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Abstract Shale gas as one kind of unconventional gas is an important energy supplement. The pore structure
characteristic is an important index used to measure and evaluate the storage capacity and fracturing of shale
reservoir. The Weiyuan marine shale( 1*) Jiaoshiba marine shale( 2*) Yaoqu tuff( 4") and Yaoqu continental

shale( 5" and 6%) are selected for tests with mercury porosimetry( MP) N, adsorption( NA) and nuclear magnetic
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resonance( NMR) devices. Based on fractal theory the relationships between fractal dimensions and pore structure
are investigated with MP NA and NMR to characterize the pore anisotropy. The results illustrate that the fractal
dimensions of continental samples 5% and 6 are bigger than that of marine sample 2% in the pore range between
0.1~100 pm based on MP method. The fractal dimensions of marine sample 2* is bigger than those of continental
samples 5" and 6" in the pore range of 2 ~200 nm based on NA method. In contrast the max fractal dimensions
( Dyyr) of marine sample 2* are about equal to those of continental samples 5" and 6" in the pore range between 10
nm to 10 pwm by NMR method. Especially the fractal dimensions of Jiaoshiba marine sample 2% are biggest among
all the samples using NA method. The micropores of Jiaoshiba marine shale are the most development so the
heterogeneity of pore characteristic is the strongest. Therefore the fractal dimension can be used as an important
parameter to evaluate the fracturing effect of shale reservoir and the heterogeneity of pore structure.
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1 (%)
Table 1 Analysis results of shale mineral content( %)
BI
1# 38.5 3.1 19.7 6.8 13.8 3.6 / 52.3
2 36.3 0.9 8.6 6.4 5.5 5.5 / 42.7
4* 31.5 5.0 22.3 1.3 10.2 / 6.2 39.3
5* 28.6 0.8 15.4 / / / / 34.1
6" 21.4 0.5 5.5 / / 20.8 / 29.2
Bl= I + )
2 (%)
Table 2 Analysis results of clay mineral content of shales( %)
(1/9) c 1/S C/s
1# 14.5 8 81 3 8 5 /
2% 36.8 5 85 3 7 5 /
4% 23.5 12 75 5 8 10 /
5% 552 45 16 16 23 30/
6" 51.8 78 15 2 5 15/
(0.1~1 wm) (1~10 wm) o
1.2
_ : ) _ 1.2.1
. ;Fg 1 The sa;mglng locatl;}n@) ; 1975
® . ® @ ; Mandelbrot ( Mandelbrot 1975) .
® O) ; © ( Giri et al. 2012)
( Pfeifer 1984; Burger
X X et al. 1994; Risovic et al. 2009; Bramowicz et al.
: G160 2012) .
(1) (Bai et al. 2016; Li et al. 2017)
- NOVA4200 Washburn ( Washburn
1921) P r (2)
(<2 nm) logS =(D - 3)logP — (D - 3) logP,. (1)
(2~100 nm) o Micro MR 12-025V r=(~ 4ycosf) /P (2)
11. 854 Hz P T
) (2~100 nm) . .S p -
3 (%)
Table 3  Analysis results of clay mineral content of shales( %)
Si0, TiO, ALO, Fe, 0, MnO Mg0  Ca0  Na,0  K,0 P,0; Lol
1* 62.21 0.5607 10.74 2.76 0.1470 2.74 6.26 2.96 2.87 0.3259 7.46 99.03
27 61.35 0.6525 12.21 4.47 0.0264 2.06 3.96 0.98 3.56 0.1302 9.73 99.13
4% 58.11 0.6204 13.79 5.09 0.0797 2.54 3.98 2.46 3.21 0.1874 9.92 99.99
5% 57.28 0.7780 18.02 7.31 0.0666 2.63 0.99 1.81 3.07 0.3239 7.63 99.91
6* 42.36 0.4256 13.53 9.69 0.0458 1.24 1.01 1.02 2.5 0.5733 16.76 89.15
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( ) ( Pfeifer et al. .
1983; Avnir et al. 1989; Pfeifer et al. 1994, Tatlier (Li et al. 2016) 0.1 ~1pum 1~10 pm 10 ~
et al. 1999; Yao et al. 2008; Cao et al. 2016) 100 pm . .
FHH (5)
In(V)  In(In( P,/P)) .
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V P iy Py 5 o 0.1~
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4
Table 4 Fractal curves fitting for shale samples
T,<T,, Ty>T),
100 nm~1 pm 1~10 pm 10~100 pm
2~100 nm 2~100 nm 2 nm~10 pm 2 nm~10 pm
y=-0.2939x y=-0.2218x y=0.7855x y=0.1273x ¥=0.3562x ¥=0.3949x Y=2.6128x Y=0.0544x
1* +5.0343 +5.4199 -3.2977 -1.482 -2.3826 -2.4675 +3.9112 +1.9122
R?*=0.9905 R?=0.9698 R*=0.9906 R*=0.7935 R*=0.9125 R?*=0.9097 R?=0.9121 R*=0.8183
y=-0.1285x y=0.0477x y=0.5064x y=0.2715x y=1.7283x y=0.6956x Y=2.5676x Y=0.0329x
2t +5.8927 +6.2691 -4.2055 -3.7293 -9.2497 -4.7759 +3.6831 +1.9423
R*=0.9472 R?=0.8806 R*=0.8811 R?=0.7549 R*=0.9749 R*=0.8674 R?*=0.9031 R?*=0.5509
y==0.5784x  y=-0.6009x y=0.231x y=0.0544x y=0.3019x y=0.2007x Y=1.9349x Y=0.0670x
4* +3.7468 +3.9897 -2.2285 -1.756 -2.6615 -2.1858 +2.6133 +1.8656
R*=0.9928 R*=0.9719 R?=0.9915 R?=0.7383 R*=0.9697 R?*=0.9463 R?=0.8562 R*=0.8837
y=-0.3402x  y=-0.1479x y=0.0227x y=0.0395x y=0.2174x y=0.0901x Y=2.3658x Y=0.0327x
5t +4.8674 +5.8486 -1.7354 -1.7721 -2.4509 -1.8883 +3.3174 +1.9295
R*=0.9811 R?=0.892 R?=0.8056 R?=0.9307 R?=0.9593 R?=0.7748 R?=0.8905 R?=0.6858
y=-0.3415x  y=-0.2462« y=0.0983x y=0.1206x y=0.3123x y=0.1675x Y=2.4218x Y=0.0381x
6" +4.8489 +5.3864 -1.9685 -2.0845 -2.7546 -2.1335 +3.3457 +1.8701
R?*=0.986 R?=0.9187 R?=0.9898 R*=0.7176 R*=0.9799 R?=0.8758 R?=0.8953 R?=0.9106




498

Journal of Engineering Geology

2018

5

Table 5 Fractal dimensions for shale samples

T,<T,,

T,>T,,

2100 nm 2100 pm 100 mm=Dopm o 1=10 pm o 10~100 um 210 om 10 nm~10 pm
1* 2.7061 2.7782 2.2145 2.8727 2.6438 2.6051 0.3872 2.9456
2# 2.8715 2.9523 2.4836 2.7185 1.2717 2.3044 0.4324 2.9671
4% 2.4216 2.3991 2.7690 2.9456 2.6981 2.7993 1.0651 2.9330
5% 2.6598 2.8521 2.9773 2.9605 2.7826 2.9099 0.6342 2.9672
6" 2.6585 2.7538 2.9017 2.8794 2.6877 2.8325 0.5782 2.9619
2
Fig. 2 The fractal curves of mercury porosimetry
a. 17 2% . b. 4%.5% 6"
o 2~200 nm o
2.304  2.910 o (Li et al. 2016) 2~200 nm
59 ( 5. 2~200 nm ¥ 2*
' 5% 6" 2~
2 ~200 nm 200 nm
o IUPAC o
\Y o P/P,
50 nm . 2,422 2.872 2"
H3 & o
( Li et al. 2016) ,
( Groen 23
et al. 2003) .
/ o
° (5) 2 nm~ 10 pm 0.01 ~ 100 ms o
( 4 5) T, T,

o In In( P,/P)

~In( V/V,)
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Fig. 3 The fractal curves of N,adsorption

a.

T,, ( Yao et al.
2010; Dong et al. 2015) .
( 4.
(6) ( 4
5) o 5 o
min( DNME)
BET ~BJH
max( Dyyr) BET BJH
( Zhou et al. 2016b) .
o lgT,—lgV
10 nm 30 nm
T,, ( 4.
10 nm 10 pm
max( Dyyz) 2.933 2.967 ( 5);
10 nm 10 pm 2#
5*.6"
10 nm 10 pm
o 10~100 nm
; 100 nm ~
10 pm o
2.4 N

o b.

4

Fig. 4 The pore diameter distribution of samples

o 3
100 nm ~ 10 pm

o

( Pfeifer et al. 1983)

/ ( Chalmers et al. 2012;
Tian et al. 2013) . 2~100 nm

( Zhang et al. 2003)
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5
Fig. 5 The fractal curves of NMR
a. 1* 6 ;b2 4 ;e 5t
o 10 nm~10 pm 2*
2nm 10 pm 5%.6" o
o 3
3 N o
o 3
o 3
6 6 N
2 3
( Jaroniec 1995) . 3 .
2 :
( Pfeifer et al. 1983; Liu et al. 2015) . (1 3
( Yang et al. 2014) . 0.1~ (2) 0.1~100 pm
100 pm 5%.6" 2" 2.304~2.910 ; 2~
; 2~200 nm 2* 100 nm 2.422 ~
5%.6" o 2.872 ; 10 nm~10 pm
2" max( D) 2. 933~2.967 o
o 6 3
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Table 6 Comparison of fractal dimension for shale samples in some different areas
@ CT Chen et al. 2016 1.800~2.359 2.661~2.850
(@) Zhou et al. 2016b L .230~ 1.352 2.833-2.911
min( Dyyy) max( Dyyg)
® Bu et al. 2015 2.475~2.610 2.706~2.869
(P/Py;=0~0.5) (P/Py=0.5~1)
® Sun et al. 2016 1. 886-2.641 2.654~2.857
(P/P,=0~0.5) (P/Py=0.5~1)
@ Yang et al. 2014 — 2.681~2.825
® Cao et al. 2016 — 2.694~2.754
©® Hu et al. 2016 N 2:033~-2770
— 2.377
@ Liu et al. 2015 — 2.578~2.628
® Liang et al. 2015 — 2.498~2.636
© Cao et al. 2016 — 2.474~2.534
— 2.215~2.873
@ (1%) — 2.706~2.778
— 2.9456
— 2.484~2.719
@ (2% — 2.871~2.952
— 2.9671
— 2.698 ~2.946
@ (4%) — 2.399~2.422
— 2.9330
— 2.688~2.977
® (5% 6" — 2.659-2.852
— 2.962 2.967

6 N

Fig. 6 The fractal dimension comparison among shales in different area using different method
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