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Abstract: The mechanisms of permeability variations and fracture extension are essential for hydraulic fracturing design in shale
gas exploitation. Based on fluid-solid coupling physical experiments and Micro-CT imaging analysis, this study reveals two im-
portant phenomena; (1) loading-unloading-reloading cycle has an effect on increasing the permeability of shale samples, (2)
during the reloading process, the permeability of shale samples show different trends with increasing axial pressure. In the per-
meability increasing case with increasing axial pressure, the fractures are produced directionally and orderly. In another case,
the fractures are produced disorderly and locally mylonitic. The results show that (1) pumping-intermission-repumping multi-
cycles could help modify the stimulation effect of in-site fracturing operations, and (2) hydraulic fracturing volume should be
appropriately controlled for naturally fractured shale gas reservoirs.
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24, 410" m®  F AT TT & A 5 325 4 1 AH
T, Barnett, Marcellus, Antrim, Fayetteville,
Woodford, Haynesville 71 75 4 (Ross and Bustin,
2009). 2005 4FRASK » LAAKSFH: 73 B 20 AR 156
SREOR I S Ak 1 38 [ DU 0l e PR J.
i 2 E R IR 5 BB T, 2015 4 56 [ TUA S0 iR
EF] 2. 6X10° m®~2. 8X10% m®, 2 5§ KRR Are
Y 1/3. P ETCE IR AR 52 E B E B
FAE 2011 AERY O L vb [ DA SHOR R BT ks
31. 610" m’ Ot FEE — . AR SRR 14, 305,
2 E LR AR S R AT 10 1. HATH E U
FERABIE TR B 2013 477 5l 2X10° m’, 2015
PFEE| 65X 108 m*, 2020 53] 800 X10° m*, Ti 7
SIFRIEAEE— AP A SR BT B T E R T
Az FUEEAH DUE S H ETUE TR R O 5 U
7 s X R AR 75 K PR R B8 0 0 A1 DR U TR
A AL CRAIBERMRM 41, 2013).

IR0 B 2R SR DU AR M T 4 1 G
FAR RIS T AR R 2 (stimulated reser-
voir volume, fij i SRV) (Cipolla et al. , 2008). J&
SUFR ) 2 TR 3 5 T I A e bR 8 1 g s
TUEH A N T 388E s TUA SR BB RE ).
= N PRAADL S G AR W] L TR SR AR Y U RE ) Rk
TR 32 P A7 LR S SR R R A 40 A A O
[, R Ak A B B T 2248 15 3% R 1 42 5 (Guo e
al. , 2013)  HEH | Hs ZEBORG B L K P g ) 2 B
JI 25 B 5 DR 2R 2 Wi s SR 5% I 1) & 24 B ok K
S5, 2014)  JEMERT W & i DU T O PR I DG B
TR ZR (45, 20125 B K 42 56, 20135 AR 5245,
2013) s KARBLEE NI LY T & KR UM JiE i)
SR [ N Sb 3 0 R IR B4 X TR LB 1Y%
Wil JFJE 1 BRI 48 Y R IR G AT ) T [ R 4k 4%
WA Y (Gale et al. » 2007; Arash and Dalegha-
ni, 2009; Guetal., 2011; BEf1,2013).
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Fig. 1 Structure sketch and the locations of wells Qianjiang
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Table 1 Shale core sample descriptions for fluid-solid coupling physical experiments
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Fig. 2 Photos of shale core samples prepared for fluid-solid coupling physical experiments
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Fig. 3 Flowing chart of fluid-solid coupling physical
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Table 2 Experiment data of first-time loading for naturally fractured shale sample QJ2-9-1

WFE(MPa) [ (MPa) ) ADSEMP)  HOSEMPD  OEHFEmMLS)  BEZmD)
8. 00 5. 00 0.53 1. 580 0.1 0. 69 0.08
12. 00 5. 00 0.72 1414 0.1 0.73 0.09
16. 00 5. 00 0.94 1,427 0.1 0. 65 0.08
20. 00 5. 00 4. 80 1. 480 0.1 —

24. 00 5. 00 5. 31 2. 000 0.1 —
30. 00 5. 00 5. 81 2. 050 0.1 —
36. 00 5. 00 6.31 2. 050 0.1 — s
44. 00 5. 00 6. 81 2, 040 0.1 e 2
. . . . . el
52. 00 5. 00 8.54 2,030 0.1 —
62. 00 5. 00 9. 04 2.030 0.1 —
72. 00 5. 00 9.70 2,030 0.1 ~

R3 GRABEED QI2-9-1 )k ME LI HiE

Table 3 Experiment data records of second-time loading for naturally fractured shale sample QJ2-9-1

#h s (MPa) [l & (MPa) i) (h) A (MPa) HHAEMPa)  FHfE (mL/s)  BER(mD)
8. 00 5. 00 0.52 — 0. 10 — —
18.00 5. 00 0.93 0.79 0.10 0.48 0.19
28. 00 5. 00 5. 30 0. 82 0.10 0. 45 0.17
38. 00 5. 00 6. 31 0. 82 0. 10 0. 36 0.13
48. 00 5. 00 6. 87 0. 83 0.10 0.33 0.12
58. 00 5. 00 8.54 0.83 0.10 0.31 0.11
68. 00 5. 00 9.01 0. 83 0. 10 0.32 0.11
78. 00 5. 00 9.71 0. 83 0. 10 0. 30 0. 11
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Table 4 Experiment data records of first-time loading for naturally un-fractured shale sample 1.S1-2-3

4 s (MPa) [ & (MPa) B ] (h) A O JE (MPa) HHAHAKEMPa)  FHRiE (mL/s)  BEFE(mD)

8. 00 5. 00 0.55 2.98 0.1 Toii i 0
10. 00 5. 00 1.22 2.98 0.1 To i & 0
12. 00 5. 00 2.03 2.98 0.1 Toi & 0
14. 00 5. 00 2. 74 2.98 0.1 Toi 0
16. 00 5. 00 3.47 2.98 0.1 Toii 0
20. 00 5. 00 3.70 2.98 0.1 To i i 0
24. 00 5. 00 4,20 2.98 0.1 T 0
28. 00 5. 00 4.63 2.98 0.1 Toi 0
32.00 5. 00 4. 74 2.98 0.1 To i 0
38. 00 5. 00 5. 14 2.98 0.1 Toi & 0
44, 00 5. 00 5.94 2.98 0.1 Toi i 0
50. 00 5. 00 6.36 2.98 0.1 Toi 0
56. 00 5. 00 6.55 2.98 0.1 To i & 0
62. 00 5. 00 6. 88 2.98 0.1 o & 0
68. 00 5. 00 7.08 2.98 0.1 Joi i 0

RS FERARLELD LSI1-2-3 0 RIS SLE HE

Table 5 Experiment data records of second-time loading for naturally un-fractured shale sample 1.S1-2-3

il £ (MPa) Fil FE (MPa) st (h) A (MPa) OREMPD  EEFiE@mL/s)  BiER@mD)
8. 00 5. 00 0. 06 1. 45 0.10 0.76 0. 10
18. 00 5. 00 0. 50 1. 43 0.10 1. 00 0.14
33.00 5.00 0. 65 1. 42 0.10 1. 36 0.19
48. 00 5.00 0.77 1.41 0.10 1.85 0. 26
63. 00 5. 00 0. 89 1. 40 0.10 3.08 0. 44
78. 00 5.00 1. 00 1. 05 0.10 2.73 0. 66
93. 00 5.00 1.13 0. 61 0.10 1.85 1.18
0.20 1401
*
0181 1.20
. I *
0.16 | ¢
0.14 | 1.00
*
% 0.12 + ¢, e . % 0.80
5 0.10F Py .
5 ®)
2 o0l W 060F
0.06 0.40 ¢
0.04 | .
0.02 0.20 S
. - *
(2) . (b)
0.00 . . . . . 0.00 . . . . .
0.00 20.00 40.00 60.00 80.00 100.00 0.00 20.00 40.00 60.00 80.00 100.00
il [ (MPa) & (MPa)

Bl 4 TUASLZWNESERE - ETEER
Fig. 4 Relationship between permeability and axial pressure gained from the second-time loading for shale samples
a F I RIRBEEE O QJ2-9-1; b A& RIRF4E S 0> 1LS1-2-3

B0 fy Bl 2 A6 R B AT AS UGS B 2 e A OO B vb o Bl TR 30 18 08 AT AR A i
BIERNRRREEN) BB MR 3 Pros —ydmak (B da). & KRR G S O QJ2-9-1 —0n#od 742
FRLRA LG RRGEH L QI2-9-1 BERGHK  PRERMEMIEFRX -G EHHT T Hn—
INERHNAF B B R A LA A R L= S RREES O QI2-14 B — B & 5L LI s R
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6 SRKEEED QI2-14 Bk — = e N LI iR

Table 6 Experiment data records for naturally fractured shale sample QJ2-14

s WEMPa)  BEE(MPa) B E] Ch) AOSEMPa)  HASEMP P (mL/s)  BiEFRmD)
8. 00 5. 00 0.08 0.95 0. 10 0. 29 0.08
10. 00 5. 00 0.74 0.92 0. 10 0.15 0. 04
20. 00 5. 00 0.93 0. 92 0.10 1.76 0.51
ER/9)IE:7 30. 00 5.00 1. 05 0.93 0. 10 2.51 0.71
40. 00 5.00 1.28 0. 94 0. 10 3.33 0. 92
50. 00 5. 00 1.68 0. 94 0. 10 3.45 0. 95
60. 00 5. 00 2.14 0. 95 0.10 3.39 0. 92
8. 00 5.00 0. 06 1.01 0. 10 3. 64 0. 88
10. 00 5. 00 0. 09 1.01 0. 10 4.03 0.98
20. 00 5. 00 0. 22 1.02 0. 10 4.15 0.99
ZUIm#R 30. 00 5. 00 0. 36 1. 01 0. 10 4.56 1. 10
40. 00 5.00 0. 45 1.01 0.10 6.90 1. 67
50. 00 5.00 0.53 1.00 0. 10 9. 38 2.31
60. 00 5. 00 0. 59 1. 00 0. 10 12. 45 3.07

DL 6 C U480 e W RE i A7 IREL LN 9. 12 GPa;
ZUMARI E AR S A T R Dy 9. 05 GPa). JAFK 6
AU, & RARAE A0 QJ2-14 RN 5 1 Uom kA
LU 837 584 5 Y G ARIRAAAE  (BTE —0on 48 72
35 05 R E il G 0 EG o, 5 S R AR Bk A 0
QI2-9-1 R fin ko 72 rp B0 1098 0 R AR AL
P
3.2 RERKESELD LSI12-3ER

M 4 IR A& R ARG 0 LS1-2-3 185l 5
K] 68 MPa if, KM KB BEHR. BE 5 T
T s AN R IR A 70 LS1-2-3 FE M #4715 By
BB UOMES B UOMEAT L, 508 242 S Y
MG A8 HAE U a8 B v Bl 13
BiERAE B (E 4b).
3.3 xttk

B RAREE 0 QI2-9-1 FIAR £ K AR 4E 40
LSI-2-3 R —EXRXLRE, HAUT
5[] A5

(DO LI 45 R85 R, 5 o 2k — )
B ZUINERRE S BB . IO Ek — E R e
T O RREE I B AR UM B, 0
AR, 36 EIR BB A U ST R SRR, —
KRR — 4w T AR & AT U A4
M i & 3 25% B 7 & (Montgomery et al. ,
2005).

(AN S HOTE R s iE R
Bt A8 Ak 230 AN ) 1) 728 A 3 OB 7R IS TR AR A
TURIMER LR TG A OOk CT 345 B R iE R 1
P88 B RO — 2D iR

XL L AAFMXFARZER . HA
SRS P %% A ZBICR I RS BOIR AR
(EASGE o S5 o 78 T — > s ALARE . B2 52
BN A0 YOS B THGE B E R,

4 ZWROMEEREEY RS E LM

BEFAE AL YN RS T 58 U » B S i
B D PR A O IE 55 I JRUR RS 28 Tl
TS RN ) 5 B 5 S R S A BB 9 K e
ATPIBRSEEG A T REROK CT i 0B, & RIRR4E
Al QIZ-9-1 78 “ UM SR Jm - T RAE 1 e 2 1
ROARGERS 1 LA G O E HSE R B AR R
FR R BLBEAR AL B G (1] 5a) , F 4% (14 T 1 1 R BE A
WY AR BRE T 1206 0 BB 13 5 AE — O g
e r Bt LA I IG5 R AR AR e QJ2-14 78
TUIMAR SIS SR DRy I AU A T ik ) i AR R
5% RO IR REE R 4R R WL (18] 5b) L T
REERA FPPERITT 1 PR A AL R T i%E 0
B afs AR AE N kI e v ek s 2 i . AN
RARZEBE ) T 0 LS1-2-3 JE 4% 32 2 DL B
Fth i A v A RESE O L REEHBCY B D RGR FAE
P HAE TR EL (B 50) o FEZRLLE AT 171 A
PR R AR s DRE T O B B R AR N
A3 v B P A . O ke A R 2
SEY RARDL C PP RN T7 180 R 47 o s G P P A B
WY ) XHE B AR RA HIEA R HREEATY
PEFNDT ) M R B TC P PE R BE R A 4% B A AR Y
AAFIEATERE L2 th e 1) &5 i el PR
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Fig. 5 Micro-CT images of the shale samples after experiments
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