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controls the initial production capacity of the oilfield and even the distribution of the remaining oil in the
middle and late stages of development. However, at present, the characterization of the pore structure
mostly stays in the core scale. To up-scale characterization of pore structure, pore structure types of
cores are divided based on pore and throat size, fluid mobility and physical property parameters obtained
from high-pressure mercury intrusion, nuclear magnetic resonance, and conventional physical property
analysis experiments, and are used as learning supervised samples. LDA (linear discriminant analysis)
algorithm is used to excavate log curves sensitive to pore structure features, and a nonlinear log
prediction model is established in collaboration with SSOM (supervised self-organizing map) algorithm
to evaluate pore structure of low-permeability sandstones in the fourth member of J oilfield in Bohai Bay
basin. The results show that there are six types of pore structures developed, among which,
microfractures are developed in the type [ pore structure, which is characterized by low porosity and
relative high permeability. The type [l pore structure is mainly developed in fine sandstone and consists
of residual intergranular pores and secondary dissolved pores. The type [l pore structure is mainly
composed of secondary dissolution pores and a few residual intergranular pores, which are common in
siltstone. The type IV pore structure is mainly composed of secondary dissolved pores, and pore-filled
carbonate cements are commonly observed. The type V pore structure is characterized by extensive
carbonate cementation, and the pore system is dominated by micropore throats. The volume fraction of
argillaceous matrix in type VI pore structure is high, and the phenomenon of relatively high porosity and
low permeability often occurs. The overall accuracy rate of the LDA-SSOM prediction model attains
86.20%.1In terms of the accuracy rate in blind tests, which stands at 82.67 % , it outperforms prediction
models like LDA-BP (back propagation) (77.00%), LDA (65.67%), and SSOM (73.33%). Moreover,
it is capable of fulfilling the objective of escalating the research scale regarding pore structure.

Key words: low-permeability sandstones; pore structure evaluation; linear discriminants analysis;

supervised self-organizing map

FL B ZE A4 U0 39 AR OC A 78 45/ . H AT 3 2 A 68 R

0 =
5| BT PR B AR M 4R Sk D RS S Rk SRk vk

i TR B 10 AT iR 23 A 32 B DU AR F
i POREN B S RD WL E PR iR R AL R NS
AP RS B AD  5E B  H RLRD 5 A (6] 1
5 FLBREE A DL R Wk S5 5 A W) B AE L B A L B AT
FLIGE RN CROK — 2R 900 FLBR 2R B 24 SL R 25
ey 52 2% L% LA ROUL AR 189 P ik S5 R 0 FLBR S
LALPE SUPRERTE St IR R SIS Y P
BRiB i BE 1t xR 2 1 % 2= R A o A Bf
TGN TR R A 22 S OB L B A
I3 A i A S il T B R 8O R B R
SR TR B A R L B A R K O B B
LTI BORMETEAT BR 7 205 B A BR A 0 58
BT R AL B AS R R A S ROBETH AT

R Bl AR I A AL B 45 R Bt S J50 O T A
TR SR (R R R R T R kA

PRI L TR B B A FLBR A5 N 2
% R T UM 1 22 4 DU G AR 42 32 300 1Y)
JE S I 25 RV il A5 B OE VR S IS I 3 T
23 L B 5 K ) Al 28 5O D b e T A
BUTEARS 35 1D e FL B 235 4 T80 00 v (3% 3 FH 4 el 4T
PEAETE R

Sy T AR B E LI I R AT L B 4 A R T
KA SCH 26 1 #5143 B (linear discriminants
analysis, LDA)FIEMLE H 6865 fi KRR B i i AT IX
G FL IR 25 R 2 7 0 0 S ol £k L O ek O fL B A5
KA MR A A 2 Csupervised self-
organizing map, SSOM) i 5+ %= > #ff 78 A ] 25 7l £L
B 205 4 19 = e 0 e i 07 2 5 R AR S A ST I L B
S5 AL FOUI A Y G S 3L B 4 AL R 110 RUBE T2
Xf B ARG 204 2 PEA



300 WOMROK 2 G Bk OB 22 O % 55 &

1 B0 FLEER

RS EHBEHE

TIF 5% B i oK 3 V6 VS 2 T S VD D B R
VR WESTUAR DT AR 0 S AR 2 A 3 M AT L B
[ kg b AR . MR AR L B AR AT 3 BRI 4y S A D
CRiAE N 100~234 pm,F3 172 pm) DA CRifR
H 50~100 pm, -3 87 pm) YR TR D 5 CRiAE Ky
10~50 pm, ¥ 31 pm) =R e, Bk EA G
HRORLEE TR 5 43 R B0 A O, A DA DB b A
PRI AT CA AR 73 R AU T 2.5) 1 e B Ky
0 G R 47 B 43 36 22 CA AR /P RBOKT D
WHERE . WA 5 2 WORE ) 24 BUREAE W S
HNEARMUEBRAD S I E AL EKAD
wMK A A E A A SR A ME D R )
B, N 15.0% ~62.0% 5 K A7 WUk A B2 Kok
Z N 26.0% ~45.0% , WIEH K A MK A58
WOR AR TR Bl 7.5% ~58.0% , 3K 48 B A A
o SV E B R

IR TE 2 200~3 400 m 2 8] (] 1a) , T3

52 T A SR AL R SR B R T AT LA
F B ORI 52 1 HES UL 22 8] B 2R 42 fk YRS T

1.1

a ABEFE/(10 um?)
0.01 0.1 1 10 100 1000
2000 m -
s ¢ wv 4 b
2200r :
2 400r
£ 2600
K
oy
2 800r
3000r
3200r
e .

3400~ <Rz iE )2 —>

++RFMTE oo KibE o o diib A

25 A2 T2 LA e B 2 5L 98 (IR 1boe) . BR T AL
Al SR A i TR R T 4 A A 3 R )2 A
R EX iG-S S i RS G WD EF
FLBR T OB PR #h IR 45 90 (& 1dLe) o B33 i X
ik TR 5 J2 45 W B B I (] B O RS TR S PR T 1A
LA A B A S ROURE L T P R 45 4 S T 0 %
HE— P ML S A T (R S8 ) BU R & 7
DA A AR TR B 1) 35 U5 O Dl )2 ot 5 9 A
T I L Bt 7 T i IR R I 245 ) A 85 A B I L TE
It 8 Ca® " BRI T AR E 47> (R A MBS 7
JB ) B Tl A DAL T 8 2 7 A I Tl R R
Beal M = BE . £ B i, 52 HLeE 1 52 4 FH R Bk
R A5 VR I 25 6 52 0 L i = B 1R AR FLAR B 1Y
R A E TR A S AR B O, 2% S M AR R £
S5 BB E LB S5 A S % L 68 TR A JTOPE A e
K.
1.2 REEMEAREHERERRE

XF T HBA IR LB R AR 2 S AU AL
Wit J8E wfE LA S i G LS R R B T RE L e SR T
(R R R N P ST NN R S NS TER S
RIRS OISR SN SERIRCE o) Rl 92
o o A B I IR 26 R A S5 e AL B K N B AL B

a. ZRBBERGHMWR AL FR b, BORLE 17 HE5 0R B R A S 245 Mk, 135 9. 2 524.3 myc. WORE MRS = 8F 2 AT DL S (B2 4
J37 3,3 169.6 md. I i SRk FR 6 e 45 1 AN RL A5 7 , 151 F .2 728.5 mse. T HIFLBR T B 07 i 0 e 2454 . J51 - 1 9,2 687.0 m,

1
Fig.1

MERRESBEEERE S

Genetic analysis of low-permeability reservoirs in the study area



513

£ .% & T LDA HhE SSOM 5 i i 5 & 10 & LB 45 1 P

301

A2 R R WL AR T Bl 1 T R Bl A AR RN BE L R R
JUa 4 B 8RR A B R iz ke 7 R 7 A 4 B M o 1Y £L PR
JE B3 R i BT R 5 OGS B S fL R 4
FTL RS R BD A LR G5 4T 025
Hr 25 I HE LA B ER S REZ LN
ST R S S B TROUR L PR 45+ 5  OLAi )2 T  EK R R
R EZESH R T LRSS A 2 A R 43 45 R
FE A% B 4 i 20 3 A< R SRR, S T R R
WL 5 325 28 it J2 b B i BIORN AR 7T Bl 1 2 880 e
FEIX LR A 2] 53R 6 28 (3R 1,18 2).,

T ZRFLBREE #5248 1) e & A 0%, LAY I 5
F/N g3 A i 2 2 0 O EE FL B I 4% (3R o fL B+ 24
) AR IE (B 22) , HAT B i 1Y% )23 o BT 48 20, 0 R
PR ARSFLARRT m B S . WEIUAD 2 rp AN ) RO 2
HEWAEAE TT LUGE 2 33 R 48 FHEOC Bl 9, 10 2 st
it )2 b 0T L (L T 24 4% 10 IR 45 O A KSR ELA i B
e 3 M A 2, HLF T Xk = A5 I H 58 8k, A
W EBI e Z B ER A A B ENREEN,
TRt J2 LB B 52 M 3 /0N o R T 25 0 i L 4 A 95
MaoWEEE | BRI EMKEBTMNE. %R
B2 B 149535 % K T 30.0X10° pum®, LIRS
TEENEE K 5% ~ 30 Y% 145 43 A5, Al 3l Uit 44 1 1 B 3l
W =>65 20, HF A A B v i Bl AR B v (R D)

Il ZEFLBR S5 A =B & & A XL i) SR 2 A0 i
0 AR A T AR R 7 AR R R A T il LB
(FE 2b) o FH X RELRE 18 A 465 ) 4 75 11 S FL B 25 #4
Wb 3 AHPTH SCBE ) 55 o 4L A B b i A e (] L B
EVAERAT S AL T8 KL, i — 2518
KT LB R0 i 3 K /N, SF 206 B 2E AR R 2,000 ~
8.000 pm, i 2 B T WEIDLAD A 1 L Bt I 2% 3% 5

(F 3a) ., 783X B AR X HLURL B 10 5 v i G AR 4 K
R 5% 5 A AL BRI AR I LR B T B LR &R
gt. I KALBR A 5 [ 26 AL B a5 40 5 IV 2 LR 45
FAE LE o FL IR BE I AN AEAE A i 22 S5 (HL 1T 2R L BR 45 4
ELAG T 5 98 38 230 R0 O A ) i )23 ot B, X R R
T LR 25 1) L Mk 3R 48 9 R L 0k I 4% (32 B2y
B AR ] FL BN R AL B 47 5 BB AE XI5 7 4
A TR AL R AR A TR T
22 1M 9 11 342 30 % A2 DT 7 2E 7 00 B i 2 4 BT (T
3a), I BALBREE A8 35 23l % =>20.0 X 10 pm”,
FLBREE AT 10 % ~30 % Z [8] , W 2 3 A4 48 1 BE A 1
5% ~T0%2Z M (FE D,

I 26 FL B 45 4 3 25 % & A AR X & 2 b4 (2 ~
6 m) Y T JE [m] TH AR 5 & 2 B [l i 348 o b o v Al 4
JHE TN T2 6 Je2 485 0 1) AR B A B B A o I T
FE 200, ARRE A S 1R 58 AV E AR
FALBREE G h % 2 F LB T IR AR AL FE AL
B R G, Bl T 8A KA Rk TR 56 I 45 W 1 70 B4
FH o /0t 1) J AR b ] L Bt A5 DUGRAE TR AL T 3
B % T FL B AR (R 3b) . AR A Y O I ik AR
FHARBE T &0 KM Sit ¥ BRI, 5w a5
AT YA TN R B G R LB 78 A i 08 1 4 B IR A
oY RSN N o A € (A | e~ N AR 9
4 U A 5 LRI/ g A ] F LB ) I 2 A S B
1~5 pm, FEH K 0.100~3.000 pm, H Ak 2 Pk 5
A LR E AT 10% ~25% Z 8, B &R AN T
(5.0~20.0) X107 pm® Z [8], AT 3l i M 400 T BE Ay T
35U ~45NZ M (FE D,

IVEALBREE M F R F M A i A i
e 12 6 e 245 ) 2 2 2 AL R e L R B A Bl — e/

x1 HEARREEWEFLRERERL 5
Table 1 Classification of various pore structures in low-permeability sandstones of the study area
7N FL B K 3 ok TR Bk
Lo BER/ ik 2 2 SN/ - 24 3B RECEIN LIEIRRES
ES e/ % , ‘ I3 4B
107% pm?) iR A A2/ pm F2/pm AR/ pm TLFIE /%
1 5~30 >30.0 1.50~6.00 2.0~2.1 =>65
Il 10~30 =>20.0 0.90~3.00 7.00~20.00 2.000~8.000 >20.00 2.0~2.3 45~170
Il 10~25 5.0~20.0 0.50~1.10 0.50~15.00 0.100~3.000 4.00~20.00 2.1~2.3 35~45
v 5~20 0.1~5.0 0.20~0.60 0.20~15.00 0.040~2.000 0.50~10.00 2.1~2.5 10~35
Vv 2~15 <<0.1 0.03~0.30 0.02~5.00  0.008~0.300 0.01~0.50 2.2~2.5 <10
VI 3~25 0.1 0.04~0.20 0.02~1.00  0.008~0.100 0.01~0.50 2.2~2.8 <10




302 W

MR RO 2R B 2 O

% 55 &

a I R ALI &

b 10 2 FL I 45 4

SR K /3 A 2

2R O AR AE

S5 O R AE

St TR W 3 K/ 3 A i 2

40 - H13£3024.6m 401 o A19:,2596.8m
< 30 S0 ®AUR259%69m
§ 20 E 20
& 0 & 7
& 10 & 10 -
=gt Rt
0 0 :
0.001 001 01 1 10 100 0.001 001 0.1 1 10 100 ) - R
e 1 %42/ um L R
e ¥ 2/ um R A1J,2596.9 m
¢ I 2 L I 45 1 d IV LB &5 g
IS iy N N 1 2 ‘ 7 B0 R IE ERS NN i B i T A R IR
2 ¥ ‘w('v X ‘
40 + J13£,2598.2m 40 D
. [ 2 H27+,2599.3m
L3 =IIF25985m 8 ~H2E24342m
& +J19£,2599.2m =30t
R ’ L
=< 20+ R
g | \I-_Tlé 20
Z 10 | ¥ T
= a% 10 -
= | =
0 L L1 Tl ol a0 Ll gyl # [ ¥
0.001 001 0.1 1 10 100 0=
) \ ¢ 0.001 0.01 01 1 10
BT J13F,2 598.5m W3 42/ um
V RSB 45 1 f VI AL B 45 4
i 7R 0 K /N 43 AT i 28 S TR 0O R I S TR W K /N a3 AT i 28
S
40 SR : 251
I < f
- 20|
304 12352 685.5m & [
= § +134£,3031.6m v
=T +J24F,2687.5m RI5F SO o,
R,0L ’ =} «J3#,3031.8m oy ‘
D’ 20 = E)
£ ©J24£,2687.9m 10 J3£.3031.6
10 ! B
- —
= T = T L
0 Ty 0
0.01 0.1 1 10 100 ‘ 0.001 0.01 0.1 1 10
W 38 - 42/ pm {od I 18 2 42/ pm
123F,2 687.5m

2 MIREAEXEBFLIEGEEBIMRE K/ T # 2k K R0 45 E

Fig.2 Typical pore-throat size distribution curves and microscopic characteristics of different types of pore structures in the

study area
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Fig.3 Differences in pore network connectivity of various pore structures in the study area

R AEE R,V R AL WD A b i oK R R
bR 2 TR AL IR 3 R MR, 5 B 2 L R AN
BERN T E I I RILBREE R LR R S h
FLUWE 5 MR 2 AN T 1 pm ME LU B
35 U I A2, A5 68 2 198 B RARAL, S AN F
0.1X10"* pm” , FLBR P FEA R AR (R D,
VIZEALBRZ5 M 1) & B 5 DR SR FI i 5 i 41k
HAEHBMWXR B LEBEAEPUELROIENE S
Yo 4 3k | 4 3k 25 R0 B B A i b A b (L 2D, 3%
FEAL BRGS0 A DU SRR 1 55 L HEE B A A R
AR R TP FR R S 08 2 25 A %% S S B, A T A
JESEARE M BOR LB S M 2 A, i AL R
58 ey vORE ] L BRI UK AR 5 FLAE B4 VR T v AR AN )
W, oAb b2 i = AT A A BT D0 E Y T i URL R
T ROk 22 18 Z2 96 26 0 W e BB | R T I 45 1 F
HAREE. TR ERE, VLRSS
A FL B 2R 0 308 K R AE AR B b ) L g
YR, Foe R MESE A28 % /N F 1 pm IRST 1 TEFL I
F 2 HFLBR R G 1 B A W PR AR 2%, FLBR R Gt Ak
AR, FEBBERFE /DT 0.1 X107 pm® AR
T REWATH Lo % b AL B F 7, 5 A 1L
B AR AL 35 K AR AE 3% ~25 % 22 8], H H BEA X
LIRS, FLERN EZ R REK (R D,

2 MHFLBRESHTN T E

A TR) 26 10 £ L 235 ) R 22 S PR DO RS A R
ot LB T AR 25 A A R R 45 2R L s B 22 5
fR 5 A0 LR e ) 2H A I SR W 1k LA S £
Py B o, T X 4 2 BOHR A I it 48 B BT e
R DR o AT LA 2o 45 4 0 2k v e 48 S AL
B 235 A A 1) i S A S 0 S T A Y S T A O

JRUBE (1) L B 285 1 R AF T 9 380 I R
2.1 ET LDA MEERERES T

WF 5T Hb I {68 00 - 55 40 240 0] 4 2 850hs AL
TR T AR WEAL AL BE ., DL AN R0 A5 R
AR R 25 5. BT R AE O T Ao BRI AR £,
HARTR 2 50 I il 2 B i 5 AN T 8 A £ 6L
P e ot VB TN & B | I | (07 s = <y L
FLBR 5 M SR, Jmi 23 PR oA iy A RE A 1) 2 () 2 5t
o T B 5 3 22, 2 e T SOR . LDA 2 H AT
12 1 R — A RO AR A e 2 T k. 5 F Ay
S0 B SRR RA B R Dy 22455 T ) i G W R 4
SEBEAN TR, LDA S — il 35 T 56 50 R 09 W B I 4
Dy B AR E T TR RR 0 R KRR B A T
X3 e 5 43 2H A58 1)t (A5 A 200 28 1) v 2
FEATEZ I B b 0352 [ R 06 1l 12 S 90 70 21 =2 (6] 1)
) 7 2 e KM P J7 22 85 /0 5 DT K e 24 9 A 1 o
Y ) R Ak A TR R B 1) 1

T A i A B A i O 22 - P Oy 25 0 R
1787 A 53 W, BE 8 15 B R TS 52 J7 ) (19 LA
AR ) (R ) (B8 2) . BEANRAE ) R ARG R
— N2 D7 ], R 0 ) e R FR BRI O] D) T
SEAIE ) i R IA . RRIEE I B RN BRI
) e SR AR B By REAE XA [R] L BR 45 18 43 2545 B Y
B E sy, IWRHAEm & 1 3R & 5, K¢k
(AR /)N BE I BT 5  IA5 B AR B . RRAE ) & 1.2
RETHEHAZNM T EZRK . BE T REZ MBS
o A5 BN R KR M X s e g 4. 38 o6
ANTR) 28 RU AL R 25 40 1) g AR IR A S TE AR A 1] i 1.2
AT DA e R AR B i X3 A [ 2 R L B 45 A (A
4), N TSI ML LDA Iy e HE FE I 2 R S
FRAE ] 1.2 AR SCPE B R A I it 26



304 BOMK R o RO BR B 2 O 5555 &
2 ENHEERENREH R EHREY
Table 2 Canonical discriminant function coefficients of five eigenvectors
FRAIE 1) H AC CN DEN R, Rs Rup Ruwm SP GR A RIEE FR/%
1 0.058 0.106  —0.752 —0.078  0.180 0.906 —0.629 0.009 0.040 —10.216 1.626 56.5
2 —0.043  0.086 8.091 —0.048 —0.007 1.466 —1.091 0.018 0.024 —22.423 0.876 30.4
3 0.062 0.009 4.948 —0.063 —0.078 —0.691 0.682 —0.007 —0.010 —15.430 0.289 10.0
4 0.021 0.036 4.162 —0.360  0.568 —1.218 0.775 0.010 —0.027 —11.666 0.081 2.8
5 0.031 0.005 2.217 0.401 —0.381 —1.584 1.150 0.009 —0.034  —4.961 0.010 0.3
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Table 3 Structure matrix representing the correlation coefficients between well logs and eigenvectors

W h £k FRAE 1] 4 1 A 7] A2 2 FEAE 1) 4k 3 R ] k4 FEAE A 4 5
CNL —0.828 0.251 —0.538 0.057 —0.229
AC —0.788 0.235 —0.350 0.003 —0.133
GR —0.697 —0.333 —0.260 0.280 0.096
Rup 0.516 —0.274 0.269 —0.015 0.332
Ruwm 0.506 —0.220 0.245 —0.090 0.266
SP —0.061 —0.214 0.707 0.037 —0.322
DEN 0.475 —0.613 —0.654 —0.269 —0.017
Rs 0.030 0.078 0.258 —0.65 0.016
R, 0.026 0.020 0.238 —0.374 —0.343
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Table 4

fLpgh UER:S TE B T

Fa 24 Y A% FEA%L N e
S 70 52 74.29

I 2 148 129 87.16
IS 135 114 84.44
S 168 150 89.29
V% 154 132 85.71
VI 173 154 89.02
¥l 848 731 86.20
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Table 5 Comparison of prediction performance of different models. (The samples in blind testing are not used to establish the

model )
LR A (848) HMAEA (300
Tt ) A Jr
Ay T A A T B 5/ 6 T 190 A A 2 I o R/ %
LDA - SSOM E[ 3235 731 86.20 248 82.67
LDA - BP 235 692 81.60 231 77.00
LDA 2tk 583 68.75 197 65.67
SSOM 32345 657 77.48 220 73.33
PRI H A 8 AL A AL B 78 A B TR 1k S 25 5
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