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Abstract; Shale is compact and has complex structure, which makes it hard to characterize its pore structure
quantitatively ; however, the pore structure of shale can provide important information for shale reservoir evaluation
and sweet spot determination. The fluid injection methods, represented by the gas adsorption method and the
mercury injection method, are the most commonly used techniques in shale pore structure characterization, but
neither of them can provide the complete pore size range of shale. In this paper, the research results of previous
studies were reviewed and summarized, and the key factors affect the test result of gas adsorption method and
mercury injection method were analyzed. The problems and future directions in the combined characterization of
shale pore structure in the complete pore size were pointed out. It is noted that the characterization results from the
gas adsorption using particle samples do not match those from the mercury injection using bulk samples, which
makes the data combination impossible. And the combined characterization results are hard to be verified. For
mercury injection, the usage of particle samples can improve the data quality compared to the bulk ones, as well as
the combined characterization results. The understandings about conformance correction, premium particle size and
data compatibility are the key issues to improve the combined characterization of shale pore structure.
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0 3%

Wil & 4 K U0 i AR R B I R &, s
JERAER TR, HARE PR TT 46 15 3 ¢ 7 M5
(Curtis, 2002; % Fk 5& 55, 2018; i #H VL %,
2019) . FL B &5 4 AN A 45 ) 0T 25 6 )2 0 Wk 4k A
XPH AP AR AR S, & A HB R ILE b EE
HEE M (Sondergeld et al. , 2010), T LIy T %A
it J2 DT F0 0T 5 3 A ML B B Y B I O Al
FE B, AT RS AR HR DU LB A5 A A OC
SRURR R TUE A 2 LB B AL R AR | 4 1k 45 i 1A
R A AR DU I AR S B S R BT
I H RN LA

HAEr, et T i a LR gt RIEMAL B Y
S E AR TFREZ, B8 9% (=4)
FLBREMER 43 B ik (CT, MBE5F) . Wik E A
AR REREIEYR T2 1% 53 B O 2 R/ FR BRSO
%% (Clarkson et al. , 2013; Al Hinai et al. , 2014;
Houben et al. , 2014), Hrv - GO0 B4 550 1 5o R
FECRAEX N, BARCERMER 2 (Sondergeld et
al., 2010), A% M EARBA TN/ AT 5 AR %5
B B FH AR XSS SR AT AR SRS (Josh et al.
2012), PRk, gk AR R 5 7E 00 FL IR 45
YT 5T b N B Tz, ARSI L R Ak &
GrmA R 2, AR A AL AR Y B A AL R R
KK (Luffel and Guidry, 1993) . il #4504
HEEB BRI KPR (Brace et al. , 1968) Al
D it 0T 5 00RE L BT 38 0% 2 0 1 £ 087%  (Luffel et
al., 1992), ik xtFL B 45 k4 Fe AE i I3k Oy i 32 2
R SR B R R T

—ELPIOR, K588 1 FL B 450 i R AR I
TR UR i 2 AL BR 25 R A 58 A PRI e A, A 5
2 3E L B 22 L B 45 A I s ok 4 T R AE RE
([I1E%E ) 2012; Schmitt et al. , 2013; Wang et al. ,
2015; BWEHSE, 2016), A = DASGH DR i
S-Sy ERY ) an| (Comisky et al. , 2011; Dartak et al. ,
2011; Wei et al. , 2016; Zhang et al. , 2018) , Hifi]
TEBEIE A 10 42 7 vk AR b B T X T R
FLBR S5 A8 AT R AR 7 52 e 3R AE 45 5L A vk i I R

WHRENE; LRGN, B, 2707, KAEKAE

AL o SCEE S G R ST B R A A W 50 ROR
M BB FLBRAS 0 o mi i K, X e B 1 3 A
TEA RS b A 6] 03 05 35 09 I BRI 25 3, X H
B A A SR B — e SR I I D7 6 2R 4T T L4501
A B IR) L, A b R A B AR T DUABURL AR I
AR 1 B0 FLBR S5 A K B AR K s 3, %
Z53R BUR NS A B T R B L B 45 R i 4

AN A IR IR S (W 2 O R R S IR
[ i T Sy 0 L B 45 A 4 L AR e i R AE 7 YR I A
JEANGE P AL MG

1 J0E 3L IR 454 4 R B K

WISERBL, TOEARE S — B AR A A AL
BR&f i EAAR RS, 330 BUA LB 25 #  t 2
THESR PR, FERINAE. OIHE TL-2%
MEAL, IMZ A S FES R, JUER G A AR
58 55 5 R R A AR RO O N TR Y 0 Kk
H, i EORIE AL BR 25 M R AL S5 R A 2 N T R85
(Sondergeld et al. , 2010; Handwerger et al., 2011);
QUUABUE, YOKHALB L H H B Wi ik 6e ) 2%
(Nelson, 2009; 4BABEZE, 2010), IX ik hi— LAk
FEZETEA ML (AR W 5 ) AR M 35 ) 58 4 1
.73 - #5 AT 5% Wil §5C48 S5t & ( Clarkson and Bustin,
1999; Wei et al. , 2014), 2 3808 EKEAN
W (IR L) A T AR BE AR A 8 3K A5 AT ¢
{58, (Dartak et al. , 2011), [&] At 4 R hn
N N = ST 1 LN U = e Nl ]
(Handwerger et al. , 2011); @ i 7A&fLEEfLAE 5 1
K (Bennett et al. , 1991; Milner et al. , 2010),
R B — 0 3 Oy s AR AR TC R B W R AL ARG
(Bustin et al. , 2008); @ T %5 S W AE ¥ 5 1 @ 3%
(Aplin et al. , 2012), ZEMYELE 4517 % (Kwon et
al., 2004), 5550507 FEIRAAE S AR E

T olCa LB S5 BA DL B A ke vk, X T
[l —HLIX | [6]— 2 R A b, AR a] AE h BLAS [8] P 3
THERAR W AR 45 R A (Bustin et al. , 2008) ;
ARTEIIN A 7 v o AN (6] I3 2 1 3R 45 00 I 3t 245 2R 4
ATE (Comisky et al. , 2011; Zhang et al. , 2018),
P, B 5E 0 IR A FLBR S5 M e R, A RERS
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2.1 SERHE

A B % R — ol L A i Y A 0K by A B
FLBE 25 /) WF 58 F Bt ( Clarkson and Bustin, 1996)
SFRAAMET, R — R ) 2 A e BN
UNTAREBIMANZE R ) R AR B RE & 3R T 4 31
B Ao AR R S AL AR 23 A1 | Fl R TR AL AR ALY R
AN TR SF- 85 Hs 3 068 7 AS () FLAR 0 R, R 40 - A <
A AR FRURT DA A B8 % 7 LA 9 TR A AL AR B R/
T LB 25 4 2 AE v i P A A0 M I R k4 45 <
W BEE R ARk B W B PR R RIS B B R AE 1 ~

300 nm fLEE, JoHGEH T AL (FLFF 2~50 nm) ,
JE# F Ok RAE AL (FLAE WV 0.4 ~
2n0m), BAEMFRER, 7 FNILENRKEAS X
A AR RS AT — B RAE LS R (Clarkson et
al., 2013), X MM BALBEI AL “gRg” 1L
BRI e AE 4L T SRl

X TR B, ST R B, MR B S s diE
RE A FAFE AR S b FL AR 19 43 A AR AE T e B o 3
B A B AR A5 1Y KU 2 AE T RE b LR B o0 A
fiE (3.8 nm 4bfYy “ BT HHE TERL)
al. , 1986; Groen et al. , 2003) . M4b, HASK
AF I 3 2 A 11 2 B — I3 BEF ft 208 285 DA K — 3 R 1Y
Tir B8 R AR 8 RE 08 4 W JIr 00 AL B L ART TR AR
fit (De Boer, 1958) (K1),

( Conner et

N " N ' A A ' N
RKHMA ; KB RKHC ZKHD : RHE
A
P/P, 1 P/P, 1 P, 1 PIP, 1 PP, 1
[ H: 7% IREET B 2K

@ 1 ﬁéh R MJL/WJ _ﬁh E}j 5 ;é/i% Eﬂ ﬂ:&'ﬁ\:ﬂﬁ-ﬁ :fL B%j: ﬁ;)]j( (4% Labani et al. , 2013 1&24)
Fig. 1 Five types of hysteresis loops and their related pore shapes (modified after Labani et al. , 2013)

UG B 92 2R AE L B 45+ 7Y OC B 22 — J2 K die
fRBEIR Y e RE, BET, WO TR LA R
fE AR f 65 BIH A7 (2 EE XA L) . DA 5L
DR BEH (EZAT X AL) AL NLDFT BB (%
AR A 0 3 Y 4 FLAR Y L) o R O 2 2 3 3 X L
TEM WL T X A7 5 45 F At <7 J5 32 e 45 14 L 42 4
Mg A, N NLDFT B8 AR Fo H At 5345 AL 1 i
BT R, LA S b M AT e A T AR A Y AL
B (Lowell et al. , 2004) ,

SR BE R I ASURL BRI, B H F I JE 4e
— bR, AL LA e SR A TUA

WFFEXF 4, R N, 1 CO, W b ik I 7 £L Bt 25+ 5
TERFSE, FER X SR A L A28 X A A I Bf 0 3 &
HBegm” X — W BAHIFA—F. Wei et al
(2016) KM Y ERA/NT 140 H (<106 pm)
BF 23 A 10 ~ 100 nm P — R AL A FL AR R Jn, (R
X AL AL R BRI A L 26 T S 806 I R K Han et
al. (2016) WAy 24 UKL # 83 7% 2= 130 H /R
(<113 pm) , FLARFUR B 2 1 45 FL B 45 #4 3K 45

BTFRE, AEZBRARRAR KN, T7E 2
HI (113~4000 wm), 5 ] FLER G FLAFURD Bb 3%
47 [t 67 A28 U /N T 38K Zhang et al. (2018) K IAE
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8~200 H (75~2360 wm) G AN, Bl f00R R R A2 U
AN, BAUARRR /NS B R T DU 5 G
It ELAAL AN AL 12X 45 SR 0 JURL AR R A 728 Ak i by
S T, A A T AR IR B0 3 25 2R 114 5 ) AN
BAM, HEFE—-X, F—-Bia2 R, ARE
AT AU GUARE i P AR T REAATE 22 A
2.2 JERE

TUAE T “ROKR” LI R B AR X B
B 5L b g M i £ 4 RS T B A B AR,
1AL BR &5 A BF 58 Al 2000, T oKk 2% BE 8 B X 0t
FR CRHORG” | CWRHORE” AT RAE,

JE R E I35 #  0 ~ 60000 psi, A LLER
3 3.6 ~ 100000 nm fL4% i il A A9 FL B 45 4 15 8
TR, FRoR AR AR W R vk A 8 98 i LA I
Y, ok kA B AP 1 ey O 2 aE
SE R R TEAFE S A2 1], B Wasburn A2
A iff S AN ] 3 SR e 3 il Xof I 1 T8 A L AL AR RN

—ELIK, SR B R A R AL U fL B AS
¥4 1) BE 1 A7 7€ i %€ ( Clarkson and Bustin, 1996;
Bustin et al. , 2008) ., Darlak et al. (2011) % #,
XFTAEGEH (FE) #EA A EARIIK, DU R
TR JE 50% , /S BE 4 T8I 3R HURE S 1A 708 235 48
By JFHEB (BE) R Ry R g AE wT I L AR
BRI, RS20 BT 52 BOK 2 R AL AR 2B i o 20 1 4k
(Sondergeld et al. , 2010) , J T fif P id K 2 B KA
[}, A2 T B 2% 1 78 5 R o s b il R R
BESEATHE R (Li et al. , 1999; Comisky et al. ,
2011; Darlak et al. , 2011; Yu et al. , 2019), II
A ORL TR oK 92 36 B0 AR W, MURL AR TR AR ARG E
AN B T — % (Fk 70% A E) (R 1),

F1 BMAEFMBREERTHEITLE (Comisky et al.,
2011; Dartak et al. , 2011)
Table 1 Comparison of mercury saturation wusing particle

samples and bulk samples (data collected from Comisky et al. ,

2011; Dartak et al. , 2011)

e AR 20~35 HUBoRIEE  oRMe BReBERESR Rl
LBRE /% RRILBE/%  ME/% LBRE/% /%

1 5.45 5.42 99 2.42 44
2 7.67 6.56 85 3.32 43
3 7.98 7.24 91 4.59 57
4 1.1 0.80 73 0.43 39
5 1.88 1.48 79 0.89 47
6 9.43 7.70 82 4.44 47
7 6 3.90 65 2.15 36
8 4.9 3.60 73 1.81 37

Y HE B s R TE UUE AR R AT
B, A%ERXRHTIS CTHBERENEESH R
(Wood's metal) OB, XA [A] 28 7Y [ 01 4 B 5
AT T m R E S (F R IE ) 316 MPa, Xf
4.1 nm fL12), ARV EERIFRIEEE, R
2548 T 1 45 J5 U RE R OT U 40, A HL AR UL
EEEREN TN M (Klaver et al. , 2015),
M RERT], W T EARENER, 58 FE%E
Fo I A 4 4% 25 8] JC ik E AN ORI A LB =z by T
TEM & /B S M IUERS T, SSE%IEANL
KE LR (/ML 10 nm) 5 & R T 24
1L 5T A8 P 2 B O UKL g % | ALaE DT R A G L
KALBRH & A 55, " E R T A RO AL
R Ae s i AE I B 2L AR DL s R 7 AR R R
FEAR7E I J2 52 Wi T oR B A7 S e i EEH W R, JF
VAT 5200 d oy e 2 . AT UL, Qe A6 40 s o B 48
P i ARIE s RAL” SR SCHE

3 MaadlEIRE MR

WM, AR R B AL (<2 nm)
BA B RALRE T, AW kX AL (2~
50 nm) o> Ko dE BT AR (R K SE, 2006) ,
JEARVEN 2 S5t % — Rl (5%, 2013),
T =7 AL AR S B B, R AR R -
HoREERM, Bds oAb TE, T S B A fL AR
BRI FLBR L5 R AE  (Conner et al. , 1986)

TE UM BB = s 5R BBk HT R AIE 00 2 4 FL AR L B 25
P AR OG5 T o 2 ol AR B B v L
AR FENPURNFE . WHAESE (2012) KA 50 nm
VERVE 7 ik B B PR PFFE A5 Wang et al. (2015)
KT 100 nm VR0 B4 80 WHEWESE (2016) R
10 nm YE N Bf 5 45, Schmiut et al. (2013) DIAES
W BT R o 1k 400 5 T A FL AR 0 A i 2 (FLAR AR
) WA ARy PR, TR R S 7k |
ZRCEEZRM C—TIW BT LS,
Wang et al. (2015) LA 100 nm Jg 43 55, 40 %1 LA
AALBE . AW > 100 nm A1 £L A4 R R B 5%
FF 3T R AL B A AL AR AR o A A AR, R
BET =R RO B G 7k, HOR TR 5 1 R AL A R AT
TEW 22 5 . FLET, 5 i 3K A0 ot fLBR 45 4
AR AR AT PH AR A B SR, A AR Y 32 ) R
O#EE LR LA S, PF b Bl KR
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JE BEBR A O W] 85 6 @ % A AL AR fL B Z5 R Bk
EIRATES " AT 2 N K G N S = 2 0/ i L
PR AR S AT e (FE) RE 20 31 ik A7 A 0%
AR, xh HeoR Kt A APk Z 180k
BFFERCR W7, 3 R 5 T ik X e R AR A
1 2% A 5K B 1] AL R R 3k R R O ik 7 i AL

A 00 3 X ) AR X A Ao 2 A — EOPE 9 L B &5 A ) 3
ZEH (Bustin et al. , 2008), —FZ WFLFE %0 A il £
AU EHATE, H 2 E A XA PR/ AT
FHZE LA B g (| 2) o 3 il D i 7 IR
ok R R S AT IR, A R EOC RS
S 4x FLAR T R AL B 25 A R AE

0.03 0.03 1 0.010
£ Mont TUA Barnett TUA Woodford T &
5 — N, — N, B — N, B
3 002 0.02 —— R
=== ER
0.005 -

~ [}
% 001 0.01 '
3 -~ W3
% TS ,"-- ~~. - el T

0 L8 n T 0 ------ ey 0 1, e aommwmy

1 10 100 1 10 100 1 10 100
fL.#2/mm fL.#2/mm L& /mm

M2 JEERZES N, RHENEILRE A th &5 (4 Clarkson et al. , 2013; Kuila and Prasad, 2013 k)

Fig.2 Comparison of pore size distribution results from mercury injection and N, adsorption (modified after Clarkson et al. , 2013;

Kuila and Prasad, 2013)

A5 R s SRR B R O AL B 45 A R AE
SR EF RSN DL M A — 2 R AE A AL
BReftg R BN, 2 Mk ) 2 F AR TR (Kuila
and Prasad, 2013) . S A BfF53 32 il 26 B0 s e £L
BRALARfE R, FEoR M2 s s e fL Mk {5 )2 ( Conner
etal., 1986), HMlAEGrh “ BRI KF
WF, LA 5 L0 1 22 5 MR W] 200, A Y R OF 5T
ZRY, — M vUa TR R AL Z Oy B 2K
BB, 33 3R WA A I B0 3 1 FL A2 3 BT
TUAT AR SE AL £, MARR BRI E KA
WX (K1) R (Adesida, 2011; Labani
et al. , 2013; Kuila and Prasad, 2013), ®] ., 7
#i S R LAY B, O L AR S L o A OF
ANB A FLAR oA IR A 2R 5 A BR

WA I8, AR W R I 7 O R AU 4%
L N A 1198 5 1 7. = - A S O | W O e i
KIET) T 45k FAA B 22 & 4 2028 ( Labani et al. |
2013; Al Hinai et al., 2014), {H & 387 F 5% % BH
(Peng et al. , 2017), #7RFE J3 X T 2 FL B %) 52 i)
F BRI AE TR A AL RS U B 2R 4 BT 3 R
LB 5K, JHCYORHEA 10 nm DU LBRES,
BT 4 T BN AR Y A 2 % 3 5K A B S
ALUL R T AR B~ He ok 3 S FL AR E S It X
B (10~100 nm) , P Ty AN 2 i A FLAR 23 A
25 S PYRRAS SR B E R S e SR W R - e SR
WA RICECPE Y EE KA A U o, EG T
XF 0 FLBRZ5 M R AR TR CE B . A TR AR

4 RHE. FORAIMRA T =184
R B RAE R A

BEX DA FLBR S5 M RE A5, A A LA SR
FE Al LA iy 2 11 B o i A T AT R 41 R s
FLBRZE M () FRAEBE J7 . Luffel et al. (1992, 1993)
et A DUA BURLRE dh O (AE) AL, B Rk
BUT BEAS S W 0UA BB (AL AR R SE) W PE R IE
O FLBR BE FI2 0 R 2 8, T BOR B8 2 1Y 2 3 T
RINVIRE, BURLRE I 7 S Al AR B A A T
W UE SE U FLBR S5 M . — J7 T, DA R TR R R
I o A v 22 0 1 A B s T T 2R, n] LR BRI
2408 25 % 3 45 R 52 ) ( Luffel and Guidry,
1992; Guidry et al. , 1995), B & FH T %FFLBR 45+
FISRAE s 55— J5 T, By W RO 32 3o 2 O A 25 3 B
VUA A HLB S AW A (Wei et al.,
2016) , 38 M R R i 2 — G RLAR UKL, T A7
AR TUA I AR A5 R R 4R T S PR GR LB,
ok B A R T LB A 4 S T AR R R IR o A
$4% (Clarkson and Bustin, 1999; Comisky et al. ,
2011; Dartak et al. , 2011; Wei et al. , 2014), [d]
FE 6T 4 R T 5 A Ak R O R R K A R
M (Handwerger et al. , 2011) . ILAb, FORIAED
AT DA P B O B O RN T AR, X T B R 0T
FRVL, ORI T AR SR IR, AR 0Us URE
FEFL B 45 F I a0 35 0T 4, (H B A AH A TR i A
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WA, = RGEM5,

JUERURIFEAR L B () RHEETIE AT U A
st P R SR 38, {3 [i) st Xof 50 i R R AR T
BRI PR L, WF 5T E W (Friesen and Mikula, 1987;
HEULDUAE ) 2015) , WORL (KPR ) A &L 7E HoR o 72
Hh B SR R T B R AR AT DA B DL YA B B
(Yu et al., 2019) . BB A—Ff & B0k HE BLUFL #E R
B ORWGFREM RN B ) . B Bt B—FF il &R AL
Bk R Bt . By Bt C—FF 5 SE B R 46 Y B . B B
D—HF i R IR a5 M B R Be (181 3) o BLA i 0K TR
ORBUE R 1E J7 35 1 B 0 FE T O B BE B R 4R R
CEVRE S KR LR ) Wi, 32 B 48 3 (L
G E T2, iR, Li et al (1999)
FE SR ORI 3K rh, X) He ASURL AR R R
BE(CHIBURL R T AR ) A a2 R 2 ok B R Kk
KA, (BROEGRZE R I AR ; Peng et
al. (2017) D) B 4545 e 5 - 47 Bk g 52 T o5 K i
RALFEAE by KL FE BP0 A B ARG . S5 F AR R
(2011) AR ok aof 7 b L B Hs 46
FREBEE ) 2240 1 43 BORRAE 0 2 1 00 1Y B K
RALAE, (B o LB R 46 R 5 ok i & 2 ] 4 34
BN H], H e B AL I R 4 5E (Peng et al.
2017)

Comisky et al.

&K
FAL
/B
SeAL
<= .
[

a—d J3 5% B B Bt A—D

@3 %ﬁﬁﬁfiiﬁ'ﬂw/l\%& (Yu et al. , 2019)

Fig.3  Four stages during mercury injection using particle
samples, a—d corresponding to Stage A—D (modified after Yu
et al. , 2019)

e LA b BUA WURE TR R B B IE J7 ik, BrBE B
Xt IO PR Hs o 30 30 1 1 B B 1 4 D A AR E T
s £ FLBR 25 MR A, OF BEA 75 18 B AR dh UK

FRALIE R A 02 PF BE B A TR ok NS R, e —
EIETIT, RIEATHNT LT LB, s
HEAKH ] FLAR R /IS B R it UKL HE AL AL, Stanmore et
al. (1997) MYBRARMEF R IR 45 R E W], H M
FLBREE N | A ASURL A 9 KL A2 /0N, R SR
B A W 7 O 1 S o 7 7 K 1 Rl e A A 2N
Bl TR 3 32 38 O, H S me R R O W R AR, DR
X DUE BURL ok, B Be Bt oR o i A i UKL
HeRRFLAE R WA REZAL

38 BAE AT LARS Bl R B JURL AT S T SR
PR B R, R — AR 2 RO R RN o) B
jf{?i, + 5 BH A k¥ Jfi, Friesen and Mikula
(1987) JETFTIMGHEA P IE ALY LUK 5 ORI A
S, RO R R i I B A B B i AT TR
g, (R BH AR 1A [F] B Be Y 38 20 8 4 80 F

@_@n « (4 - D)lgP (1)
dP

A, vV, AEHRRE S PR RER, DK
MIC AR,
v,
%ﬂ@ﬁﬁﬁ%%ﬁwJ4M
PEFA G, 38 A B AL bR R G h LA I RE R K
AT LATH S LB ) 3 T 44K
D=4+K (2)
HrorprEBr A ( 3a) ke ol 06 HE BUE 5819
LB EA R RRE, XN B 45 D A AE 1~
2; BrBeB (EI3b) A H B KBELBREA R
TICRRE, XN A IE4EE D A e 2~3; Bk C
(Kl 3c) DR AEWERE RN T, 40
YR D o fnAE 3~4, JFH D 84k 4, BB RS
WO E, BB D (K 3d) PRGBS T
IR, FEX —RENMLBRCAHEA P
FROE, RN ITE LA B HS . B ERY B A
G RAE 58 4 B T 40 B 4R BUHE % A T8 B A b B AR R
PR X, i B S AR e g R
& F T A AL B B A 3R T 43 R AR 1Y A A BORL AR
i (Friesen and Mikula, 1987), Yu et al. (2019)
av,
dpP
AR S & BL, He R B BAA BB 0 oy Botk, S8
MaE4% D SR EBHEYE (K4), B,
ZA 8 T B 2 0 H TS R 48 tEFSE (Li et
al., 1999; kD1 D145 2015) 10144 £LBE 20 B 4

)ﬂ@Pﬁﬁ%
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Fig. 4  Fractal characteristics of mercury injection data of a
certain shale sample from Triassic Zhangjiatan shale in the Ordos

Basin (modified after Yu et al. , 2019)
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