55 34 5 4 ) E T Vol.34 No.4
20134 4 H Rock and Soil Mechanics Apr. 2013

XEHS: 1000—7598 (2013) 04—1009—08

BEEREERMNAMIRTSERTEN LR

NEG!, HER L, Ffd L2 H AT, AR, k4

(1. PEREEGS WA IS, e Y5 065007; 2. FrEAMBIHRITRATSIBE iYisr ke, ITdE Y5 065007)

B B BEREMURME RV PR RS SRR T BT RIS — o B R VA IR B 2
BIERFRACT « RI P2 5 SZ IR A o, AT Bk oh s g 2@ R MR OO0 39 B A A TRS ke iz R S5k
FaAS TP FEIIBIE R AT RGN LRI, T B REEE R R T7 10 B A 80N 44 77 35 DR 2o Ut 45 R 1 S
FITEE KT, AR R4 B A AMKBIE R/ DT T RIBIER, KMBIER TN T RIBIE RN 47.26%, HFf
BB, WPFBIE R 2 R 2R . TR, BB I 5 0 T 0 2 R I 1] 7K 32 (1) 9 MPa i 1Bl F A3 o5
Tt LB A A R 08 it 0 7 2 ka0 SRR 45 S AT — e R EE (R R, (B JEVk 58 AR P RIB I 1K) B Ak
W HOAA R, BUE R XA FE S R ko 5 FBE SR A 22 5 ko is i R BT e B B R,
HOEE TR LT A 2 A KB 55 T B 1B R N O R

X B OHE: BiER BURMEE: RABE RSB Mebmeiks BE AN

hES%E: TE112.2 CERPRINES: A

Comparative study of tight reservoir permeability using steady-state
and unsteady-state methods

1 : 1,2 1,2 : 1 : : 2 1
SUN Jun-chang', YANG Zheng-ming°“, GUO He-kun~“, XIAO Qian-hua’, HAO Ming-xiang”, XU Xuan
( 1. Institute of Porous Flow and Fluid Mechanics, Chinese Academy of Sciences, Langfang, Hebei 065007, China;
2. Langfan Branch, Research Institute of China Petroleum Exploration and Development, Langfang, Hebei 065007, China )

Abstract: Permeability is one of the most important parameters required for reservoir evaluation, well production calculation and
developing a reasonable development program. Obtaining the accurate permeability is helpful for effectively exploiting tight
petroleum reservoirs. Due to the shortcomings of conventional steady-state permeability measurement method such as long
experimental process and easily affected by the environmental temperature, this paper has conducted comparative study of
permeability of 39 block rocks of tight reservoir using both steady-state and unsteady-state techniques. Meanwhile, those factors
which affecting experimental results accuracy have also analyzed including permeability, experimental operation method and the way
of combination of effective stress. The experimental results show that the unsteady-state pulse transient decay technique consistently
underestimates the steady-state Klinkenberg-corrected permeability. Pulse decay permeability is only about 47.26% of the
steady-state permeability in average. The difference between the above two different kinds of permeability increase with the decrease
of the rock samples permeability. Error analysis suggests that the high effective about 9 MPa loaded on the rock sample before the
pulse decay permeability measurement and the combination of high confining stress and high pore pressure can induce a portion of
experimental error, but still not fully explain the overall error between the pulse decay permeability and the steady-state
Klinkenberg-corrected permeability. Finally, mathematical fitting result shows that the relative error and the pulse decay permeability
has a good logarithm function.

Key words: permeability; tight reservoir; steady flow; unsteady flow; pulse decay technique; operation method; effective stress

| oE = bl TR s s U, 7R b TR
- FEHRIH R AN BEBH T il P 12 7 T o L

BRI UBAR VA PRRRTM S RO R TS A EE NN AR, SR R A s R

PR HH: 2012-02-07

FEEH : E MR T KL TGS E M  ROT R BRI H %50 (No. 2011ZX05013-006); 1 [E A7yl 15 473 77 B2 7] K% T - 558 AR 75 vl T s
BRI T H %) (No. 2011E-0307).

BAEERA: NEE, B, 1983 R4, WEAFUAE, RGBSR JIF WIS, E-mail: jjsunl1 983@yahoo.com.cn



1010 b +

b 2013 4

SR, ORI R T S8 ARG S T TR i
A4 B CE B ERR SR,

TR = IS BB R T n] 43 A
LAY, BRA AT LA G
B KRBT L KT IEE R
I, KRGS AR LR S R A AN R R BE ()
PER Ak S Y, TR [ A 2B )
EI 30, e i TR 2 TR 2 LA A
VERBRAN TR A sE R Y. ks
B i 2 A A RS RN A A N, 0 &%
R ISR A AR ER N E SIS ET)
YRS N I RS NREE A5
RN, — BT EIATARSLEE S (R R
2 A DA IE T I A8, i ik Klinkenberg 757 72
PG, R SIEE ) TR S BE R K, (HFR
HLixhsiER) 1Y,

NTEEMZES A, WIREE RN
i, WAL Z) 2 IABE B, MK &5 iR =
FHXTER, AHIRAT AR HEAERE I AR 805 AR A
SR EFEBIE R AT 10x10° pm™, TR
PR H BB R LIRS, Brace %P
1968 FHEH T 3 T ARFR AT T IR 1 ik il 3 ek
BERWREA . SESEBERMKAAR, Mk
M5 IE AR AS 75 1 3% 55 FF H T U R K
HE 22, T AR I R N I S i — 2 1 A Rk
M AR KA R R R, SRS 4
EAHN R A R BB R, ST — g
BBRBEIL T R I s vt AR ik
BIEHFNR B AR IR, RS &
J2 BB S 215 328 2D H ) R Rk
18

i T kB iE MR B A N LB s ) CF
YIFLBRIE D214 7 MPa),  [RII &5 & HE b 4 2,
RIS Hu ik i i2 3% R H18 F 5 A 1) 4 TR s 114 5 1
BIEHART AL, O i RS0 R 4s S
AT LLZIE AT, {3 Rushing 25P). Carles 21
S8 JE R [FRE 3 T AR AR AR VB T B8 1 s ) B V2
WA, FERTLE T W AN AR IE 25 R 5 EaVE
[CIBIER, RILE )RR v B A 3K
TIURIBIER, Carles NN H TG IR L
AR SR AP SRS Rk rhiBE R R
BV AT T BRI, RS I AT IR S
IALHRHEAT T X B /gt 1
A0TSR RS Bk BB R MR FEE . IR

Warpinskl

RAXERHEAT T RGBS, AT kB B R AA
BRI EFEH TR AR 2 s I kB3 A Mk
A JEBE TN R RS, TN
X b TR B LUKAE B i illla A 55 2
LA EEZR . TR R G T iR4E
WM ZER, FREkMEIER HSRSE R RBIE
FARERA BRI ZER, REMUITIRRSIK
PHIERRIS B AR W IFAE B2 H BB AR MK
RGP, XTI IO R LA 8 BAT E 22
B R

ASORANFRGIE R RMOECE 2 A A RS
kBB R HRAE RIS ERET T ARG
I, T TR PSR R VR AN
PALIREWIE S E SR IARAE NP TR 2P
WY, kB IE AN TAH R B 264 T IR aSE v
[IBIER, MR AN T BRAE T AT RN ) A5
i Rz AR A R B AT € R N5 .

2 KRR A A AR B

5 RREIEBIE RN AN, bl
T — e AR RSB IR B, W A — 4
AR B Ut 2 T FLBR g BE R o) s gk g,
S AN AR, BT FE RS AR 2
TRzl i, wtnT ORI A R ik rhis
BRI R 7L,

S 0 U Rk e, AN BB E
PN SARAE S e — AR Fa B I (1 B AUy
Op(x.t) _cug op(x.t)

o’ K o (D
(0<x<L,t>0)

Refre p(xd) HEREAUBUE s ¢ W REILI
A RHG p RS ¢ AL KO
BIER, L NAFRKIE; ¢ K sEimtm; v, v,
I AAXES EIERT R U = A AR

Jik A YRS E AR MY, 1 STk S A
I S MEE FE LR ik B AIRAS, BT
Wil BT p,(0) o WK IEWITIRSE, J3 il
FEN BRI R B A0 R i i 5 s ) p B p, B R
TR E DRI SR AN A AR AR A o XS (D) Y
MR ZAE RN S 4530y

IR 5 AT

p(x,0)=p,(0), (0<x<L) (2)

TN




543

INEBSE: BUR )2 BB R IR S AR LT 1011

p(0,t)=p,(t), (t=0)
p(L,t)=p,(t), (t=0)

9 __K V. p . (t=0) (3
dt cugL V, ox|,_,

9, K V.op (t=0)

dt  cugLV, ox|._,’

M (D FFEEWIRSAFIIL 44T (2D,
(3) HEATHRARHT, RIATSRAS R J) e ydid 7 o 2
FLBRE ST BRI AR O R . AR, AFEANT)
B4 B g Bk 1 3 9l R 2 525 AR V8 05 R 5 D) AH
KN, BB, WK gk, 131
N, Bk EE A, R, 50 (D SRAG AR AT
W5 T APEBIE RN G BRI EAE /4
(AR BETE, R 2 AT (0 N AT 38 S ik, BT
AT SRAF AR U0 B v 55 PR K T2 15 e (1 e
7,

_ cupL’s

~ f(a, b)
b s HRIGIRR I iz iE R B Pl =
F 22 Ap S5IFIA] ¢ AR BOARBRIE P RN as b
G A MRAA FEFLBRAR RS kBB A b Rl
= mBUHAE, Ha=b=11, f(a, b)=1.71,
HAR 5= AR .

3 ARG APRIATS TR

3.1 RABRAME

IR B DO AL X 26 DURRIRIE i Sk ib
HAFERURIRANE 13 BFRS e oA b, £ 1
A 39 BEARHIDTETRL. 39 BUATRZIE R0 A
WHME TS FHRE SOBRS e E, BAT
REF AR

R1 O REARERYERR
Table 1 Petrophysical properties of sandstone samples

)

M AL FLBREE RSB
KAEE0° p?) Koitde % /107 um?)
>1 4 16.27 1.7310
KR 0.1~1.0 13 1495 0.403 8
Kibs 0.01~0.1 5 11.90 0.0525
<0.01 4 2.80 0.0059
0.1~1.0 5 14.00 0.2211
NGR
e 0.01~0.1 6 9.82 0.0440
SR
<0.01 2 3.66 0.004 7

32 RRITBMDE
WRR AR T RSB RN B AR A W TR

SR EORS B 4 R AR EHE T, A
FEN BRI RG whe WAL %, TR 2
RN R AR R, 7 A s I R
0.001 MPa, sl EME A 0~600 mL/min, X%
J& % 0.01 mL/min.

AEFRAS KPP I DHIB 375 M RAE L i b ik 3 9k
BIERN LT . SIS KBS R A AR
17T 3E 200, Ak 20T R G0 s ) V- i
(P I [ B /S, $ v 7RI MR, &
TBIERNAE 10°~10x10° pm’ [BUH A A 55
M, ISAT AR T 2L e M SRR E 1 L it
nEeE, [PERMEESIANT 7 MPa. AUGREH
i R AOmER i iy S, BB F T 3h 242t

AR R L T

PR IR [RIVEIE 2 G I 5 Sk A A
IR S O, BIERL 2.5 emy K2 5 em (4
FENFE, BAEEEAREMImDIT . DISE, LhikEgER
AT B SR 0 B A A

WRES BN R WA AR LA S
FEAEE, W A FLRRE S I S 4
PRSI KI5 07 MR FUE A 50 IS8 R AT
WbRdE CHOFTvEY M, SHE R I K
() B S I AN RN DR ) FIRIALIBIE R . BiER
MRS R IR AR FE A FEARSZ )15 L 24 2 MPa.
T AR MR, b [RiBIE RN R
SHRFPUAFERT TARFEIAN L SR 8~15 Mk
(PIAISIE H M i, 0B A R s 00 &8 20
ANLLE, f)5, R4 Klinkenberg 77 FE48L A 3K fift 7d [
B,

K,=K, (1+b/p,,) (5

A K, WAFRSLEE D RIS A S E %
K, WG BIER; p, AEFEFILRET): b A
TR 1

Jik 2% R AR AR5 AT 30 min F1 FF Tk
BIEFN, ARG ERERNICRRS, M
9 MPa [{l[%, SRJGH K SIE ZAUARAH O ],
Wiy 7 MPa fLBR s 1, AR A T A 32 1R S A
2 MPa. &AM ERRER OGS FIEIE = AL
Bt NI = s ik BIRCPT E, T ahBRI e
IR 12 70 kPa T RAIAA LDk Ty ik, H Bl
7 3 DR RO VE B Kb S ki B 03 AU

4 Wi R Hire

4.1 RBEERIHT
Kl 1A 26 Beiggsk K 13 Hlimla AERR AL T 1K



1012 b +

2013 4

BIER KB E R LR, B2 AL KBS
N FEMETH B IR BT 26 5 ve BB B A 1R 22
HIkMSE RN R a1 XN EA— bR E T, 5
BB RS 3 ML RS . FHRBEE )2
FRE, MIRNREE FRSETIKBE R BT
fikiziEse. B 1)t # kb o iBiE R,
PAFPBIE 22 MR ZE K, W oe BB IE 2 53 3k
1.041 1x10° pm®F10.041 5x10° pum® (K55 S5 RERT
kP2 23 514 0,612 5%10° pm?® A1 0.015 3x
10° pm’, LU R8I35 5 0 FEuE 5 0 M5 22 43
WA 41.34%R1 63.13%. K 1(b), KRAMEIHEHE
B A B IE R AL BT iz R, H
PAANSIE 2 2 )R 22 55 Bk i3 32 26 2 A) 1R R0
B2, TRIBIER R 0.0617x10° pum® Al
0.005 1x10° pm® [yahea Bt I (6 bk ph 83 5 40
514 0.018 2x10° pwm® A1 0.002 9x10° pm®, LATEIK
B 1% F N FEMETH B PR RNV I S AR 0 R 22 500k
70.50%%1 43.14%.

SR 1L 2 AT 0L, 26 BREEskrbE kb S v K
BB REARHR 22 5 BB 5 2R H AT IR o) 25 ek 5
KR, PIFNBIERMIN R ZE Bk P38 R 85 KT

10" .

N PRSI e
“— o Sk R AT PR
g 0 L7 a
O APNE ™ P = S SR
(=} PIT'S
o .4
% 10! R
8 28t
i 102 . LR
”~
é ," A
10° L7 _a 8,
10° 102 10" 10° 10!

Fa SV BE % /(10 ° um?)
(a) KIRERLPAAFE

10° .
2, ST S 7
~ o Skt R TNA e
g .
Sqot | s SRR KR A
s PN
= -’
e P
%) 2 .Te AB
?,g)\\ 10° ¢ R
% e
= Rax
103 . L 1 Nl
107 102 10" 10°

RS IBIER /(10 pm’)
(b) RERAME RS & 5 RE

B1 HFEPEAFEARSELIRBERE
kMBS IE RN LE
Fig.1 Comparison between conventional steady-state
Klinkenberg-corrected permeability and
pulse decay permeability

o Skt e RS
& SEREESJE Ik

AHXTIRZE 1%
£

= -4.908lnx + 40.003

20
R*=0.7979
0 L L L
10° 10° 10" 10° 10!
JkBE %/(10° um?)
(a) KIRER LA
80 T
o 60T , A A
i-\hd * Al
K40 [, 4
= .
= 2 } o SElkihERRAS IR
A SERRAJE IR
0 1 1 J

10° 10° 10" 10°
JkBE%/(10° um?)
(b) KIRAME kAt b
B2 PIMEERMANRESRBERIIRAR
Fig.2 Relationship between permeability relative error
and pulse decay permeability

N, DL 2(a). GeitRM, 26 HiEgE kb d S
Jk B R AIRR ZE I A A 35.41%~77.33% 1],
FIMEN 53.13%. T ERIBIER KT 1x10° um?’, 4>
AG7E 0.1~1x107 pm®. 0.01~0.1x10pm? L& /N T
0.01x10° um* [ 4. 13+ 5 F1 4 e S A REk i 58
FA K 78 VB BRI 55.38%. 54.02%-. 39.36%F1
28.14%. & 2(b)t, RPN kb 5 T K
BB FAARR ZE 5 BB 2R 2 A R AR DG R A 22
k2B HR T 0.018 2x10° pm’ N PIFIE % ZAH
PORT e QUM w2 SINb NI AN 1 QU 57 2
T 0.018 2x10° um® I PRSI F AN 22 bl ik o
BRI TRN, 13 Helisea ekt 5 7 s
B RARRZEF MR 51.96% . T TR IGHFIT I
WA AR AR R ANEAS R X e, T 26 BiE Sk
FEECA R X H, AN X Bl 2 REAE A oM AL
BREEMIN 255, nTREES E P FE IS R AR 2 S
Jik 5% % 2 0] 2 2R H AT W B 1) 20 () E R AL
BARGETE R, RIEHFT I 39 Bk Sk K e Ak
5 BB R AR ZE PN 52.74%, kit
BB R I L ARSI T RIBIE RN 47.26%.
42 REDMT

R ke 2 ki 2 12 R MR A B BEAR S HU AR
Jiide, QI IR T S LA N = RS REFLER
X[ IRAFL T MPa (R g, ek p



543

INEBSE: BUR )2 BB R IR S AR LT 1013

RGP FLBR I AR FEANAS, BT A
BIEARBIEFM R RN 749 7 MPa [#]9]
Ho FET RIR BT AR RIS A AR RS B
10, BUE LB ) N B A AR AT IS 0]
INBIEZ M TTIRAR /S, T 20t s /N 1a] R AT
BIFUBR R IR T 5 MPa Ji, 308 A SAH U
it 255 % 7T DA 2 AN A I, R A s
WASLIAFC R B, HA SR #A KT 5.51 MPa/cm
I5f, BEHEN 0.1x10° pm® EESEE b A4 2 B
KB IE R AT I W AR

HRHE 22 FLA AR A I R SR I 5T 25
B, AR P EALBR R T HEAR, JF HARNE R,
I P it 10 40 2 e e S ik s 22 AN 24004 70 KPa [ Jik
FERIEBIE R NABASR I B 5 A3 iE R 5
AV R 25 A1 R MRS S VE W RIBIBH AR — 8, 1k
JORZELE TREN T2 Va2 W o (H ARG
SERRE, Wkoh 5 e B8 R H HAT RN W B 2=
S, NRE—D AT RS IE R I 2 R 1 R
BRL, 0 Sl 6 P i 3 23 AR AS [ (1 iR B 8 A 7 5
Z AL AT BN ) B AT O Iy 2145 7 NS T T
HEAT W LA HT
4.2.1  RERHRAE T VLI

FERSAIE e BB MR FE i, ¥ R 11 it
IR T AR s ARSLBR I AL skAs, iR%
W SCg ke 2 MPa [l H, W0 s )5 [
A5 S 38 0 L RN 1 s g DASR A 538 19 1 1R
ST 1) QLM 37 S Uyl SN = B e £ )1 I
MPa /%, ZJAHUN 7 MPa LB E S i f35 Rk 32
()15 4 2 MPa, Rk pi2izE St i # i i
RN T N A&Z T 9 MPa I8 m H R A
F s NSO A A O AL IR 45 R AT e = A A5 A W
MEARZTE, G A T IR, B
JE W T 7 MPa FLBR I T, A AE LRSS R 13
PEASTE AT BEAR R TCVETR AL 1Y, IR AT A A ik
BIERNTREERKBIER,

h T WO ER A 77022 e 45 W5 i 1)
BINSEm, Sgws ok M12-1-1 (L4 2 MPa It}
(58 [GIBE %R 0.285 7x107° pum®) AT AR TR
— @Sk A AT T AN IE R Y ) U R BT
58, Wl 3 Pron. MBI TLUE H, A FEBIE
RRA BN (BIRRE AN RS 1
PN, YA RN ) M 2 MPa B8 h1 4 9 MPa I, HJiG
BIBERRT 26.17%. BAUIKEIZEZR N %,
WA 0N 1 EN 3 A 2 MPa IS5 R W WIIhS
A1) 80.73%, RUBLHL K 5% R AR 7150 A

HAEHEN 9 MPa RN QD A FEALER
SER R4 P AR R T B BB IE R K T 4
19.27%. SEfr b, {EHMTRESIL KB IE RS Tk
BB LRI, AN RIS F V7 VAR
FEXTEE RIS, X 11 BREE AR 4 BuiE R
BT T 5Elkah R AR ST e KB B el i, X
FEUEAT S A0 78 70 [RIB 38 26 J Ik hi8 3 2 I it 4 &)
1. 2 e AT UG Y, ks i R0 (1 2
e B MR SE AR A R Bk R 1 50 FGyB i3 SR B
KPSk e R SR BB R, LRsE
i IR PR A 5 38 2R AR R 22 AR K TS ko s
o MR PIFNISIE AR 22, kB i R A
0.326 4x10° um’ (IF5 kA FERKR K 5 DR A
BIETTRBIEEN 0.549 9x10°° um®, PIFIEIE HRAH
KR ZE N 40.64%; BKHIBIER N 0.315 4x10° pm’
(2 B Bk 56 pT I R R B E TR BIE XN
0.628 9x10° um®, FHFIBIEFANXRZE N 49.85% .
K 0K, Bkah 5B IE R E T
TR X PRSI 26 A e 22 B — e R
S, B 5 RIS ) 2K 52 1) 9 MPa B¢
i LR T AR 45 4 75 [ 10 S P AR T o 3 28 TR ) 5%
Mo & 4 Rl —HeE ARk R I T S5 2 A
FaBVE R RIBIBR L R

1.0r1

09
W

o7t

0.6

o 1 2 3 4 5 6 7 8 9
R J1/MPa

B3 RGBT BB RKALF R

Fig.3 Effect of microstructure plastic deformation

on permeability loss

10' R4
3 o G e
= 0 e
2 w0 & R el
@ 1 "J
ﬁ 10 ~
= A at
U'EE: 107 -,
* 4
= ’

107 L)

10° 10° 10" 10° 10"

iR T FGIBIE /(10 pm?)
Bl 4 BkmeiE 2 NNRET R A R A RIS E RN L

Fig.4 Comparison between Klinkenber permeability
before and after pulse decay experiment



1014 b +

b 2013 4

FIE 4 A7 0L, X ERBIFTUT S B sk A 7 B
FRERK IR J5 50 FVBIE 34N T Bk P 56 1 1 5
[CBIBH, g5k AL0-1-2 K5k S FEIK RS
B IR 7 RIBIER 5 R 0.595 5x10° pm’
10571 5x10° um?, 454 240-2-1 (R A ke
Fr R EGHT MR 5 FIBIE Z 43 7k 0.042 1%
107 um® F1°0.031 1x10° pm®. 12 BegREfkisidE %
5Bk Be w5 MR 5 FVB I F AR 1R 25 P45
350 50.98%F1 44.04%, HI T~ lkpbisis %A
IR E 72 AN [P A5 i 2325 e LU A [ 34 s
NIRRT RIBIE R VI 6.94%.

422 HHENSHAA TR

BRI [GIB I3 H N K2 22 A 7
A FE IR RS2 2 MPa [ 30N ), (HARA VRN
TR AR A2 AN ) Sl R e . I FLBR
FE I AA SEEE CHFENH R ) 234 fE 0.05~
3 MPa, XML 2~5 MPa). i fikifisisZess
It B A REARSZ I 2 MPa A7 0N g S ik v
Je mALB R A SR (PR R AR FLBR ) 23 53
4 9 MPa Fil 7 MPa), H#HiiE R MR fe s
FEASZAR R RN A 208 ) A sk AN R K/ 7
P F R FLI s 2045 S BT o

FRAE 22 L (1) Terzaghi A7 RN ) B8, [F]IN 52 )
75 B R AL B 5% i i) 2 AL e 2 £ 5L
BRRE. BiER, FLBUEA RS, WA S5 A
RN I —TCR R R, I HAA A RN % T 1
B RSB 2248, Rl Terzaghi 47 34N ) &
Ho, =0, —ap ' Biot Z#a =1, Hh, o, AHM
NiJys o ARz BB p AFLBRE ).
(EP N RN 0 e L P € e SR S N pER s o
Biot Ao AT 1, HARM A AYHESET
J% (1) Biot Z%0 a RAHI AN, ISR B A R
MR 28 RAT BN J) Biot B¥la — /AN T 1, £
BeE I, a 0 A(E 0.6~1.0 Z 0], A4k
VBT AL BRI 0] S50 5 A3 e AN R R
ANFRIEDTTS, A EH U, Biot R a FAE
—ANEAE,  HEBE I AL A AR f i AR
AR 21 A 7 2 57 AT RN ) BB 5T R 4
B P E IR PRSI A FE A R SE R A
AN ) FEAME, B2 AR A A A
WG Y. 1] 0 ARAE 2~9 MPa (Biot 2% o /04
7E0~1).

BT EE A ABERAUN ) MR, BT R
AARENE M12-1-1 HFECK 3B H 4 0.146 1x10°
pum?>) 23T T 5 MPa A1 9 MPa 420N 1 F K5

RBIERIREG (WE 4. BEAUEERN, GR%NH
435124 5 MPa Fl1 9 MPa CXf M () Biot 2% o 435 4
0.57 A1 1.00) I} M12-1-1 ‘S5 FE 178 [KIBE F 450 5
47 0.260 6x10° pm* A1 0.221 0x10° pm®. X L 45 5
KW, BB A ANBIE RN ) e A A
FMAFA RN A 577N 2R, S FREAREE
(1) M12-1-1 ‘S5 AFEA Y J124 9 MPa IV, AU
EMRR ) v (BB AR N T RN J) R 2 MPa
Ik B %, KB IE R4 0 w KB IE H 1)
66.11%, BRI 2% IR U Ak )2 1518 56 30N )
ARSI 2, B RN I VE R R IR 5 IS
BIE AR T 2 MPa 5 30N T /EH R I7E IGiBiE
o RIS BORE A A R RN ERR
(AR Wk i e [GIB I8 R 0 /D TR VA IR
BB, AR AR E BN A
AN R FEANRE 78 AR K v 5 o [V 2 A
W25, IEW Carles 2510 1A 25 I Sy B v
T2 I 1 1) e [Gi0E 2 H ARSI e K1
FEFRNLCSEHR ), HATE ok R Ik Fak
W1 R Ao

0.40 1

035 F y=0.0192x+0.260 6
R*=0.9943

0.30 |
o 4 H 5 MPa

BIEZ/(10° pm?)

025 F
.023 5x +0.221 8 m {+[H & 9 MPa
R?>=0.9921
0.20 L L . ! !
0 1 2 3 4 5 6
S IE Sy 55/ MPa !
B 5 Mi12-1-1 SEFAFEEE TR
RRBERNRSG R

Fig.5 Klinkenberg-corrected permeability corresponding
to different net confining stresses of No. M12-1-1

4.3 MWBERKRIETTE

HI T RIS R IR B THRHGS . BE
HEM R A B ERNR AR & AR T
T RN, AR R B U TS U
JEAB AR DR AP S A BOROBE ZE T, A
JTRRIEAN T2 A R VE O R
Mo BT EIRBIEER, RN
MK B IE R 5 70 B IE R 2 R B AT B I s AR
. B, RSB R, TR E X kR
HATSAFNKMBIE A T € (1 pR B ok Rl
ARG EUE A RO BB R, e IBIER
MR IRGEE 5 B AR, A2
Jis 2 MPa Z5 A KPR B Sk FEIK B8 e o e



543

INEBSE: BUR )2 BB R IR S AR LT

1015

RBER N LR AN

K, = Ko (6
© (1-alnkK,,, —b)

A K, NERBIER; K, WIKTBER; a.
b BN BCER A F R ST RIREESLAFE, av b o)
W -4.908 1 40.003 .

5 4 @

(1) WU s« ARALB s A 45 MK i B s
1250 IIBIEA KT MR v B S 24 T IR R s ik
FEIBIE R, WKMBIE R Z0 T RSB RN
47.26%

(2) EFRBIERBUN, kiS5 BB RIRZE
K, KIRER S ekt 5 5 BB R MR 2
Jik B 32 A FAT R R B B 2R, 1R DR ek
A LIRS IE RN RZES ki iBE 2 2 A
FAAE W] IR RT R DR R

(3) JhkmHiZ 3% ARG H e A R 1) 7R 52 1 9
MPa 1§t [ 0 AR I8 0 L8 R A — e 15
Wiy, A AT BRSO AR L T VB IE V- 2 N 2
6.94%:

(4) HIEECH A ATBIERA RN PR K PR
I NN G TR ZES, BmARB0N T T
RAFREERRKTIEIER, KK HRE
BAE T IR ROV A5 07 I 22 e AN BE 5 e il ke
ikt 55 5 RSB A DL W) ek 22

ASSCHE A R IR i Sk FERK S I R N
TCIRBIBRINRECRR, 1A Fd & T2 k=
BIEFRIRI P EOR, AR 0RO A S0 U
it 21512 A A R BAT R i (A, 9T
GRS T AZIBOA I LA A R A 2 45 A
Hle

2 % 3 MR

(11 A A B BRIT BB e A7 it RACRDE T, Al
JEEA il FHAT B2 =) S E . SY/T 5336—2006 4
RIIHTIFES]. ARt A7l ol H AL, 2006.

2] BRI, gl ME%E, & [REEN TSI
WER]. A4 125 TRE2EHR, 2008, 27(2): 236—243.
CHEN Wei-zhong, YANG lJian-ping, WU Guo-jun, et al.
Experimental study on permeability in low permeability

media[J]. Chinese Journal of Rock Mechanics and

[3]

[4]

(3]

(6]

[7]

(8]

(]

[10]

(11]

Engineering, 2008 27(2): 236—243.
EAh, BN, B, 55 NI S ) ks
BN R SARIIIIT[)]. 1% 2011, 32(10):
3185—3189.

WANG Wei, LI Xiao-chun, LI Qiang, et al. Small size
in-situ transient pulse permeability measurement system
and its experimental research[J]. Rock and Soil
Mechanics, 2011, 32(10): 3185—3189.

WA, BIE], XI%est, &5 BRI BAE R RFIE &
BURERIM]. dbnt: Al Tk R, 2008.

BRACE W F, WALSH J B, FRANGOS W T.
Permeability of granite under high pressure[J]. Journal of
Geophysical Research, 1968, 73: 2225—2236.

HSIEH P A, TRACY J V, NEUZIL C E, et al. A transient
laboratory method for determining the hydraulic
properties of ‘tight’ rocks-1. Theory[J]. International
Journal of Rock Mechanics and Mining Sciences, 1981,
18:245—252.

DICKER A I, SMITS R M. A practical approach for
determining permeability from laboratory pressure-pulse
decay measurement[C]//The SPE International Meeting
on Petroleum Engineering. Tianjin: [s. n.], 1988.

JONES S C. A technique for

faster pulse-decay

permeability measurements in tight rocks[J]. SPE
Formation Evaluation, 1997, 19: 651 —658.

RUSHING J A, NEWSHAM K E, LASSWELL P M, et al.
Kleinberg-corrected permeability measurements in tight gas
sands: Steady-state versus unsteady-state techniques[C]//
The SPE Annual Technical Conference and Exhibition.
Houston: [s. n.], 2004.

CARLES P, EGERMANN P, LENORMAND P, et al.
Low permeability measurements using steady-state and
transient methods[C]//The International Symposium of
the Society of Core Analysts. Calgary: [s. n.], 2007.
PN, b, RBR, AF. BRI ki A
EA SR I R[], A AR TR, 2001,
2008 1): 1725—1733.

LI Xiao-chun, GAO Qiao-xue, WU Zhi-shen, et al.
Transient pulse

technique and its application to

conventional triaxial compressive tests[J]. Chinese



1016 b + 0 2 2013 4F

Journal of Rock Mechanics and Engineering, 2001, fluid saturation on waves in porous rock and relation to
20(Supp. 1): 1725—1733. hydraulic permeability[J]. Society of Petroleum
[12] ZBKOZ, MmeE, 7R, s OS5 sk Engineers Journal, 1980, 20(6): 450—458.
THIE[I]. RS Tk, 2002, 22(5): 81—83. [16] WARPINSKL N R, TEUFEL L W. Determination of the
GUO Da-li, ZENG Xiao-hui, JIANG Mao-ze. New effective stress law for permeability and deformation in
method of measuring core physical parameters[J]. low-permeability rocks[J]. Society of Petroleum
Natural Gas Industry, 2002, 22(5): 81—83. Engineers Formation Evaluation, 1992, 7(2): 123 —
[13] BREESKE, K905, BbRE, 5. A kb s & 131
AL B R BE R AT A L%, 2005, 26(9):  [17] ARM, M OCHE, R, AR I EEGB BRI A IBIE R
1469—1472. BN 75 S B ST (7], HuER M BE 249, 2000,
CHEN Qun-ce, QI Ying-nan, MAO Ji-zhen, et al 52(12): 3166—3174.
Permeability test of granite mass by using pressure pulse LI Min, XIAO Wen-lian, GUO Xiao, et al. Laboratory
test method[J]. Rock and Seil Mechanics, 2005, 26(9): study of the effective pressure law for permeability in
1469—1472. TaBaoMiao low-permeability sandstones[J]. Chinese
[14] Z/NE, TR, BT, 5. BREENEE R 4005 Journal of Geophysics, 2009, 52(12): 3166—3174.
TR B S TR, 2008, 27(12): 2482 [18] TH, 2R, BLT. AR Sk pisiE R 0
—2487. ARMEAFEH I SLRBAED]. A 545 TR, 2010,
LI Xiao-chun, WANG Ying, WEI Ning, et al. Study of 29(34+F)): 3113 —3121.
measuring method of permeability by using storage- WANG Ying, LI Xiao-chun, WEI Ning. Experimental
variable transient pulse method[J]. Chinese Journal of study of storage-variable transient pulse method for
Rock Mechanics and Engineering, 2008, 27(12): 2482 permeability measurement[J]. Chinese Journal of Rock
—2487. Mechanics and Engineering, 2010, 29(Supp.): 3113—
[15] NUR A, WALLS J D, WINKLER K, et al. Effect of 3121.

m O A MR S T AR R 5 50RR

F ¥ 4 WL BaERS: ISBN 978-7-112-14931-5  JFA: 16 JFA M. P4 7. 148 Effr: 20 JC
AR P EEST AL R 2012-12

ARASLASEHER 150 TS, RETRP ORI ) 2tk SRR AL SIS E R I R e Re e R R
R I Py AMIF TR, X A AT BRI LA T T RS2 (0902 0 G I3 S0 e 5 N SEB A0HT T %S0 T AR e v, 4
BIERTT T SRV R R IR [, AT L% 2 R BB A RS, AT T 90 S AT )2k
RESEMA IR AR o JEHE S22 ) 2R P SR T SRR, 3 B 7 VAT T 300E

ATEAA T BEESRRENL S JERE RS « oA BTV SRR S BRSSO T 9940 b 2 1) ) 2
S EE SRR | AR B 2 SRR SE R S B AR R B B A 3 R LRI B 4 R
ORI A R S R vt s 58 5 5 DR ia) s JURTHRF RN S AR RN 55 6 % Bl R MR B
RE BRI TR T 58 7 % BRIRSRBE WA AR G Th I . 2% 30k

ARATR TN BN GITE S 2 A5 b i N kol AT BRI I T FE AR Y SRR S %

CfF BRIV P ST



