P P. Skeletons in n dimensions using shape primitives[J].
Pattern Recognition letters, 2002, 23(4): 677 ~686.
Blinn J F. A generali ing[J1. ACM

Transactions on Graphics, 1982, 1(3) ; 235 ~256.

of algebraic surace d
B

Muraki S. Volumetric shape description of range data using blobby
model[J]. Computer Graphics, 1991, 25(4) ; 227 ~235.

Wyvill G, McPheeters C, Wyvill B. Data structure for soft objects
[J]. The Visual Computer, 1986, 2(8) ; 227 ~234.
Bloomenthal J, Bajaj C. Introduction to Implicit Surfaces[ M]. San
Francisco: Morgan Kaufi Publishers, Inc. , 1997; 178 ~178.
Bear J. Dynamics of Fluids in Porous Media [ M]. New York:
American Elsevier Publishing Company, 1972 111.




