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Abstract

The stress-dependence of hydro-mechanical properties of low-permeability rock has
drawn great attentions in a variety of engineering applications, such as dam construction,
tunnel excavation, coal mining safety, nuclear waste disposal, fossil fuel exploitation and
CO, geological sequestration. In this paper, the low-permeability sedimentary rock refers
to those with permeability less than 0.1 mD (10 '®m?) under reservoir or in-situ conditions.
These low-permeability sedimentary rock, such as tight sandstone and shale, usually
show highly stress-sensitive mechanical and/or hydraulic properties. Knowledge of the
dependence of such properties on stress is critical for a series of engineering applications.
In dam construction, it is crucial to consider the influences of the dam and impound water
to the around rock stability. In tunnel excavation, one has to consider that the stress release
will cause the physical/mechanical properties changes of the surrounded rock. Geologic
carbon sequestration (GCS) has been considered as one of the promising method for
mitigating the global climate change. The permeability evolution with effective stress of
the caprock, usually low-permeability formations, is vital for predicting its retarding
effects of the upward CO> migration and thus the safety of the GCS site. Similarly, low-
permeability formations such as clay rocks have long been considered as host rock for the
disposal of radioactive nuclear waste. The stress-dependence of porosity and permeability
in these formations, especially in an excavation damaged zone (EDZ), is of great
importance for the performance assessment of the disposal site.

With effective stress increasing, low-permeability rock undergoes fairly small
porosity changes, but significant decreases in the permeability which can be up to several
orders of magnitude. Empirical relationships based on the fitting of laboratory-measured
data, typically the exponential or power laws, have been proposed to describe the stress-
permeability, stress-porosity, and permeability-porosity relationships. However, these
approximations either yield poor fitting in low effective stress ranges or unreasonable
prediction for certain effective stresses. Extremely high exponent in the current power
law, for an example, is often needed in the relationship between permeability and porosity,
which is largely attributed to the assumption of relating permeability changes to the total
porosity changes. In this thesis, we study the hydro-mechanical properties of low-
permeability rock in macroscopic/apparent scale and microscopic/mechanism scale for a
better understanding the stress-dependent properties of the rock.

In macroscale, we developed a series of theoretical models for the essential
relationships among the porosity, permeability and the effective stresses for low-
permeability sedimentary rock, based on the concept of Two-Part Hooke’s Model
(TPHM). The TPHM conceptualizes an intact rock into soft-part and hard-part which
comply with the natural-strain-based and engineering-strain-based Hooke’s law,
respectively. The division of hard and soft parts in THPM provides us with a framework
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to consider such heterogeneity development of stress-dependent permeability and
porosity relationships. Based on this concept, a series of constitutive relations between
stress and a variety of hydro-mechanical rock properties were derived, e.g., stress-
dependent rock bulk compressibility, pore compressibility, rock porosity and fracture
aperture. The relationships derived using TPHM are consistent with those revealed from
micromechanical point of views, albeit with different physical origins. These
relationships based on the TPHM represent the experimental data in the literature very
well. In this thesis, we extended to formulate the stress-dependence of permeability based
on the concept of TPHM. The derived relationships explain well the permeability stress-
sensitive phenomena in the low effective stress range. The cornerstone of our
development is the recognition of the fact that the porosities from the soft and hard parts
have different contributions to the permeability changes with stresses. The derived
relationships are validated by the experimental data from literatures. The comparisons
show that the theoretical predictions agree well with the experimental results. The soft-
part, comprising of only a small portion of the pore space, is responsible for the significant
permeability reduction in low stress levels. The high stress-sensitivity of permeability is
mainly attributed to the micro-crack (soft-part) closure in the intact rock.

The overall changes of hydraulic and mechanical properties with stress are
contributed from both the hard and soft part. Specially, the large degree deformation of
the soft part is the main reason for significant permeability reduction in the low effective
stress range. The relationship between the soft part porosity and permeability
approximately obeys a “cubic law”, further demonstrating that the soft part is composed
of more deformable slot-like micro-cracks. Our theoretically derived equations have the
following advantages: 1. it includes the heterogeneities of rock in the derivation. 2. it can
accurately describe the stress-dependent rock hydro-mechanical properties in elastic stage.
3. the porosity act as a bridge linked the stress induced pore deformation and thus the
permeability change. 4. parameters in the derived equations have clear physical meaning.
5. the equations have the ability to better describe the stress sensitive permeability
changes for the low-permeability rock.

The TPHM based stress-dependent permeability equation was incorporated into a
COMSOL to study the production decline curve of a shale gas well. One of the distinct
characteristics of the shale gas production rate is that it declines sharply in the initial stage
and keep a long tail in the production curve, in other words, long production time. In
contrast to previous studies, the effect of permeability changes of rock matrix along with
the production is considered. However, for the sake of the manageability of the study, the
desorption effect, thermal effect, and chemical reactions are not considered. As calculated,
the gas pressure in the middle of the reservoir decrease slowly with time mainly because
of the low permeability of the reservoir. The production rate decline curves are compared
and analyzed using models that consider and not consider the geomechanical effects. The
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comparison result shows a much more rapid production rate decline and long tail in the
production decline curve for the model considering the permeability changing effect. As
a result, the geomechanical effect should be included in the shale gas production
prediction to ensure better accuracy.

From a microscopic point of view, we constructed 3D digital models for accurate
describing the porous structures in the low-permeability rock. Natural rock has a large
number of discontinuous, multi-scale, geometry-irregular pores, forming a complex
porous structure. This porous structure essentially determines the physical and/or
mechanical properties of rock, which are of great significance to a variety of applications
in the fields of science and engineering. X-ray CT scanning technology has been used to
measure the porous microstructures of two rock samples. One is natural sandstone and
the other is artificial sandstone. As a supplement to the experimental observation, a
reliable reconstruction model of porous structure could provide an effective and
economical way to characterize the physical and mechanical properties of a porous rock.
We presented a novel method for reconstructing the porous structures of the two models.
A fractal descriptor is here proposed for better characterizing the complex pore
morphologies. The reconstruction procedure is optimized by integrating the improved
simulated annealing algorithm and the fractal system control function. The proposed
reconstruction method enables us to represent a large-size 3D porous structure. To verify
the accuracy of reconstruction, we have analyzed the statistical, geometrical, fractal,
topological, and mechanical properties of the reconstructed porous medium and
compared them with those of prototype rock samples. The comparisons show good
agreement between the reconstructed model and the real porous structure.

We incorporated the conclusion from macroscopic analysis into the construction of
the porous—micro-fractures model. Specifically, micro-fractures, which cannot be
observed by the current experimental method, were fabricated into the porous model to
account for the soft-part pores. As assumed, the porous—micro-fractures model and
porous model represent the transport structure in relatively low and high effective stress
range, respectively. The hypothesis is made based on the fact that the micro-fractures
undergo relatively large deformation with increasing effective stress and closed at
relatively high effective stress.

The lattice Boltzmann method (LBM) was employed to calculate the fluid flow in
the porous—micro-fractures model and the porous model. This method enable us to
directly visualize the fluid velocity distribution in the model and thus the structure
deformation influences on the permeability. As the simulation results shown, the micro-
cracks provide extra transport channels and connect parts of the previous non-effective
pores for the fluid flow. As a result, the porous-micro-fractures model possesses much
higher permeability than the porous model, although the micro-fractures only occupies a
small portion of the pore volume.
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In this thesis, we deeply investigated the stress-dependent hydro-mechanical
properties of the low-permeability rock from macroscopic and microscopic point of view.
A series porosity, permeability and effective stress equations were developed based on
the TPHM in macroscopic aspect. In microscopic, we constructed porous and porous—
micro-fractures models and analyzed their permeability using LBM method. Based on
these analysis, we conclude that the rapidly permeability drop of low-permeability rock
with increasing effective stress is caused by the micro-fractures closure.

Key Words: low-permeability rock, stress-sensitive permeability, porous rock
structure, LBM simulation
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Fig.1.3 Atmospheric CO; concentration at Mauna Loa Observatory (Data from

http://www.esrl.noaa.gov/emd/ccgg/trends/co2 data mlo.html)
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Fig.2.3 Cross-plot of in-situ permeability versus in-situ porosity. Data from: Byrnes et al.l!!!]
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Fig.3.1 Stress-strain curve under uniaxial compression. (a) for regular rock, (b) for steel
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Fig.3.2 Stress-strain curve for low-permeability sandstone
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Fig.3.3 Microstructure inside the rock obtained by SEM. Data from Dong et al.[*3],
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Fig. 3.4 A composite spring system consisting of two springs. The hard and soft springs follow

engineering-strain-based and natural-strain-based Hooke’s law, respectively.
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{B) Sketch of region shown in Fig. 3a based on color shioe. (d) Sketch of ragon shown in Fig. 3c based on color slide.
(Shaslow etch.) (Deop e1ch.)
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FLBREE IR ALES SR, (c)FlE N 34.5MPa B W ABe &5 5, (d) B RN 34.5MPa B FLER
SR fafe g R . BRI, o)

Fig. 3.5 Change in appearance of pore cast caused by increase in confining stress. (a) Microscope
photo of pore structure at ambient condition, (b) Sketch of pore structure at ambient condition, (c)
Microscope photo of pore structure at 34.5MPa confining pressure condition, (b) Sketch of pore

structure at 34.5MPa confining pressure condition. Data from: [46],
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Fig. 3.6 Pore throat size distribution under different confining pressure. Data from: [''!],
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Fig. 3.7 P-wave velocity under different confining pressure. Data from: 471,
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Drilling Project (TCDP). XU H = ELZ N 1A AR 1999 F SIS ELE KHE K
AR R BRI R E T 2 A = W2, R 2 ToK. Dong SEFTINA R A
AFERmR AT 900m-1235m, GRS TS . b s AR N A5k
(50%) KA1 (1%)~ TTRRAI(42%) AL T T8 H0(7%) » V25500 K /N 0.06-0.09mm
AR, IX EEhD 25 (T AR SR L RT0E = A YN T (RSB AR o DA B2 LR o) 9
PHRIA(25%) ERIEAT(25%) R AT (4%)FIZE AT (17%). HR¥E Dong & 25 F
HIRATHGE S A R4 € 3, 52560 1) TUS AR A A AR AR L0
FEan B FLBRER . 121 ZAEAN [FA RUR 7 564 T Il B 0 R A e SR AT 1 3 2 K
S HEAAEARESEON TN EA 20mm M 25mm B EIFEIEARE R, BURE DT 1A 4 B4R
FE it 7 1A AH [F] o 326 BCH A A 38 S B IRRE A o, 5 50 RS2 BRON B 1) R A A s
FEM &2 /T, HEFE S AE 105 C R TEIRAE N T I =R, PRUEFE M 4% 1% K 3.1
ST RMPTER RS AR AR . B 3.8 A H T HAP B TUEFE I
Ao

R 3.1 SRUS IR P UUAHE dh (A A

Tab.3.1 Descriptions of shale samples for permeability and porosity measurement

e REGARE TR B BARFI S (mm)
(m) (g/em’) HTk HT¢
R255_sec2 902.68 2.59 11.73/20.39 30.10/19.76
R287 secl 972.42 2.58 4.28/25.76 25.24/25.63
R351_sec2 1114.33 2.59 2.93/25.80 18.59/25.05
R390_sec3 117424 2.66 2.68/24.65 19.69/25.11

3.8 SEERPTINE [ DUAFE S R o HoREkIE: B3,
Fig. 3.8 Photographs of the silty-shale samples. Data from: 331,
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Fig.3.9 (a) Permeability and (b) porosity measurement systems, (c) rock sample setup. Data from: [33],
XF T LB AR R U, SEge P 1 SR e U4 HIE 0.3-1.41MPa, i X
HE A 2E A N AALBR AR, dEmfe BIALBR 3 . X T R a3,
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RIS B SR S A i PN A RO ) o LR T Bl FE R, FHR SRR, B2
3MPa F#| SMPa, 53 K%] 10MPa, 2 J5LL 10MPa 8] 534 K 2] 120MPa. [%#
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H 4o = 0 — 01, e My 1 S9N R 55AF T BE B350 43 FIER B350 43 (R FLIR 28
ke 1 BRI BN D 564 T RR S 3 PIBIE 2R

BTAMEH R255_sec2 #F fin inzk B B il & Hos ke fde B an 545 24 20(3.24) Al
(325 — RIS FA 1A BN 14974 35MPa-120MPa N A RN 7176
B, SERECH RN /N T 15MPa 36 BB 4 8 F1va

X T FLER R MR A R A, ik 3.10() T, FEE A RN IR W, A4
(I FLBR R FEA TN B0 S AR B2 SC R o SR ELZR LA 0X — X [) P (R 253 o, 0
AHLRHAALER TR . FEFRRRXTT LR = ¢er (1 — C.A0) FIFRALE,
RO TE MR YE Y, @20 A M2 T T % . WG TSR IE RN
(=  COWIE, METFELAE o KRIEIERD N, FIME, XFE, FAUEHER] T
Co M HIME - 13BN 1 IER, LK ye1 = 1 — Pen HATHESD] v, HIMHES
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ad,"BAUE PR B @l m BIE o TATTERCHE R ATEE 53 (119533 28 R0 FL R 26 15 75 X000
Hobbrdr, ik 3.10(c), FERHABELREATIE, HRZRNIMER RN ZATHEm
ERRARER . ST EHEME, RAFRFEMLET L, 064555 00K 3.10(d)-
3.10(f). HAth e A i R B 40L& 45 SR LA 3.11-3.13.

MFLIR AN 15 R A 5 BRI LAE Y, 23 30(3.24)M1(3.25) AT LAR B 998 £ 5
06 I 215 B AN [F) A RUR 7 6% N IFLBR 2 B i % . AR LR Z G 208 ) 1) %
REH O LEH, BURIA R IR P, FLBRZR 0 BRI 3 25k B AR5 A
N SIVE R N, S LB PR M 2k (B ) FEARIAR 130 0 FLIR R BRI E 2 (4
) MHES, EMA MM TEE S, B LR E (RS Sk
S, Kt FLBR R A4k 4L R B TTRR L T % . 28100, 761818 RN RN 119 R B,
BRIE N TG N, 1838 2 1 FRAK 32 BRI 5, BARIR B30 70 B 8L
FAALBR T o5 AR AR EUAR S, ARARAT T2 02 28 K DTk A0 2 BRI o CERAR I A R,
JIEHIP, BiE 2RI — AR PR 32 R TR B3 LR K P & S 30
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KRAT LLRBCR L7 @ IR o X UER] 7 FRAT I 46 5% T 5 1358 40 FLBE X R F
TG R FL RSB W PR 4 B DA B BEAS HHE S R IE B

ARGB2HMB2)F E S H (er> Cos Vi1 Ko ko1, B, a, m)PIHIE BT

39



PEF L KFE (GLF) HEFR L

ZE R EmETIA RBR?HIER 3.2 o FERPIATE BB IIFLBR R R /N 1)
A BN TR AL, BT o IARFR L AAR AN, A 0.07% to 0.77% AN . BRI 43 A
FRaa R K AR /N, M 2.83MPa 5] 14.81 MPa A%, Bt/ T — S £ AR
PRFABE R . 7E S/ N RS 70N &m0 7 VBB Bk BT /N T35 A B BRI
TE LGB 3R )50 23 B8 28 E AR o BRI 43 (103202 2R AL IR 2 mT DB I % bR
R R BRI LG o INEE Bom B T35 KN A 2.28, ENER Bem B T35 K
/NR 208, mIERIK/NEIET 3. (EFE IR AR ST R B = R 1 208
35MPa-120MPa, FNTEULMN TGN, FLBRZEEA RN BN EA R L. &
AR JYEH 2928 3MPa-15MPa,  DALRUFFAR R /736 [ P S 20 7R A i o5
K FREA 220 B B I TE B e A3 BRI H & 45 3 o [ FRA 145
B 22 (S0 Bli A B T IR AN FRA T HE S A 50

10} (o™
z9 210"
8 3
& q Em o
o
107
0 50 100 a 50 100 10° 107
Effective stress (MPa) Effective stress (MPa) Saoft part porasity (%)
(a) (b) (c)
—
E
“c E m=2.41
= 3
= ar
=) £107
) &
o g
-------- E ©
[-—4
[}
50 100 0 50 100 w 107
Effective stress (MPa) Effective stress (MPa) Soft part porosity (%)
(d) (e ®

K 3.10 R255_sec2 fLEH . &R LA RN B IR A G (a)INEPT BALB R ANA ZON
MG, (b) INERBOSERNA BB ARG, (o) MNP BRI M EE R AL AR 1
G (d) EEP BALBR G RS G, (e) HEM BOSE RN RN G, ()
B BUR I BB RS LRR AR A . Sege B ki B3
Fig.3.10 The matching result of the proposed relationships and the experimental test data for sample
R255 sec2. (a) porosity-stress on loading stage. (b) permeability-stress on loading stage. (c) soft part
permeability-soft part porosity on loading stage. (d) porosity-stress on unloading stage. (¢)

permeability-stress on unloading stage. (f) soft part permeability-soft part porosity on unloading stage.
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Fig.3.12 The matching result of the proposed relationships and the experimental test data for sample

R351 sec2.

41



PEF L KFE (GLF) HEFR L

—
£
i, e 2z m=2.04
S = 2
£ @
g = E |
<] @ 210
[=]
c E £
& g
=
[}
50 100 0 50 100 w 107
Effective stress (MPa) Effective stress (MPa) Soft part porosity (%)
(a) (b) (c)
—
£
% Z10" m=1.73
= G
== m
= a
= E
']
@ =3
£ §
-18]
o g %
50 100 0 50 100 @ g 10"
Effective stress (MPa) Effective stress (MPa) Soft part porosity (%)
(d) (e ®

Kl 3.13 R390_sec3 FLERHR . BIER LA NIRRT RS 5F L.
Fig.3.13 The matching result of the proposed relationships and the experimental test data for sample
R390 sec3.

® 3.2 fLRE. BER LA R ER R BIG S
Tab. 3.2 Fitted parameter values from the experimental data of Dong et al. [33],
G 01 Ve Ce K, ke B a m R?

Sample
(%) (MPa) (%) (MPa™') (MPa) (m?) (m?)

R255 Loading 9.73 4.00  0.07 8.75E-04 2.83 1.97E-19  0.61 1.67E-15 1.70  0.96

2 Unloading 901 399 034  240E-04 484 1S1E-19 130 199E-17 241  0.79

R287 Loading 1040 4.08 041 6.81E-04  14.81 9.54E-19 324 132E-16 234 1.00

secl Unloading  9.75 4.07 036  148B-04 13.04 1.19E-19 253 483E-18 265 095

Loading 8.75 1.62 049 6.97E-04 8.09  2.54E-19 224 261E-17 3.03 0.88

R351_
2 Unloading 826  1.62 090 235E-04 667 1.00E-19 2.68 491E-19 1.53  0.96
R390 Loading  10.64 3.69 033 8.11E-04 874 3.66E-17 329 542E-15 204 1.00

€3 Unloading  9.87 3.68 077 212E-04 1130 2.04E-18 148 138E-18 173  1.00

3.4.3 M EIAIZ(Klinkenberg)f& IE #IERIHLE

H T A i M. (K linkenberg effect) FUA77E, 38 H K AN B S 10218
RERT WA, ZIHEAEI TREE O RKRBEENEE . Tanikawa M
Shimamoto!" 1§ 1 24 Firill & (ZIE AN T 107 m? H R A AR it PR i A
TPV, RIBIE AR 2 e T EIER . PRI A AT 37 70 RS R
N TMBER AT IE . BATRAAT 2 20 B E R AT B I
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Fig.3.14 The Klinkenberg corrected permeability matching result of the proposed relationships and the
experimental test data for sample R255 sec2. (a) Stress-dependent permeability on loading stage. (b)
soft part permeability-soft part porosity on loading stage. (c) Stress-dependent permeability on
unloading stage. (d) soft part permeability-soft part porosity on unloading stage.
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Fig.3.15 The Klinkenberg corrected permeability matching result of the proposed relationships and
the experimental test data for sample R287 secl.
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Fig.3.16 The Klinkenberg corrected permeability matching result of the proposed relationships and the

experimental test data for sample R351 sec2.
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Fig.3.17 The Klinkenberg corrected permeability matching result of the proposed relationships and
the experimental test data for sample R390 sec3.

R 33 BIEBER AN KRGS

Tab 3.3 Fitted parameter values for stress-dependent relationship of Klinkenberg corrected

permeability
Sample ken I a m R?
(m) (m?)

R255 sec2 Loading 9.80x10°%° 0.76 1.83x10°1°  1.80 0.93
Unloading ~ 7.05x1072° 1.64 1.71x107"7  2.56 0.83

R287 secl Loading 6.75x107"° 4.00 1.28x10°1 245 0.97
Unloading  5.22x102° 3.22 3.67x10°18 282 0.97

R351 sec2 Loading 1.44x107" 2.83 2.39x10°17 3.22 0.97
Unloading  4.48x102° 3.45 3.30x10°  1.63 0.99

R390 sec3 Loading 2.85x10"7 4.10 5.46x10"°  2.16 1.00
Unloading  7.85x10°"? 1.91 7.32x10"  1.78 0.89
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Fig. 4.1 Averaged daily production rate per well for shale gas basin in America. Data from: Baihly et
al.[6?]
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Fig. 4.2 Shale gas production well. Data from: (http://www.enmin.lt/en/news/detail.php?ID=2180)
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Table 4.1. Input parameters for the shale gas production simulation.

Viscosity (Pa - s) 1.12X 107
o m
Permeability (m?) k = keoexp|—BCetpeoo | +a [Vtexp (‘ ?)]
t
keo (m?) 1020
BCoep (MPa) 1.37X 1072
a (m?) 10716
Y 0.49
K; (MPa) 8.09
m 3
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Fig. 4.6 Reservoir pressure distribution. (a) after 5 days production, (b) after 1 month production, (c)
after 6 months production, (d) after 1 year production, (e) after 5 years production, (f) after 10 years

production.
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Fig. 4.7 Shale gas production rate. (a) in one year, (b) in ten years.
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Fig.4.8 Comparison of shale gas production rate in one year.
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Fig.5.1 CT sanning system. (a) control platform, (b) scanning machine.
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Fig. 5.2 One slice of the CT scanning image. (a) natural sandstone, (b) artificial sandstone
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Fig. 5.3 Binary process of CT image for artifitial sandstone. (a) Cropped CT image of size 512x512,
(b) binary image obtained by Otsu method, (c) binary image after medfilt3 method.
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Fig. 5.4 Binary process of CT image for artifitial sandstone. (a) Cropped CT image of size 352x352,

(b) binary image obtained by Otsu method, (c) binary image after medfilt3 method.
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Fig. 5.5 3D porou structure model. (a) natural sandstone, (b) artificial sandstone
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Fig.5.6 Random reconstructed model.
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Fig.5.7 Optimized initial model. (a) by multi-points interchanging method, (b) by random sphere cast

method.
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Fig.5.8 Results before and after pre-conditioning method. (a) before (b) after.
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FIG. 12. Overall process of a 2D high connectivity granular rock model reconstruction. (a) reference

model, (b) preliminary model, (c) continually unsuccessful 50, (d) continually unsuccessful 200 (e)

continually unsuccessful 500, (f) after adding pre-judgment.
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Fig. 5.10 Comparison of the 3D representation of porous structure of sandstone based on the

reconstruction algorithms with the voxelized reference model obtained from CT identification.

(al) Reference (a3) yz section

(bl) Reconstructed (b2) xy section (b3) yz section (b4) zx section
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Fig. 5.11 Comparison of the 3D representation of porous structure of artificial sandstone based on the
optimized reconstruction algorithms with the voxelized reference structure obtained from CT

identification.
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Fig. 5.12 Control function comparison for sandstone. (a) two-point probability function in X direction,

(b) linear-path function in X direction, (c) fractal system function in XY plane.
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Fig. 5.13 Control function comparison for artificial sandstone. (a) two-point probability function in X

direction, (b) linear-path function in X direction, (c) fractal system function in XY plane.
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Fig. 5.14 Silt-island fractal dimention of different slice in the natural sandstone model. (a) reference

model, (b) reconstructed model.

69



PEF L KFE (GLF) HEFR L

Layer-10 Layer-20 Layer-30 Layer-40
D=1.509 D=1.417
2 3 2 3 4
log(A) log(A)
Layer-50 Layer-60 Layer-70
3
~ |D=1.41 D=1.43
D_ ®
S 2
O
11 2 3 4 1 2 3 4 o2
log(A) I0g(A) 10g(A)
(a)
Layer-10 Layer-20 Layer-30 Layer-40
3 3 3 3
= D=1.46 = D=1.4 = D=1.37 = D=1.354
5 2 5 2 5 2 52
o o o o
1 1 1 1
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
log(A) log(A) log(A) log(A)
Layer-50 Layer-60 Layer-70
3
D=1.404 — | D=1.347
o
S 2
o]
1
2 3 4 1 2 3 4
log(A) log(A)
(b)

K515 NTHEARVIFT /DB B4R . ()L AR, (b) E AR
Fig. 5.14 Silt-island fractal dimention of different slice in the artificial sandstone model. (a) reference

model, (b) reconstructed model.
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T 5.1 RN E S HIRM E A 6 S50

Tab. 5.1 Topological parameters of reference and reconstructed model for natural rock

AR FLERZ WL 25 R 2[R
SHEPR 7433 13625 4.14
EEER 8219 14538 4.07

R 52 NIWAS BRI EMBER I h S5

Tab. 5.2 Topological parameters of reference and reconstructed model for natural rock

it FLER%K LB % R L HE: S
SHEPR 3394 5675 4.08
E R 3161 5240 4.07
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Tab. 5.3 Material parameters employed in FEM simulations

LV B JERAE NEEMA KBRS ERURE FRARTRE

(GPa) ©) (MPa) (GPa) (MPa)
FLrR G 4 0.2 15 2 0.4 0.005
HARHR 40 0.3 20 20 -4 0.5

K 5.4 RIND 52 BRI S A IS (1 B8 A4 ) 27 M
Tab. 5.4 Overall mechanical properties of the reference model and reconstructed model for natural
rock.

=i MR E ERALE PUEREE
(GPa) (MPa)
SRR 36.65 0.250 29.40
gl it 36.86 0.249 28.80
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Fig. 5.16 Simulation results for natural sandstone model. (al) defomation of reference model, (b1)
first principal stress of reference model. (a2) defomation of reconstructed model, (b2) first principal

stress of reconstructed model. (c) stress-strain curve.
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Fig. 5.17 Simulation results for artificial sandstone model. (al) defomation of reference model, (b1)

first principal stress of reference model, (a2) defomation of reconstructed model, (b2) first principal

stress of reconstructed model, (c) stress-strain curve.
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Tab. 5.5 Overall mechanical properties of the reference model and reconstructed model for artificial

rock.

i il PR THFAEL DL R AE
(GPa) (MPa)
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Fig.5.18 Illustration of the conceptual hard part pores (refer sphere like pores) and soft part pores

(refer to slot like pores). (a) For high-permeability rock. (b) For low-permeability rock.
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Fig.6.1 Sphere porous model. (a) porosity 10%, (b) porosity 20%, (c) porosity 30%
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Fig.6.3 Micro-fracture adding process. (a) porous model, (b) adding line, (c) dilating lines, (d)

boundary defination.
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Fig.6.4 Velocity distribution in the models. (a) (b) (c) Sphere porous models with porosity of 10%,

20%, 30%, respectively, (d) sphere pore—micro-fractures model.
ME 6.4 M0y R LIE H, X TALEERA 10%A1 20%HIERFLER—RER 8Us
RUORUL, IIABIRCREGES] 1 R EEE R, R R R AE, 15
BT, X LS R AR R R S o 6 EEIX AT UK, FLERAR Y 10%11

83



FEAF L KF (F) it

BRALBRAEAY, T BRFLBRE R D, RGN AFAE R EdE TR —HB 7 BRILIR, &
6.4(a). AHXTRUL, FLEREA 20% M ERFLIRBIAL d, A5 5 2 (W BRL B3 o
ROEIE, & 6.4(b). XL 6.4(c)FI(d)FLIREE A 30% 1) ERFLIR— R 8UisE A AT ER AL
BRASAY R DA MR GUN AR, I8 [ 3 2 ERFLIR, (R A 88 3 KK
Kl 6.4(c). E?Mm@m£ﬂ$@g¢?ﬁﬂwm£ﬂ$h,.ﬁﬁﬂ@LLﬁ@
(I IE Ny — 2% EELRANIEIE, i 1 S R RS i K 2 R O R
froLiE, BRI R KR 2, B 6.4(d).

(a) (b)

(©) (d)
K 6.5 BRI gl B BRI 0 A . (a) (b) (o) B NFLERE AN 10%, 20%, 30% [ ERFLBE—
MRGHERL, (c) FLERZEN 30%[1ERFLFRAR Y

Fig.6.5 Velocity distribution in the middle slice of the models. (a) (b) (c) Sphere porous models with

porosity of 10%, 20%, 30%, respectively, (d) sphere pore—micro-fractures model.
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Fig.6.7 Velocity distribution in the porous model. (a) Porous model, (b) pore—micro-fractures model.

w20 0 40 50 80 080 80
X-Axis

N

(@) (b)
6.8 HEA Y] Rk A . (a)fLERETHIRERL,  (b) LB ST .

Fig.6.8 Velocity distribution in the middle slice of the porous model. (a) Porous model, (b) pore—
micro-fractures model.
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