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Abstract By applying electric imaging logging equipment for different kinds of fractured-vuggy carbonate oil reservoirs, we can
get high resolution images of the borehole wall. However, it is hard to acquire the information of the fractures, solution pores and
cavities accurately on the account of the lithology distribution randomness, the media heterogeneity around the borehole and the
intertwining and adhesion of fractures. Based on the incomplete path opening and tolerance operators that remain flexible enough to
fit rectilinear and slightly curved structures since they do not depend on the choice of a structural element shape and the advantage
of a sinusoidal database that can fit the fractures precisely, this paper proposes a new method to intelligently identify and extract
discontinuous fractures solution pores and cavities from the original electric logging image data by using multi-scale incomplete
path opening and tolerance operators, a sinusoidal database and a second-order moment ellipse fitting method. First, the opening and
closing operation of mathematical morphology is adopted to eliminate the noise of the electric imaging logging data. Then formulas
of incomplete path opening and a density clustering method are deduced and analyzed. The incomplete path opening parameter
sets and tolerance operators in different directions are applied to trace and separate fractures and the density-based clustering of
applications with noise is introduced to classify these separated parts of fractures that are in continuous or intermittent bending linear
structures. After the comparation of results of bending linear structures fitting in a Hough transform and a sinusoidal database, we
find that the Hough transform is only appropriate to match the low angle fractures while the sinusoidal database method is more
accurate for high angle fractures or in fragmentary condition. Apart from that, we can get the phase, amplitude and depth information
of these fractures by the sinusoidal database method. Finally, the second-order moment method is used to determine the equivalent
ellipse of the remaining vugs and the vertical-horizontal ratios of vugs are obtained. In order to illustrate the application of the pro-
posed method, examples of numerical simulation data and oil well field data have been tested. According to the result, intertwining
fractures and vugs are separated successfully, which demonstrates the effectiveness and adaptability of our method in application
of electric imaging logging data. So the proposed method offers practical support for the precise evaluation of fractured-vuggy
carbonate oil reservoirs and helps to raise the level of recognition to the distribution of fractures and vugs of the target layers.

Keywords
sinusoidal database; DBSCAN; second moment ellipse fitting

electric imaging logging; identification and separation of fractures and vugs; incomplete path opening operation;

doi: 10.3969/].issn.2096-1693.2021.03.031

0 5l

R PR R AR R AR5 R B P A2 A o LA
K, NEAMBIKE, BRIRE LR IFR™ Hn]
IR AR BRIV B A 0™ RS e A U0 B U
PAEBRE , XA R BB R LR )= RO BT 2K
HE L AR AN T EAAE SR REE . 2R
PRI b R A 2 L FLIR 2 v, A R A T
A AL MR AR RBE . AL IR LB
Y REERUNFEAAHEITY, fLIARL, 28, fL
GERY | LA S G RO PRI OO TE R fhy T
filf = A S 2, 48R B USSR S AT A7 A 22 7 T
BOMERSL, an, k= GRS HERG IR AR oA ROT
ik, wRESEAS E R RN RO k. I, 5
PR R A i AE TR [ SRl S50 A

SE TR R I AR S KA BEA NN L. 25 |
ili 7 e A i 1B AR5 07 14545 RLLD/RLLS
HE, 2N SRR B Al VR R, I LA Dt
JE SIS RS IE T, A S5 A P B B 4
Pk B HUR 2 M REE AR P LR B AT 1 BN e

HTHER, KSR 2 AN ] AR B B 2488 AT T 4R,
PO IR K2 Rl N W N0 =S T B E R/ )| N7 S i
TR BRRE DA AR A L T 28 e B TR A A A IR
R ER IR R T AT, KR LRSS 2 B
B, IFNHE RSB ERA R — AR R 1,

P S 500 X i i 2 6 TR AL i J2 1 PR A T A
T T2 T AR A R B 2 i G, B N A AR R
MRS AR KR TIFZ U N T ¥ R4 AL IR A
FETT T XA R IR AR S8, B DL Wl Yy
Delhomme B 56 & & 1 AR B IR 1, X ] LUK 4%
HIAME B ok, (RIS Y AL 5% Fr 7E TR B2 B 15 Hall
SR {1 Hough A8 41530 1E 5% 784 1Y) 44545 )8 R HiL ot
A S, AT A I 5R A A Y i 2 AR WU T BT
AR U2 g R A ) B IR il R TR R i 2 T Y
g%, i FMIINH: PR (T R BRI,
ST REETR PR EESE A, X R R AT Re bR T
FWPEAN S, R0 T IR I A A SRR T A
TAEEI SRS A S E I, T s )z)z 8
BB BRIz A, N TR BRSA LA U Sk )
7 FH S A A B ok i 2 e R R AR I, XUE



382

FIMBLEER  20214F9 H 6 B 3 )

Yongchao 55 "V FH 53 14 53 1k 5 A 48 I 45 245 G X 22 Fil
DI GO T Ab R T 52 R ALEE ) . AzimPO 2 —
s PR = P 22 I 28 5307 (ANN), FIJH Fortran 15 5
ST UG AR BRI it B2, 51 5 IR R
FHL B 258 B A5 S A e i - it e 25 1 80% 1 M Il 4k,
20% AR, DUMOR AN 32485 25 B2 F1 23 JE P A~ 4
FE LR SLAETETT, TN 2 B RE R ) = 4R AE Sy
T, ARk iEaE U 3L T TensorFlow BY % E L4y
HI# A DeepLabv3+ X 28 i Labelme T HAr i J5 1 5
BRI TR Z A BB EL, ORGSR, AR ST A
TARREATERS . AR HERMZ 0. )2 S50T
. fith)2 SEAEFLIR UM SE 4 AT E2 87 1) A 5 R
ARFEAT TP ML GE 2, SR, H T 32 2 24 b T A
AL AL, SR EMR AR TR [ 3 AE
T PFIAIAE TS 22 RIME, 91 G052 )23 BloopR )1 Y 24
LE AL PR A2k, X HE T s PR AT 3
PRI X
AR B AL S F A IS A R/ R T
SR [V RN 13 Y et A BIER A DN Ol 11 [ SR T RGN A £
e, B TERBARIE RS . IERRBUEEIA M
B 510358 T KRt = R T R R 8 B S S R - B T E U s
ERKENBARE T AU FIE X R BSR4 58
O REE SRR ER T, T T —Fh A e AT
BEERL IR RS ST R A8 S8 B LA
WY A SR il LI AT R LA I AL Sk
FAEIITT R . I RN G R ik B A R A
BT T 1 FH T 5 9 FH 22 1 04 S e A5 i
WIAAIESE T3 0 ks B A 350k o

1 T HRSRAEGIERZE TR SR 8 A
25y ity Otsu Lk

TEIX — 03, W IR HE (Otsu) I BE R AL 4R 15
(1 FMI K rh [ 353 25 2448 FISLIR 2, Otsu 315 19 2
A RAE SR AEE — D BE, IZBE T A R 5]
AR I A REAR T LB 5 o0 MR oy, ELPTRR
)5 22 R BBk
mE 1 s, Bt TN EUR G, ESE OxRIGR
P ANV
G={g(x,y)|xe{l,2,...0},ye{l,2,.,R}} (1)
g RATLE (v, ) ST RO B 0 B A 3
T A 32 PRT ARG 2 L DX ) B I A ] ) ) 1k A5 e
DR R 53 0 B thresh, B8 AT LA EE 53 18w

BT B J5 2 o*(thresh) ik B K, 28R 0 BARSZ LN
K1 R

XFF Y SR GOk L, T LU S {H thresh 1
R ENNSIE ., & T thresh TR R SREN 1, %
1R ZR RO N T I RE S A WL B 4, AR T thresh B BT
ABREABERN 0, ZIRFR SRR T HBE S A 1 244E |
B ALEOR R Ay o X — i AR, K SR I R
BHREAE R T 0-1 ZABARE . K] 2a /2 S5 ih B 243 1
R, 1B 2b R A T /N 5 s A T SR A (A S (1)
55 [ 2¢ g2 Otsu 23 F 5 19 2448 | ¥ b AL 331 (5]
1. I RTLAE , 4% B ihfLR v LU A 5
TR I3 S S o

2 AR RIBAFEERDUN DTk

B 2 B 7 B BRI I L S R P R P s L ECR
PSRBT R 1 T REAF A RO RS A D LR, fn ey
MK SR AU A 228 R e AR
DN H- S ) J2 PO S PP ) B AT 55 . SO SRR
I 2R TR PG SRR 3 S 0 B A TR Y
Jik IR

21 ETEEBREFHRERS

AL S SR GBI B 2T s AR,
fE T2 SRS B R J7 1 Bl i
REMME . WER—PEMWRMES, UEER

Grey value g(x,y)

o

E1 OtuHETREE
Fig. 1 A schematic diagram of Otsu method



H T EEARIE A7 FIE 5 pRER VT L Y L AR DN A8 [ Sl -5 0 7 ikt 383

MEALE . IS MImIE SRR “ 7 R X—1
FEX ST N2 LA K, BARHL, x> y RN
— R Mx By AR, W x>y, SEFRY Ex Y )5 4k
WA, oy IRTER S XS TR 3 A R
by. by by sEaIFTIK T 55, ai. ay. as LAY JE 4K
Mo EI3HATLIER, #ikFommiGiaCRMeE 1y
RS S B B R T R NZEZ= AT, Gl 450,
0°, —45°, il i & 2R 1 BT A R BR T 45° RUAEEL,
AT DM RS, 76 FMIEMSR Ho FZ O ik, it =5
S R G FR, AT LAHLSS o (8] LA A] () 5 ) 53 3%
K, PR SEBRINGORHEAT I SR

WA AE— 23 (0] 53 A G5 R 1E 8 AN ) 419 1
B, AT AR R 4 PR mikiE R, IBatHd
SR Z XA FTE AR B N LI FE1E. T4 8

1) 180
FhE(°)

B2 () RIEKEEREREE; (b)ET/NEERSRETH
HEBRERNER; ()Otsu s Bl FHILERE &
Fig. 2

Electric imaging image interpolated by means of wavelet

(a) Original electric imaging logging image; (b)

transform and fast matching method; (c) Fracture-vug image

separated by the Otsu method
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incomplete path opening method
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Fig. 11 A schematic diagram of DBSCAN algorithm.
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Fig. 12

on two sinusoidal curves with several intervals. (a)First

Results by DBSCAN after using incomplete operation

direction of incomplete path opening operator; (b)The result
by using operator a; (c¢) The result of DBSCAN on b; (d)
Second direction of incomplete path opening operator; (e)
The result by using operator d; (f) The result of DBSCAN on e
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Fig. 13 Results by DBSCAN after using incomplete
operation on two sinusoidal curves with several intervals (a)
First direction of incomplete path opening operator; (b)The
result by using operator a; (c¢) The result of DBSCAN on b;
(d) Second direction of incomplete path opening operator; (e)
The result by using operator d; (f) The result of DBSCAN on e
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Fig. 14 (a)Three incomplete fractures; (b)The reconstruction
fractures using Hough transform; (c)The reconstruction
fractures using the cluster of sinusoid; (d)The parameter
space of Hough transform; (e)The comparison of Hough

transform and the cluster of sinusoid results
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Fig. 15 The reconstruction results of every part after DBSCAN
in Fig. 13b and Fig. 13e
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Fig. 16 (a)The electric imaging logging image after denoising

by mathematical morphology; (b)The first separated fracture

from a; (c) The second separated fracture from a
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Fig. 18 (a)The original images of coins; (b)Enclosing ellipses
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Fig. 19 (a) The original electric imaging logging data; (b) The extraction by incomplete path opening operation with L=40 and

K=5 of the blank area interpolated data; (c) The reconstruction fractures using Hough transform; (d) The reconstruction fractures

using the cluster of sinusoid; (e) The comparison of Hough transform and the cluster of sinusoid results
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Fig. 20 (a) The original electric imaging logging image; (b)

The binary image after using Otsu method; (c) The extraction
result by incomplete path opening operation with L=30 and
K=5; (d) The extraction result by incomplete path opening
operation with L=56 and K=0; (e) The extraction result by
incomplete path opening operation with L=56 and K=5; (f)
The extraction result by incomplete path opening operation
with L=56 and K=15
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Fig; 21 Results by DBSCAN after using incomplete
operation on two fractures (a)First direction of incomplete
path opening operator; (b)The result by using operator a;
(¢) The result of DBSCAN on b; (d) Second direction of
incomplete path opening operator; (e)The result by using
operator d; (f) The result of DBSCAN on e
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Fig. 22 The reconstruction results of every part after DBSCAN
in Fig. 21b and Fig.21e
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Fig. 23 (a) The extraction result by incomplete path opening
operation; (b) The first separated fracture from a; (¢) The

second separated fracture from a
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Table 2 The parameters of 20 separated fractures.
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Fig. 24 (a) The binary image to Fig. 19 after using Otsu
method; (b) Fracture separated from a; (c) Vugs separated
from a; (d) The equivalent ellipses of the vugs based on the

second-order moments method
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