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1- Auto-Correlated Function
2- Structure Function

3- Spectral Density Function
4- Roughness profile index
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1- Mandelbrot
2- Self-affine
3- Self-similarity
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b(x,y) : local aperture
bm I mean aperture

Awano 1995) lugis g slaslaie Sodjlb iy a5 :F-Y IS
STgjaun Sasib a cul ols las (143+) 'S'eS 3 (VAAD) o5 ,L alKisle;l wloaliv
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(Olsson and Barton, 2001; Rasouli el oo aslllas (Y VV) ylocows 9 (Jguoy (Y2 + V) 00550

and Hosseinian, 2011)
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1- Cook

2- Lomize

3- Louis

4- Qudros

5- Olsson and Barton
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(Zimmerman et al., 1992; Petrovitch et al., 2010)

No flow boundary Contact asperities
—0 = 0 O —
B2 L0~

AT R - BT R | g Upper half
— O e A I, B
Flow in — ==
— B f . ﬁ) f’a 7
> > D\‘ %

— P DS -

i S N R S
= B S A N 7 R Lower half

No flow boundary
(a) (b)

(Zhang et al., 2014) ulss mhaw sl)ls (Siwgls J51s 10 Jlow &8 1 0gou Sslods D-Y S

Sgyiad jLs, et ool FLUY

Jelos (sl ool il Ly, (IS jsbo 4 0gd o0 50 (Sl (g i HU8) Cead (5o

SlaJoe 3,5 (Gt (558ws See 5 (255wg S Lo uliie 93 59 Olgion |y Scwodgs 13 (Sl
SYolee oS oy p 1) Jlow Gl Sl el jo 50 (Sdgpone bl il aiee 0B 6Ky S
2y sl g5 nl iz (S gl Aol 5 Tialan; Wole TS gl — sl i (55l

oy 4 ol Jg 00,8 o )],8 colaiul 0,90 il Ologpae g ayl il gl SV ol () aiis

1- Witherspoon
2- Tsang

3- Zimmerman

4- Navier-Stokes

5- Reynolds Lubrication equation
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Lol (F-Y) adasly g0 a0 o515 BB St mle SO 6l aS e eSS 0 >
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1- Inertial

2- Viscous force
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(Zimmerman and Yeo, 2000; Wang, Cardenas, g oo (doxe coSe (58 L j00g0, alal, o

etal., 2015)
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—7P =V.(u(Vu+ (")) (A-Y)

h 23UeS15 Sed 0br S, 295 4 Swl B 4 ST Sl nol L5 oYl
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2010)
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(Bordier and Zimmer, 2000) 5gi oo Jous ) ls 9l @ alayl, opl (B=0) aiil jzU
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((Izbash, 1931) .S »
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1- Forchheimer
2- Izbash
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.2013a; Zoorabadi et al., 2015)
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1- Linear flow
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(Witherspoon et al., 1980)
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1- Lomize

2- Laminar flow
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1 - Raven and Gale
2- Oron and Berkowitz

3- Turbulent flow
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(Panfilov and Fourar, 2006) 4%

5 L;M GLQEJ:‘:-; uwbsl (YAAY) ‘6)'?9 oob (> Jz.lm Ja.,;m)o JL...; UL’)} LS‘)'.’
(Hassanizadeh and ws,S B,me ob,> oog b pé Lide olyie a0 1) (o9Sug,See ol

Gray, 1987)

9 W39 gy |y (i la Siusls jo Jlow by )18, (VA38) Toygu)lgns 5 (e pe
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(Javadi et al., 2010) el Lo o
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1- Gray

2- Bodvarsson

3- Computational fluid dynamics
4- Panfilov

5- Inertia-viscous cross effect
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1- Darlington
2- Zhang and Nemcik
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Abstract

Understanding the fluid flow behavior of rock masses is of great importance in
engineering activities such as dam, hydrocarbon extraction and storage, geothermal and
nuclear waste storage. One of the most important factors affecting hydraulic behavior of
rock mass is its discontinuity. The present study investigates the hydro-mechanical
behavior of fractures by conducting fluid flow tests in parallel with confining stresses in
natural limestone fractures. Three behavioral patterns of linear relationship, conventional
nonlinear relation (inertia effect) and nonlinear relation due to fracture dilation were
observed in the experimental results. At low levels of lateral stress and low flow rates, the
fluid behavior is linear.

At higher stresses and flow rates, the flow pattern is determined by the fracture geometry
(Aperture and roughness). In laboratory results, it can be observed that for a sample with
the smallest Aperture opening and the roughest fracture surface the nonlinear flow
behavior pattern is due to dilation, whereas the conventional nonlinear flow occurs if the
crack opening is large.

The results of the two-way coefficients of Forchmeier and Izbach were calculated using
statistical fit. Both of these relationships describe nonlinear behavior well, but the
coefficients of the Forchmeier equation are more sensitive to stress change. The critical
Reynolds number was calculated for the laboratory results. This number decreases as the
confining stress ratio decreases, indicating earlier initiation of nonlinear behavior in
confining stress rock samples.

The coefficient of friction for fluid flow in a fracture is defined as a function of Reynolds
number and relative fracture roughness. Comparison of the results of the experiment with
the presented relationships shows that the proposed relation to the previous relationships
yields a better estimate of the coefficient of friction. Using Fluent software, a reference
model of laboratory results was developed to aid in further studies on the behavior of
fractures in fluid. This software well models the nonlinear behavior of fluid flow. The
results of water pressure test at Bakhtiari Dam were used to study the fluid behavior on a
larger scale than the laboratory scale. The three behavioral patterns observed in the
laboratory results can also be seen in the in situ test results. The critical Reynolds number
for fluid flow in rock mass was also investigated. The critical Reynolds. Finally, using
numerical modeling, the behavior of the coupled hydro-mechanical effect of jointed rock
mass has been investigated. First, using 3DEC software and based on data obtained from
DFN field harvesting for rock mass and permeability status and The rock mass drainage
rate is analyzed and modeled to estimate the base reagent volume element (REV) under
hydro-mechanical coupling behavior. The values of permeability obtained in the coupling
and uncoupled conditions were also compared. The modeling results show that, it is
impossible to control leakage without the construction of a water curtain system.

Keywords: Fluid Flow, Rock Fracture, Nonlinear Flow, Unlined Rock Cavern,

Water curtain



Shahrood University of
Technology

Faculty of Mining, Petroleum and Geophysics Engineering

Ph.D. Thesis in Rock Mechanic.

Modeling hydro-mechanical behavior of
rock to design water curtain in unlined
rock cavern for underground storage of

crude oil

By: Mohammad Javad Nasri Fakerdavood

Supervisor:
Dr. Ahmad Ramezanzadeh

September,2019



