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Abstract

The problem of poroelasticity effect of oil reservoir has been investigated by many authors, having
concrete results which often coincided with reality. However, in some cases, many such
poroelasticity problems have not agreed with the practical results. Moreover, the reason has been
precisely the difficulty of dealing with the problem theoretically and practically. However, with
the rapid evolution of computer calculations, there has been a development in this direction in
recent years. The stochastic nature, for the sake of truth, has remained a little bit untreated. Even
in those few cases treated from a stochastic point of view, it is time-consuming on the computer.
The Uncertainty Quantification method, based on these algorithms, is not yet a well-defined,
consolidated method. We will address this problem in this paper in a stochastic manner, but without
the Uncertainty Quantification technic. The discretization of the values resulting from continuous
functions is that what we propose. The results are elaborated in software such as MRST-SINTEF
and are calibrated with other commercial software, like Eclipse.

Keywords: Coupled modeling; Stochastic geomechanics, poroelasticity, continuous discretization
functions, black-oil flow,
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Introduction

It is well known now that deformations of the matrix rock can be caused from fluid flow in porous
media. The Biot's linear theory is the most vastly used to describe this phenomenon. According to
this theory even smaller changes in fluid density and compression are associated with the small
deformations of the porous rock. There are only a few works to deal with the problem of
stochasticity in black-oil reservoir. Almost all the works are based to the approaches to the coupled
fluid flow and geomechanical reservoir simulation based on the Biot theory [9]. These approaches
that are based on the linear Biot theory, do not take into account the stochastic nature of the
problem. One of the early works [12] treat the problem of porelasticity in a similar manner of ours
work and dealing with the stochasticity. In [12] the system of equation derived for solving the
problem has a similar form with our work. This model, but even other models on literature relies
on physical parameters which are not well known or inaccurate which allow a stochastic
description of them.

Methodology

We begin by taking in consideration the work model from [1]. The standard time-dependent model
in this work is derived by applying a discretization scheme over implicit time. In this formulation,
given a volumetric source/sink term g and a body force f and, the goal is to find the associated fluid
pressure pr and the displacement u of the saturated poroelastic medium that satisfy the following
system of equations (1) and (2)

-V:-e=f in D, (D)
—Sopr—aV-u+1V- (EVpF) =g inD, (2)

with homogeneous boundary conditions (for simplicity)
on =0, pr=0 on dD, 3)
u=0 (kVp;)-n=0 on 9D, 4)

Where, 7 (0 < T << 1) is the time-step we have chosen for this case. The strain and stress
quantities are given as:

(Vu+ (Vu)")

o :=2pe(u) + AV-ul —appl, €(u) = 5 )

(5)

It is evident in the boundary-value problem (1) - (4). the number of important physical parameters.
The (spatially varying) permeability stands for the Biot-Willis coefficient a € (0,1], > 0. The
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coefficients E >0 and v € (0,0.5) are linked to the usual Lamé coefficients A > 0,u > 0 as
follows;

_ E 1= Ev
21+ v)’ 1+ v)Q-2v)

I (6)

The so-called parameter s, (that is the storage coefficient) for an incompressible fluid can be
written as follows;

a—¢

S0 = 2ud=t+ A’

()

Reader can refer to [3,4,5,6] for more detail on parameter s,. In [3], for the problem of linear
poroelasticity with Biot random inputs, there has been done a vast, fully compressive and well
posedness analyses

With the same technic as in [7] and [8], we obtain the ‘overall pressure' py := —AV - u + apg and
the following system of equations is obtained:

—V:-ao=f
(8)

~V-u—-2"pr —app) =0
(9)

A apr — a®pr) — sopr + V- (kVpp) = g
(10)

Here o = 2ue(u) — prl.

In real-world cases, the values of E, k, v, a and s, are not well known, the precise values are often
uncertain and may have very different order of magnitude.

The New Model.

Biot's Consolidation model obtained from Stochastic Galerkin Mixed FEM

Here we introduce vectors of parameters y = (yy, ... ,¥u,) and z = (zy, ... , 2y, ), for defining
the new model. We take in consideration that £ and k are expressed as follow:

E(x,y) = eo(x) + Xyt  ex(0)ye, x €D,y €T, =Ty X ..Ty,,
(11)
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k(x,z) = ko(x) + Zl,gil ki (x)z,, xeD,zel, :=T; X ..XTM,.
(12)

In (11) and (12) can be noted that they have the same form as Karhunen-Loéve expansion. The
Lamé coefficients are functions of the parameter y. So we have :

E(x,y) Any) = E(x,y)v
20+v) "Y' T arna -2y

nlx,y) = (13)
And lastly, we give the two other variables p; = (p; — apr)/E,p, = pr/E and the rescaled
Lame coeficents become

_ 22U 1 ~ A v
fii=—=

E 1ty *TETOrnd=zv)

S0 = Es,. (14)

For further development of the algorithm the reader can refer to [1].

Here briefly we describe the procedure for finding the velocity u and the pressure p. The solution
of (8), (9) and (10) after some transformation is given by:

(& %)G)=(0) as)

The block structure of the solution vector has the form;

uq

| a2 _ (PF

V= P1 ’p_(pT) (16)
P2

Here u; , € R™*™, py, p2, pr € R™*™ and pr € R™*™ and the other quantities of (15) are
given as follow;

8o ®fy
b= 8o ? f, € Rz(nu+np)ny' (17)
0
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c= (gO 6@ g) I= R(no‘an)nu (18)

Here p}. = (P;,pp;,z, e PITv,ny) is the vector associated with the fluid pressure and pf ; €
R™ for j =1, ...,n,. The blocks of the coefficient matrix, assuming ordering of degrees of

freedom in (15) are given by

B Ge®aly A Ge® 4k, 0 0
k=0 k=0
M, My
B Ge®A% 1) G ® 4k 0 0
Ai=| H=0 k=0 " (19)
0 0 J1 Z Gr @ Cr 0
k=0
M,
0 0 0 50 ) G, ®Cp
k=0
@ ® <
0 0 adU®C, 5!QC, 3
B = ’ C = ZGk®Dk 01 20)
I®B;, I®B, 1'URC 0 k=0 0 0

The discrete system can be written in various ways. The linear system in so-called Kronecker form
can be written in the following form:

My M

Go®‘7€0+ZGk®Gk+ZGk®j€k X=17Z (21)
k=1 k=1

This the final stochastic form of our solution of stochastic Biot linear problem.

In the above (21) system of equations we have
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aA%, @A, 0 0 0 B
aA%, @A, 0 0 0 B}

0 0 A% o0 allc) -1'c

§
:)

,7( = . Z = 22
0 | 0 0 0 5C, $5C) 0 8o ® (22)
\ 0 0 al'C, §C, D, 0 /
B, B, -1 0 0 0
andfor k=1, . .., M, and [ =1, ..., M, wehave
/ﬁA’fl fAs, 0 0o 0 0\ 0000 0 O
gAk, pAk, 0 0 0 0I /o 000 O 0\
o= | O 0 AG 00 o) g8 000 0 0
0 0 0 5C 0 0
0 0 0 0 D, 0 000 0 D 0/
0 0 0 0o 0 0 0000 0O

Our solution methodology now is complete, so let's illustrate with a simple example the Biot linear
problem with uncertain inputs and later implementing the same procedure for real application cases
making use of MATLAB software MRST and modification to some of their code (MRST)

Example.

This example is similar with the implementation that we will follow ours work for the real cases.
This example represents a general framework for the real cases that will see below. Next, we take
in consideration that D = (—1,1)> with aD, = [-1,1) x {-1}U{-1}U[-1,1)and 4D, =

(—1,1] x {1}U{1}U(=1,1].We choose f = (1,1)" and g = 0. Here the permeability k and the
module of Young, E and are modeled as

My M
E(x, Y) = ey + og z \/Am gam(x)ym, k(x, Y) = ko + oy Z V’lm ¢m(x)zm: (22)
m=1 m=1

where y,,, z,, are random variables of images of independent U(—v3,V3), {1, @m)}
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1
C(x,x") = exp (—E||x—x’||1>, x,x' €D (23)
Table 1
level V=4 V=499 | v=49999 | v=a V499 V=.49999
a=1 = 796.23) | 98(.33) | 96(31) | 81(16.0) | 99(189) | 99(18.5)
ko =1 I= 81(227) | 98(273) | 98(275) | 82(90.2) | 101(1130) | 101(1138)
[=5 | 79433 | 96(29) | 95618 | 80146 | 9984 | 97(79)
@ =102 I=6 | 79031) | 98(274) | 97(271) | 80(86.9) | 99(110.6) | 99(107.5)
=5 | 77612 | 95(15) BG12) | 785D | 97@rT) | 96(74)
a=10"" I=6 | 78221) | 97271) | 96(7.0) | 79(87.3) | 99(1083) | 98(106.7)
[=5 | 85488 | 99542 | 98635 | 86(157) | 100(183) | 100(183)
ko= 10° a=1 I=6 | 5(243) | 100290) | 10029.) | 87(940) | 102(1123) | 101(109.0)
[=5 | 80@38) | 98628 | 96G37) | BL(149) | 100(188) | 99(188)
@ =102 I=6 | 81(227) | 100027.9) | 90(27.7) | 83(89.6) | 101(1098) | 101(109.5)
=5 | 79438 | 904 BGIL) | 8052 | 998l | 97(18.0)
a=10"" I=6 | 79025 | 98(273) | 97(213) | s8ier4) | 99(lo7.1) | 99(107.1)
[=5 | 96658 | 91622 | %8G ) | 97@s7) | 93@79) | 100(206)
a=1 I=6 | 9787) | 96(27.3) | 10029.3) | 98(1144) | 97(1138) | 102(119.3)
k0= 10‘10
[=5 | 93(20) | 99(34) | 98632 | 95(174) | 100(186) | 100(183)
@ =102 I=6 | 94(269) | 100280) | 100282) | 95(1034) | 102(1115) | 102(1116)
[=5 | 81(840) | 98628 | 96(19) | Bi(148) | 100(184) | 99(18.0)
«=10"" I=6 | 81(228) | 100281) | 99@27.7) | 83(90.3) | 101(1096) | 101(109.6)

MINRES iteration counts and time in seconds (in parathesis) for varying v, a , kg, o, = 0.1 X k,

In the above data in table 1 our new method is facilitated forward from Uncertainty Quantification.

In the figures below, we will simulate a real case, that of the Norne oil field. Several simulations
will be done with different geomechanical coefficients. This is done to show the influence of these
parameters in situ stress and strain and even the influence when are taken into account the different
geomechanical parameters; all nodes belonging to outer faces have displacement equal to zero for
the cases with no displacement. The bottom nodes have zero displacements for the 'bottom fixed'
option, while a given pressure is imposed on the external faces that are not bottom. The stochastic
values for E Young's module, for Poisson's ratio v and alpha's Biot's coefficient, are derived from
atable similar to Table 1. In other words, we have taken the value of the module of Young uncertain
from an interval: E = [ 0 ;3] and found a representative value E=1. The same discussion for the
other two parameters where we have found v=0.3 and a=1.
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Fluid model: black-oil, Method: fully coupled. The mechanical and flow equations are solved coupled
<107 E--Young's module =0
b5 nu--Poisson's ratio =0
} alpha—Biot's coefficient =0
0.4
prod
B3
B2 [ 2500 —
B
2600 — 7.324
3
b o 2700 —
' %108
P& M2800 —
457 4572
p.7 4574 4576 4e7g
x10° ' 498 4582 4584 7.321
' 4586 4588 459 '

Figure 2. Pressure distribution in the initial stage of simulation in the Reservoir of Norne - real case. Young module
E, Poisson's ratio v and Biot's coefficient a are all set to zero. Simulation of black-oil flow with coupled with
poroelasticity of the Norne Field, with one injection (water) well in the left corner and one producer (black-oil) well
in the right corner. The pressure is given in Pascal. Axes are given in meter. (D.Zeqgiraj & MRST, 2021)

Fluid model: black-oil, Method: fully coupled.The mechanical and flow equations are solved coupled
7
10 E-—--Young module =0
g2 nu—-Peisson's ratio =0
alpha-Biot's coefficient =0
° prod
1.5 500 —,
4 FRE00 — 7.324
—] 7.323
5 - WP700 .
=10
800 —
3 i
457 4572 4574
: - 4.576 4578 458
- . 4 582 7.321
%108 4584 4586 4588 459

Figure 3. Pressure distribution after 101 day of water injection for the simulation of the Norne oil Reservoir - real
case.. Simulation of black-oil flow with coupled with poroelasticity of the Norne Field, with one injection (water) well
in the left corner and one producer (black-oil) well in the right corner. The pressure is given in Pascal. Axes are given
in meter. (D.Zeqgiraj & MRST, 2021)
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Fluid model: black-oil, Method: fully coupled. The mechanical and flow equations are solved coupled
x10
| E--Young's module = 1 giga Pascal
10 ' nu—-Poisson's ratio =0.3
g alpha-Biot's coefficient =1
8 prod
7
& [ 2500 —
5 7.324
2600 —
4
2700 —
3 x 108
2 M 2800 -
1
457 4572
' 4574 4576 4578
0 x10° ' 458 4582 4gg 7.321
- 4586 4588 459 :

Figure 4. Pressure distribution in the initial stage of simulation of the Norne oil field with. In this case-figure the
pressure distribution is of 1 order of magnitude smaller as we see when comparing figure (2) and (3), (see the column
bar in the left). This is because of the pore pressure (D.Zegiraj & MRST, 2021)

Fluid model: black - oil, Methed: fully coupled. The mechanical and flow equations are solved coupled

x 108 E-Young module =1 giga Pascal
- nu—-Poisson’s ratio = 03
alpha-Biot's coefficient =1
prod
15
2500 —
10
2600 —
7.324
5 B2700 —
8
=10
2800 —
<
457 4572 4574 4o i578
5 ' : 458 4582
=10 4584 4586 4.588 459 7.321
9
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Figure 5. Pressure distribution after 101 days of injection of water of in the Norne oil field with Young module E =
1 giga Pascal, v = 0.3 and a = 1. Comparing with figure (4) in this case-figure the pressure is approximately 2 times
bigger at nearly every point of the reservoir. This is because of water injected with a pressure of 270 bar (D.Zeqiraj &
MRST, 2021)

Fluid model: black - oil, Method: fully coupled. The mechanical and flow equations are soved coupled
35 ] [
| E--Young modlule =1 giga pascal
| | nu—Poisson's ratic = 0.3
3r | )L | alpha Biot coeficcient =1
251
N prod
15
2500 — 7.324
1
2600 —| 7.3235
0.5 7.323
[
2700 — 10
7.3225
]
2800 — 7.322
0.5
457 4572 7.3215
45'574 4576 4578 458
10 : 4 582 7.321
4584 4586 4 ggm 459

Figure 6. Vertical displacement in meter after 101 days of injection of water of in the Norne oil field with Young
module E = 1 giga,v = 0.3, a = 1. The displacement takes values from negative to positive ( see the colon bar to the
left ) and this dependent from the structure of reservoir and from reference depth of injector well (D.Zeqiraj & MRST,
2021)
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Fluid model: black-oil, method: fully coupled.The mechanical and flow equations are solved coupled
3.5 F] ‘ : T
E-Young's module =1 giga pascal
nu —-Poisson ratio =03
alpha Biot's coefficient = 1
3k
25F
2 -
15 500 —
7.324
1 600 —
7.3235
05
700 —
<10®
0
800 —
457
05 4572
4.574 4576 7.3215
5 4.578 58
%10 4, 4582 4 o0
’ 4.586 4.588 7.321
: 4.59

Figure 7. Total displacement (u= ul+u2+u3) in meter after 101 days of injection of water of in the Norne oil field
with Young module E = 1 giga Pascal, v = 0.3, a = 1. We see that the displacement takes values from negative to
positive and this due to the structure of reservoir and from reference depth of injector well (D.Zegiraj & MRST,
2021)
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qWr: Well reservoir rate (blackoil)
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Figure 8. The rate of oil at producer for the case E = 1 giga Pascal, v=0.3,a=1 (D.Zeqgiraj & MRST, 2021)
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qWr: Well reservoir rate at producer (black-oil)
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Figure 9. The rate of oil at producer for the case E = 0.000001 giga Pascal, v = 0.000003, a = 0.0000001 (D.Zeqiraj
& MRST, 2021)

Conclusions.

Many reservoir simulation problems do not consider the geomechanical effects, poroelasticity, and
especially when it comes to their stochastic nature. In this work we have shown that geomechanical
aspects are important in terms of stress and strain of the porous structure with strict stochastic
approximations; in many real case problems, the values of geomechanical parameters are not
known precisely but are given as components of a specific interval where they are part. We have
chosen a robust methodology for our problem with uncertain data; the problem we are discussing
is brought in a deterministic approach form. This allows calculation of other quantities, like the
amount of oil that we can obtain with the effect of poroelasticity without it or changing the values
of a different order of magnitude. This conclusion is demonstrated with figure (8) and (9)

13
www.rasconf.org info@rasconf.org



4thInternational Conference on
Research in Applied Science

29-31 July, 2021

Munich, Germany

Literature

[1] Arbaz Khan, Catherine E. Powell (2020). Parameter-robust stochastic Galerkin mixed
approximation for linear poroelasticity with uncertain inputs

[2] R W Lewis and Schreer B A. The Finite Element Method in the Static and Dynamic
Deformation and Consolidation of Porous Media-RW Lewis and BA Schreer. Wiley, Chichester,
UK, 1998

[3] Michele Botti, Daniele A Di Pietro, Olivier Le Maitre, and Pierre Sochala. Numerical
approximation of poroelasticity with random coefficients using polynomial chaos and hybrid high-
order methods. arXiv preprint arXiv:1903.11885, 2019

[4] Emmanuel Detournay and Alexander H-D Cheng. Fundamentals of poroelasticity. In Analysis
and design methods, pages 113{171. Elsevier, 1993

[5] Jeonghun J Lee, Kent-Andre Mardal, and Ragnar Winther. Parameter-robust discretization and
preconditioning of Biot's consolidation model. SIAM Journal on Scientific Computing, 39(1):
Al1{A24, 2017

[6] Andi Merxhani. An introduction to linear poroelasticity. arXiv preprint arXiv:1607.04274,
2016.

[7] Jeonghun J Lee, Kent-Andre Mardal, and Ragnar Winther. Parameter-robust discretization and
preconditioning of Biot's consolidation model. SIAM Journal on Scientifc Computing,
39(1):A1{A24, 2017.

[8] Ricardo Oyarzfua and Ricardo Ruiz-Baier. Locking-free finite element methods for
poroelasticity. SIAM Journal on Numerical Analysis, 54(5):2951{2973, 2016

[9] Coussy O 2004 Poromechanics (Chichester, England: John Wiley and Sons) p 298

[10] Karimi-Fard M, Durlofsky L J and Aziz K 2004 An efficient discrete fracture model applicable
for general purpose reservoir simulator SPE Journal 9(2), 227{236.

[11] Tang T, Hededal O and CardifP 2015 On Finite Volume Method Implementation of Poro-
Elasto-Plasticity Soil Model. Int. J. Numer. Anal. Meth. Geomech. 39 (13) 1410{1430

[12] Yibing Zheng, Robert Burridge and Daniel Burns “Reservoir Simulation with the Finite
Element Method Using Biot Poroelastic Approach”

[13] D.Zeqiraj 2021 “ Coupled stochastic geomechanical- reservoir black-oil flow modeling *“ SPE-
Preprint

14
www.rasconf.org info@rasconf.org



4thInternational Conference on
Research in Applied Science

29-31 July, 2021

Munich, Germany

[14] Jeonghun J Lee, Kent-Andre Mardal, and Ragnar Winther. (Parameter-robust discretization
and preconditioning of Biot's consolidation model). SIAM Journal on Scienti_c Computing, 39(1):
A1{A24, 2017

[15] Michele Botti, Daniele A Di Pietro, Olivier Le Ma”_tre, and Pierre Sochala. Numerical
approximation of poroelasticity with random cofficients using polynomial chaos and hybrid high-
order methods. arXiv preprint arXiv:1903.11885, 2019.

[16] Jeonghun J Lee, Kent-Andre Mardal, and Ragnar Winther. Parameter-robust discretization
and preconditioning of Biot's consolidation model. SIAM Journal on Scienti_c Computing,
39(1):A1{A24, 2017.

[17] Ricardo Oyarz_ua and Ricardo Ruiz-Baier. Locking-free _nite element methods for
poroelasticity. SIAM Journal on Numerical Analysis, 54(5):2951{2973, 2016.

[18] Arbaz Khan, Catherine E Powell, and David J Silvester. Robust preconditioning for
stochastic Galerkin formulations of parameter-dependent nearly incompressible elasticity
equations. SIAM Journal on Scienti_c Computing, 41(1):A402{A421, 2019

[19] Arbaz Khan, Catherine E. Powell. Parameter-robust stochastic Galerkin mixed approximation
for linear poroelasticity with uncertain inputs

[20] Kim, K., Rutgvist, J., Nakagawa, S. and Birkholzer, J., 2017. TOUGH-RBSN simulator for
hydraulic fracture propagation within fractured media: Model validations against laboratory
experiments. Computers & Geosciences, 108, pp.72-85.
https://doi.org/10.1016/j.cage0.2017.05.011

[21] King, R.C., Hillis, R.R. and Reynolds, S.D., 2008. In situ stresses and natural fractures in the
Northern Perth Basin, Australia. Australian Journal of Earth Sciences, 55(5), pp.685-701.
https://doi.org/10.1080/08120090801982843

[22] Lee, M.J., Cho, T.M., Kim, W.S,, Lee, B.C. and Lee, J.J., 2010. Determination of cohesive
parameters for a mixed-mode cohesive zone model. International Journal of Adhesion and
Adhesives, 30(5), pp.322-328. https://doi.org/10.1016/j.ijadhadh.2009.10.005

[23] Liang, C., Jiang, Z., Zhang, C., Guo, L., Yang, Y. and Li, J., 2014. The shale characteristics
and shale gas exploration prospects of the Lower Silurian Longmaxi shale, Sichuan Basin, South
China. Journal of Natural Gas Science and Engineering, 21, pp.636-648.
https://doi.org/10.1016/j.jngse.2014.09.034

[24] Malhotra, S., Rijken, P. and Sanchez, A., 2018. Experimental Investigation of Propellant
Fracturing in a Large Sandstone Block. SPE Drilling & Completion, 33(02): 87-99.
https://doi.org/10.2118/191132-PA

15
www.rasconf.org info@rasconf.org


https://doi.org/10.1016/j.cageo.2017.05.011
https://doi.org/10.1080/08120090801982843
https://doi.org/10.1016/j.ijadhadh.2009.10.005
https://doi.org/10.1016/j.jngse.2014.09.034
https://doi.org/10.2118/191132-PA

4thInternational Conference on
Research in Applied Science

29-31 July, 2021

Munich, Germany

[25] Manchanda, R., Bryant, E.C., Bhardwaj, P., Cardiff, P. and Sharma, M.M., 2017. Strategies
for Effective Stimulation of Multiple Perforation Clusters in Horizontal Wells. SPE Production &
Operations, 33(03):539-556. https://doi.org/10.2118/179126-PA

[26] C. Miehe and S. Mauthe. Phase field modeling of fracture in multi-physics problems. Part I1I.
Crack driving forces in hydro-poro-elasticity and hydraulic fracturing of fluid-saturated porous
media. Computer Methods in Applied Mechanics and Engineering, 304:619-655, 2016

[27] Olson, J.E., Bahorich, B. and Holder, J., 2012, January. Examining hydraulic fracture: natural
fracture interaction in hydrostone block experiments. Paper presented at the PE Hydraulic
Fracturing Technology Conference, 6-8 February, The Woodlands, Texas, USA.
https://doi.org/10.2118/152618-MS

[28] Ouchi, H., Katiyar, A., Foster, J.T. and Sharma, M.M., 2017. A Peridynamics Model for the
Propagation of Hydraulic Fractures in Naturally Fractured Reservoirs. SPE Journal, 22(04), pp.1-
082. https://doi.org/10.2118/173361-PA

[29] Pitman, J.K., Price, L.C. and LeFever, J.A., 2001. Diagenesis and fracture development in the
Bakken Formation, Williston Basin: Implications for reservoir quality in the middle member (No.
1653). US Department of the Interior, US Geological Survey.

[30] Renshaw, C.E. and Pollard, D.D., 1995. An experimentally verified criterion for propagation
across unbounded frictional interfaces in brittle, linear elastic materials. International journal of
rock mechanics and mining sciences &  geomechanics  abstracts.32(3):237-
249.https://doi.org/10.1016/0148-9062(94)00037-4

[31] Wang, H and Sharma, M.M. 2018. Estimating Unpropped-Fracture Conductivity and Fracture
Compliance from Diagnostic Fracture-Injection Tests. SPE Journal, 23(05):1648-1668.
http://dx.doi.org/10.2118/ 189844-PA

[32] Rives, T., Rawnsley, K.D. and Petit, J.P., 1994. Analogue simulation of natural orthogonal
joint set formation in brittle varnish. Journal of Structural Geology,16(3), pp.419-429.
https://doi.org/10.1016/0191-8141(94)90045-0

[33] Sesetty, V., Ghassemi, A., 2017. Complex Fracture Network Model for Stimulation of
Unconventional Reservoirs. Presented at the 51st U.S. Rock Mechanics/Geomechanics
Symposium, American Rock Mechanics Association.

[34] Settgast, R.R., Fu, P., Walsh, S.D., White, J.A., Annavarapu, C. and Ryerson, F.J., 2017. A
fully coupled method for massively parallel simulation of hydraulically driven fractures in 3-
dimensions. International Journal for Numerical and Analytical Methods in Geomechanics, 41(5),
pp.627-653. https://doi.org/10.1002/nag.2557

16
www.rasconf.org info@rasconf.org


https://doi.org/10.2118/179126-PA
https://doi.org/10.2118/152618-MS
https://doi.org/10.2118/173361-PA
https://doi.org/10.1016/0191-8141(94)90045-0
https://doi.org/10.1002/nag.2557

4thInternational Conference on
Research in Applied Science
29-31 July, 2021

Munich, Germany

[35] Shrivastava, K. and Sharma, M.M., 2018. Mechanisms for the Formation of Complex Fracture
Networks in Naturally Fractured Rocks. Paper presented at the SPE Hydraulic Fracturing
Technology Conference and Exhibition, The Woodlands, Texas, USA, 23-25 January.
https://doi.org/10.2118/189864-MS

[45] Wang, H and Sharma, M.M. 2019a. Determine in-situ Stress and Characterize Complex
Fractures in Naturally Fractured Reservoirs with Diagnostic Fracture Injection Tests. Rock
Mechanics and Rock Engineering (In Press). https://doi.org/10.1007/s00603-019-01793-w

17
www.rasconf.org info@rasconf.org


https://doi.org/10.2118/189864-MS
https://doi.org/10.1007/s00603-019-01793-w

